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Abstract. Blending technologies are important in many sectors of industry, but are most prevalent in the
chemical and food industries. They are playing an increasingly important role in the world economy
despite the spread of electromobility. Nowadays, in addition to the technological aspects, there is a
growing need to look at the logistical aspects, as logistics related costs account for a significant part of
the cost of blending technologies. In this research work, the results of the analysis of the impact of quantity
discounts, an important aspect of procurement activities related to blending technologies, are presented.
A mathematical model is presented that can be used to investigate the impact of quantity discounts of
components on profit and product quality. Based on scenario analyses carried out based on the
mathematical model, it is demonstrated that the quantity discount can have a significant impact not only
on total cost and profit, but also on the quality of the finished blended product.

Keywords: blending technologies; cost efficiency; optimisation; quantity discount; product quality.

1. INTRODUCTION

The chemical and food industries typically use blending technology to produce
their products. These blending technologies are becoming increasingly widespread,
producing large quantities of high value products. The global fossil fuel consumption
in 2022 was 39.413 TWh gas, 52.970 TWh oil and 44.854 coal [1]. This huge amount
of fossil energy is generally processed by blending technologies, therefore it is
important to improve both technological and logistics processes and blending
technologies. Research of the technology and logistics associated with blending
technologies is very significant, but the integrated study of technological and
logistical aspects is still a less researched area.

The logistics aspects of blending technologies affect procurement, production,
distribution and recycling, while manufacturers and service providers have to face
both the positive and negative impacts of the fourth industrial revolution,
globalisation and digitalisation. In this research paper, the author aims to investigate
a fundamental area of procurement logistics. The aim of the research is to develop a
mathematical model to investigate the effects of quantity discounts, well known in
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procurement logistics, on the quality of products produced using blending
technologies. The research work discusses an important topic of blending
technologies, because logistics represents an important part of the total costs.

This paper is organized as follows. Section 2 shows the most important
research results from both technological and logistics point of view. Section 3
proposes a mathematical model, which makes it possible to analyse the impact of
quantity discount of components on the total cost, profit and product quality. Section
4 discusses the results of the numerical analysis of two scenarios, which validates
the mathematical model. Conclusions, future research directions and managerial
impacts are discussed in Section 5.

2. LITERATURE REVIEW

The research results regarding blending technologies can be divided into two
main parts. The first part focuses on technological aspects of blending technologies,
while the second part discusses logistics aspects in blending technologies.

The technological researches include a wide range of quality and processing
related aspects, for example development of diesel fuel blending technologies using
house of quality [2], fusibility and gasification aspect in coal blending technologies
[3], automation and digitalization of cotton blending technologies [4], development
of novel blending technologies for power generation focusing on biomass blending
[5]. As the technological researches shows, the development of blending
technologies is important not only from financial aspects, but it has a significant
impact on environment [6]. The blending technology can also be researched from
stability of final product point of view and stability can be significantly influenced
by components [7]. Blending technologies and blending processes are complex, their
optimisation can lead to complex NP-hard optimisation problems and the solution
of these NP-hard optimisation problems is generally possible by heuristics and
metaheuristics, as Cai et al. shows in a research focusing on optimisation of coal
blending technologies using quantum particle swarm optimization [8]. Other
interesting research works are focusing on online blending [9], mineral processing
[10], intensification of flow blending technologies [11], blending technologies and
renewable fuel [12], stability in blending [13], extraction processes [14] and melt
blending technologies [15].

The logistics aspects of blending technologies include purchasing logistics,
production logistics, distribution logistics and recycling logistics, but the mainly
researched area is purchasing logistics, because a suitable optimised supply chain
can significantly increase the efficiency of blending technologies. The supplier
selection problem is extensively discussed in [16]. The author focuses on the global
supply chain and discusses the potentials in cross-docking facilities to improve
availability and efficiency of material supply in blending technologies. A integrated
approach is discussed in [17] focusing on stock size, batch size, transportation,
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storage and supply chain structure. The networking potentials of blending
technologies are also discussed by researchers [18]. Outsourcing is also an important
potential in logistics processes of blending technologies, as a research validates the
importance of outsourcing activities in supply chain solutions [19]. However, the
mathematical modelling generally leads to complex, NP-hard models, but there are
approaches, which shows, that LP models can be also suitable to model logistics
aspects of blending technologies [20].

As this short literature review shows, the research of blending technologies is
important both from technological and logistics aspects. Within the frame of this
article, a purchasing logistics related approach is discussed to show the importance
of quantity discount in purchasing and procurement decisions.

3. MATERIALS AND METHODS

Within the frame of this part of the article, the mathematical model for the
analysis of the impact of quantity discounts on the purchasing costs for blending
technologies is discussed.: The input parameters of the optimization model are the
followings:

+  specific price of blended products: pj, where j = 1 ... jimax

»  specific purchasing price of component i for the final products: p;(a;), where
a; = Z?:nilx Qij 1)

and a;; defines the amount of component i assigned to final product j,

«  specific blending cost of component i into final product j: cl-T]-

e quality parameter k of component i: u;,

»  demand for final product j: d;,

» lower limit for the quality parameter k for final product j: pj;™,

. upper limit for the quality parameter k for final product j: ,u%g“x,

«  the total available inventory of component i available to be purchased: a***.

The objective function of the optimisation of the blending processes is
generally a cost function, which defines the minimization of the total cost depending
on the specific price of blended products, the purchasing price of components, the
amount of purchased components required to blend the final products, and the
specific blending cost as follows:

C=X2pj + B0 B iy - (pia)) + ¢ff) - min. )
The first constraint defines, that it is not allowed to exceed the available upper

order limit, which depends on the available component inventory of suppliers:

Vi: imax g, < g ©)
The second constraint defines, that it is not allowed to exceed the lower and
upper limit of quality parameters predefined for the blended final products:
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V]lk ,uMIN < Zlmax al} nulk (Zlmax aij)_l —_ #}WAX (4)
The third constraint defines, that it is not allowed to exceed the available
component specific technological resources:

Vi: Z]maxflj fiTMAX (5)

Within the frame of this model, the impact of specific purchasing price is

discussed, therefore it is important to define the specific price depending on the order

quantity. The first way to define the purchasing price depending on the order

quantity is a price function, as follows:

vis pi(ai) = pf —a% ()

where p? is the initial purchasing cost of component i, and « is a discount

factor. The second way to define the purchasing price depending on the order
quantity is a stepwise function as follows:

aj < h > pi(a;) =
Viip(a) = | A" +1<ai <h® > pa]) = %

h9- 1+1<a < h% - pl(a)—

The third way define to define the purchasing price dependlng on the order
quantity is a capacity related function, which defines the specific purchasing price
increased by the logistics related costs. One typical type of these logistics related
costs is the specific transportation cost depending on the capacity of the
transportation resources. Figure 1 shows examples for these three types of specific
purchasing price functions.
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Figure 1 — Specific cost models

The decision variable of the optimization problem is the A = [ai]-] assignment
matrix, which defines that a;; quantity from component i has to be purchased for
final product j. The supplier selection problem is also an important part of purchasing
strategies regarding blending technologies, within the frame of this article the single
supplier solution is discussed, but the models are also suitable for multi supplier

solution, because it is possible to define products from different suppliers as different
products.

4. RESULTS
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Within the frame of this chapter, two scenarios will be described to validate the
proposed optimization approach to find the optimal purchasing quantity of
components for the final products to be blended. Scenario 1 discusses the impact of
quantity discount of components on the total price and profit, while scenario 2
focuses on the impact of quantity discount on the quality parameters of final
products. In this scenarios, the capacity constraints are not taken into consideration,
but in a future research, the connection between constrained available technological
resources and quantity discount of components can be also analysed. The scenarios
include 5 final products and 5 components, each having 3 quality parameters, which
are defined as proportions in percent. All quality parameters have lower and upper
limits, but in practical cases, the quality parameters can be constrained either by a
lower or by an upper limit and it is not allowed to exceed this lower or upper limit.

Scenario 1: Numerical analysis of a case study focusing on costs

Within the frame of this scenario, the impact of quantity discount on the total
cost and profit are described, while quality and capacity related constraints are taken
into consideration. Table 1 summarizes the input parameters of components.

Table 1 — Input parameters of components in scenario 1

- Component ID
Input parameters of components | Notation 1 2 C3 ca 5
Initial purchasing price in USD p? 3 4 5 6 7
Quantity speste P01 py(a) pf - 2 )7 T ay
Quality parameter 1 in % Uig 10 12 14 11 9
Quality parameter 2 in % Uin 1 2 3 2 4
Quality parameter 3 in % M3 30 34 41 29 52
Auvailable amount in pcs a*** 150 20 260 50 150

Table 2 shows the input parameters of final products to be blended.

Table 2 — Input parameters of final products in scenario 1

Input parameters of final Notation Product ID
products Al A2 A3 A4 A5
Demand in pcs d; 100 90 80 110 55
Specific price in USD p; 10 10 10 10 10
Lower limit of quantity MIN
parameter 1 in % Kt 9 9 ; 9 9
Upper limit of quantity MAX
parameter 1 in % i1 14 14 14 12 14
Lower limit of quantity MIN
parameter 2 in % Hyz 2 2 3 2 2
Upper limit of quantity MAX
parameter 2 in % Mz 3 4 4 4 3
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Lower limit of quantity

MIN

parameter 3 in % Hj3 30 34 30 40 30
Upper limit of quantity MAx

parameter 3 in % Hj3 35 52 45 52 40

3.

Quality parameter 1in %

Based on Table 1 and Table 2, the specific purchasing cost for each component
can be described as follows:

for components C1: p;(a;) = 3 — 4357 ¥°_; ay;,
for components C2: p,(a;) = 4 — 4357 X7_, ay;,
for components C3: py(a3) = 5 — 43571 ¥7_, a3,
for components C4: p,(a3) = 6 — 4357 X3, a4,
for components C5: ps(az) = 7 — 43571 ¥3_, as;.
The above described scenario is a non-linear optimization problem, which can
be solved by nonlinear regression. The optimization led to the results shown in Table

Table 3 — Resulted assignment matrix of the scenario describing the amount of
components to be purchased in pcs in scenario 1

Component 1D AL | A2 PrOdAugt i A4 | A
[ 46 | 45 0 30 | 27
c2 0 0 0 0 0
C3 46 | 45 | 80 | 60 | 28
c4 8 0 0 0 0
Ccs5 0 0 0 20 0

The quality parameters of final products are shown in Figure 2. As Figure 2
shows, all quality parameters are between the predefined lower and upper limit.
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Figure 2 — Quality parameters of final products in scenario 1

In this scenario, the total cost is 1748.1 USD, while the maximized profit is
2601.9 USD. In the case of model without quantity discount, the total purchasing
cost would be 178.9 USD higher.
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Scenario 2: Comparison of quality parameters with and without quantity

discount

In the next scenario, the impact of the quantity discount on the optimized
product quality parameters are discussed. As shown in the first scenario, the quantity
discount of components has a significant impact on total cost and profit, but it is also
important to analyse the impact of quantity discount on quality parameters of final
products, as quantity discount may make it worthwhile to order more of certain
components, which may lead to a decrease in the quality parameters of the finished
products.

Table 4 shows the lower and upper limit of quality parameters for final
products. The demands and the specific prices of final products are the same as in
the case of scenario 1.

Table 4 — Lower and upper limit of quality parameters for final products in scenario 2

Input parameters of final Notation Product ID

pro_ducts _ Al A2 A3 A4 A5
o il | g |0 | 0 | 1| 0 | s
oo | e | | | m | w | v
o il | g | 2 | 2 | s | 2 | 2
oot | | s | s [ s | s |
ool | |0 [ | w0 | s
pe it | | s |0 |0 | s | w

Table 5 summarizes the input parameters of components.

Table 5 — Input parameters of components in scenario 2

Input parameters of Notation Component ID
components C1 C2 C3 C4 C5
Initial purchang price in PP 10 12 20 8 11
Quality parameter 1 in % Uiz 10 12 14 11 9
Quality parameter 2 in % Uiz 1 2 3 2 4
Quality parameter 3 in % Uiz 30 34 41 29 52
Auvailable amount in pcs a"** 200 120 50 350 200

The optimization of scenario 2 led to the results shown in Table 6.
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Table 6 — Resulted assignment matrix of the scenario describing the amount of
components to be purchased in pcs in scenario 2

Product ID
Component ID Al A2 A3 Al A5
C1 0 0 0 0 0
C2 0 0 0 0 0
C3 0 0 0 0 0
C4 95 82 40 57 40
C5 5 8 40 53 15

The quality parameters of final products are shown in Figure 3. As Figure 3
shows, all quality parameters are also between the predefined lower and upper limit.

0
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Figure 3 — Quality parameters of final products in scenario 2

2

et L -
wowin e on

Quality parameter 1 i

Quality parameter 2 in %
w

In scenario 2, the total cost is 3843 USD, while the maximized profit is 507
USD. Using the following quantity discount model for scenario 2:
viipi(aj) = pf —a% (8)
where pf =(10,12,20,8,11) and « = (1.01,1.001,1.01,1.01,1.005), the
total profit is 2009.4 USD and the total cost is 2340.6 USD.

In this second part of scenario 2, the quality parameters are also between the
lower and upper limits, as shown in Figure 4.
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Figure 4 — Quality parameters of final products in scenario 2
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As the comparison of quality parameters with and without quantity discount
shows, the quantity discount has significant impact on the quality of blended final
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products. Figure 5 summarizes the differences of quality parameters with and
without quantity discount.

20 55 .
% s £ 5 Ze0
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= === Optimised quality parameter of products without quantity discount of companents
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Figure 5 — Comparison of quality parameters of final products in scenario 2 with and
without quantity discount of components

As Figure 6 shows, the proportion of optimised quality parameters with and
without quantity discount of components can be different, which means, that in the
case of scenario 2, quality parameter 1 was lower, while quality parameters 2 and 3
were higher with quantity discount.

200%
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Figure 6 — Proportion of optimised quality parameters in scenario 2 with and without quality
discount

5. SUMMARY

Blending technologies are a special field of industrial technologies where the
quality parameters of the components significantly determine the quality of the final
product, and this significant relationship can usually be defined by means of specific
mathematical functions. As evidenced by a number of literature sources and research
works, one of the most important research directions for blending technologies is the
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investigation of the technological aspects of blending technologies, while there are
only few sources in the literature that deal with the logistical aspects of blending
technologies. In the present research work, a mathematical model was developed to
investigate how the quantity discount on the components that make up the finished
product affects the total cost, profit and the impact on the quality and quality
parameters of the finished product. Based on the two case studies presented, it can
be concluded that the quantity discount has a significant impact on profit, has an
impact on the quantity and quality of the components purchased and thus affects the
quality of the finished product.

As a future research direction, it is possible to analysed the impact of
dynamically changing specific component costs and quantity discounts on the total
cost of blending technologies and various purchasing strategies can be defined
depending on the complexity of the products, available components, suppliers and
cost models.
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Arora Banbsi, Minrkons1, Yropuiiaa

BIIJIMB KIJIBKICTHOI 3HUKKH HA 3AKYIIIBEJIbHI BUTPATH B
TEXHOJIOI'TAX 3MIIIIYBAHHA

AHoTauist. TexHonozii sMiuy8ants (Kynaxcy8anus) 6axciugi 6 6azamvox 2any3ax npOMUCcIo8ocnii, ane
HAUOIbW NOWUPEHT 8 XIMIYHIL MA Xap4o8itl npoMuciogocmi. Bowu sidizpaioms 6ce 6inbiu 8axiciugy poib
y c8imosiil  eKoHOMiyl, He36adcarOuu HA NOWUPeHHs ereKkmpomoobineHocmi. Cbo20OHI, OKpim
MEeXHON02IUHUX ACNEeKMI6, 3pOCMAE Nompeda po32NAHYMU N02ICMUYNI ACNEeKMY, OCKIIbKU GUMpPAmu,
nog'szani 3 J0SICMUKOI0, CMAHOGIAMb 3HAYHY YACMUHY CO0IBAPMOCMI MEXHONO2I 3MIULYBAHHS.
Kynasxcni  mexnonozii € 0cobaueoro 2any3so NpoMUCIO8UX MeXHON02IU, Oe napamempu sAKOCmi
KOMNOHeHmMi8 Cymme6o GU3HAAIOMb AKICMb KiNye6020 NnpooyKmy, i yell cymmesuil 63acMo36' 130K, K
npaesuio, Modice Gymu BUSHAUEHUIl 3 O0NOMO2010 NEGHUX MAMEMAMUYHUX QYHKYIU. K ceiouumsy Hu3Ka
JimepamypHux 0xcepei ma HayKo8o-00CaiOHUX poOIm, OOHUM 3 HATUBANCIUBIUUX HANPSAMKIE O0CTIONHCEHD
MEeXHON02IU 3MIUYB8AHHS € DOCTIONHCEHHS MEXHONIOZIYHUX ACNEKMI6 MeXHON02il 3MIlLY8aAHHS, 6 MO Yac
SK  JI02ICMUYHUM  ACREeKMAaM MexXHONO2I 3MIWYBaHHs 8 Nimepamypi NpucesdeHi auuie NOOOUHOKI
doicepena. YV Oauitl HAYK0B0-00CNiOHIl pobomi Oyna po3pobieHa MmamemamuyHa Mmooeib O
Q0CHIONHCEHHS MO20, SIK KINbKICHA 3HUMCKA HA KOMNOHEHMU, WO 8X003mb 00 CKIAQY 20M08020 NPOOYKNLY,
BNIUBAE HA 3a2aNbHY CODIBapmicmb, NPUGYMOK i 6NIU6 HA napamempu AKocni 20moeozo npooykmy. Ha
OCHOBI 080X NPeOCMAasNeHux MeMamudHux OOCHIONCEeHb MOJICHA 3POOUMU BUCHOBOK, WO KINbKICMHA
SHUIICKA MAE 3HAYHUL 6NIUG HA NPUOYMOK, BNIUBAE HA KITbKICMb MA AKICMb NPUODAHUX KOMNOHEHMIS i,
MAKUM YUHOM, 6NIUBAE HA AKICMb 20MOB0I npodyKyii. B axocmi Matbymmub020 HanpsamKy 00CHiONCeHHs.
Mooice Oymu aHaniz 6nauey OUHAMIYHOT 3MIHU NUMOMUX 6UMPAM HA KOMNOHEHMU Ma KilbKiCHMHUX
SHUJICOK HA 3A2ANIbHY 8ApMICMb MEXHONO2I 3MIULYBAHHS, A MAKOXNC GUHAYUMU DI3HI cmpamezii
3aKyni6eb 3aNediCHO 810 CKAAOHOCMI NPOOYKYil, OOCHYNHUX KOMNOHEHMIS, NOCIMAYAIbHUKIG A MoOeell
sumpan.

KuouoBi ciioBa: mexnonoeii 3miuy8ants, eKOHOMIYHA epeKmuHicmsb, ONMmuMizayis; KilbKiCMHA
SHUICKA, AKICMb NPOOYKYL.
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Abstract. The design methods of production systems have evolved significantly in recent decades. New
methods have emerged that are capable of determining the optimal parameters of production systems
operating in increasingly complex environments. The two best known methods for lot sizing problems are
the Wagner-Whitin algorithm and the Silver-Meal heuristics. The original versions of these two methods
are only suitable for solving simple lot sizing problems, but there are several complex mutations of these
methods that allow solving complex lot sizing problems. In the present research, the author presents a
modified Wagner-Whitin algorithm that is suitable for solving the lot sizing problem and also for
investigating the impact of dynamically changing resource costs. The proposed method is validated
through case studies. The case studies demonstrate that the dynamic nature of cost of human resources
and technological resources has a significant impact on the solution of lot sizing problems.

Keywords: lot sizing; production planning and scheduling; cost minimization; modelling.

1. INTRODUCTION

Companies are making ever greater efforts to meet customer demand, but they
also need to reduce costs while increasing efficiency. Cost reduction involves both
resource optimisation and process improvement. Since resource availability is a
dynamic phenomenon, resource costs are often a dynamic parameter to be
considered when solving production planning problems. In the present research
work, the author proposes an improvement of the Wagner-Whitin algorithm (WWA)
in order to take into account the dynamically varying cost of resources when solving
the lot sizing problem. In the second chapter of the article, a short literature review
shows the importance of lot sizing problems, and highlights the importance of
WWA-based solutions. In the third chapter a novel WWA-based approach is
described, which makes it possible to analyse the impact of dynamic changing costs
of human resources and technological resources. In chapter four a case study shows
the efficiency of the developed algorithm, while in the last chapter the results are
summarized and the potential future research directions are discussed.

2. LITERATURE REVIEW

© T. Banyai, 2024
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Kumar et al. [1] analysed various lot sizing strategies including lot for lot,
Wagner-Whitin algorithm and Silver-Meal heuristics. Their analysis showed, that
these algorithms are suitable to solve dynamic lot sizing problems also in the case
when demand surpasses a predicted value. This research validated, that WWA and
SMH are suitable for lot sizing problems in uncertain operation environment. Asmal
et al. [2] applied WWA and SMH to solve inventory problems when inventories are
influenced by dynamic safety stock and lead time due to uncertain logistics. Zhang
et al. [3] developed a new extended mixed-integer programming formulation, which
makes it possible to take Wagner-Whitin conditions into consideration in order to
solve the static joint chance-constrained lot-sizing problem. Kuznetsov and
Demidenko [4] focuses on their work on the organization of material resources
supply in transport construction, and they showed, that WWA can be used for the
problem solution of probabilistic nature of the construction logistics systems.
Narkhede and Rajhans described in a research [5] on redesign inventory
management strategies, that WWA can be integrated with other lot sizing
methodologies. The proposed an integrated Wagner-Whitin & Rank Order
Clustering approach (WW&ROC), which could lead to savings in amount of total
cost compared to existing purchase strategies and stock-out situations can be also
improved. A lot sizing model for two items with imperfect manufacturing process,
time varying demand and return rates was proposed by van Zyl and Adetunji [6].
Their research focuses on constrained returns and the potential of secondary use of
returns. A modified WWA was supposed to solve the lot sizing problems. Assi and
Effanga [7] showed in a research focusing on human resource aspects including
recruitment and promotion policies, that a WWA like dynamic programming
algorithm can also solve human resource optimization problems. Oca Sanchez et al.
[8] discusses in a research work the raw material problems of automotive industry,
and showed, that the efficiency of WWA can be improved by the integration of
forecast methodologies. Kian et al. [9] described a novel optimization approach for
problems with demands exhibiting stationary, increasing and decreasing trends and
seasonality. Their proposed solution is a combination and variation of the well
known WWA, SMH and least Unit Cost (LUC) approaches. Production planning
and facility location can be also integrated as shown by Wu et al. [10] in a research
describing the relationship between pricing problems and uncapacitated lot-sizing
problems with Wagner-Whitin property. The importance of forecasting and their
impact on production planning and scheduling is highlighted in a research by Olesen
et al. [11]. Their showed a method to support cost savings by managerial decisions.
Gaol and Matsuo [12] focuses on the impact of state-of-the-art technologies on the
solution of lot sizing problems. They showed the importance of sensor technologies
by simulation supported analysis. Uncertainties are also modelled by Hanafizadeh
et al. [13] in a research focusing on the application of WWA. In their research
robustness was in the focus. Giiner and Tunali [14] showed a novel approach of
capacitated lot-sizing problems, which is a special extension of Wagner-Whitin
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problems. Other important topics in the field of lot sizing problems were also
intensively researched including improvement of existing solution methodologies
[15] and they are also focusing on supply chain disruption problems [16], which can
also significantly improve the complexity of dynamic lot sizing problems in
production processes. This short literature review showed the importance and
complexity of lot sizing problems. Following this brief literature review, the paper
presents a novel methodology, which takes into consideration of the dynamic
resource cost, including human resources and technological resources.

3. MATERIALS AND METHODS

Within the frame of this chapter, a novel, Wagner-Whitin algorithm-based
approach will be described, which integrates the dynamic costs of human resources
(operators for logistics and technological resources) and technological resources
(machine tools). The novelty of the methodology is, that conventional Wagner-
Whitin algorithm focuses on the initialization cost of production, on the production
cost depending on the quantity and the warehousing cost (inventory), while this
approach makes it possible to analyse the impact of time dependent costs of human
and technological resources.

The input parameters of the model are the followings:

. C,p: initialization cost of production per time frame,

. Cp: specific production cost,

. Cy: specific warehousing cost,

*  Lyp: lot size assigned to operators (the operators are assigned to lot size L,p
and their specific, time dependent specific cost is defined for this L, lot size),

*  Lpg: lot size assigned to technological resources (machine tools, assembly
stations), the machines are assigned to lot size Ly and their specific, time
dependent specific cost is defined for this L5 lot size),

*  D;:demand in time frame i,

. CPP. operator cost per operator related lot in time frame i,

. CT®R: technological resource cost per production lot in time frame i,

. Imax: the total number of time frames.

The algorithm includes i,,,, computational phases. The first phase computes
the local optimal production scheduling for the last time frame. The second phase
computes the local optimal production schedule for the second last time frames, etc.

As a first step, we can calculate the local optimal production schedule for the
last day as follows:

Cimax = Ciigllg;t = CIP + DimaxCP + [%] Ci?r{’ax + [%] C?rffax (1)

In the second phase, for the predecessor time frame, the local optimal
production schedule can be defined as follows:

— i imax—-1 pimax—1-imax
Cimax—l = min (Cimax—l ’ Cimax—l (2)
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Dlmax Dlmax
Cllrrnng))cc 11 = CIP + Dlmax 1CP + [ 1] CLmax 1 + [ 1] Clmax 1 + Cimax (3)
Cimax—l-imax — ¢ 4 zlmggfax 1 Di(Cp + (i — imax + 1)Cy) +
i= L?rfax D z:l 1max D
[ . lclmax 1 [ . lclmax 1 (4)

Lop Lrr
Eq (2) defines, that in this phase of the algorithm we can choose beteen to

potential solutions:
«  clmax—1 defines a solution, where within the time frame imax — 1 only the
demand of time frame imax — 1 is produced,
«  (lmax—1-imax (efines a solution, where within the time frame imax — 1 the
demands for both time frame imax — 1 and time frame imax are produced.
We can define a general computational phase for time frame j as follows:
¢; =min (¢/,¢c/U,c/)7UD), ¢/ (5)

; D: D;
¢ = +0yCp + [ P7 + [1] 677 + CJ‘+1 ©)
=G+ ]+ Z]HD op 2] TR
G =Crp+ X2 Di(Cp+ (I —HCy) + G C + Gz (7)

J+
U = + 2{+fD(cp+(l—1)cW)+[z” ]CO” [E ]CTR+C,+3 ®)

Cj]’—imax =Cp+ ZlmaXD (Cp+ (i —)HCw) + [ T D l cOoP + [Zl j ]CjTR 9)
Figure 1 demonstrates the flowchart of the productlon schedule optimization.
As the flowchart shows, the local optimal solutions for each time frame can be

calculated analytical, it means no heuristics or metaheuristics are required to find the
optimal solution.

Input parameters
Dy Cw cfr Lra L Lop Cip

i bmax

*
Computation for the last time frame
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Dima |
]

Cimax = Cimax = Cip + DimaxCe + +

¥
Computation for the predecessor time frame
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G =mi ."(r‘;"ql—H‘i—L‘.lr“:—[}“-lW‘ L gitmax
D [er 4
ol 4 G

B,
¢ =Cp + DiCp + —‘Ic”"
Lop
j+2
¢ =g, +Z "Dty + i nr.-m[" ‘lrﬂP

):,N i
Sa=y TR
LG G

zk_ lcg. F., ‘C

J—imax _ e ;o
I =Cp+ D. (Cp + (i = )Cy) +
(=)

|

I
e o ™

no
v

Results
€ = min( €l Cl2, G5, 4, 175,67, ., gl imex )

Figure 1 — Layout of the production plant
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Within the frame of the next chapter, some numerical examples will validate
the above-mentioned approach and show the suitability of the describe methodology
to find the optimal production schedule and analyse the impact of dynamic human
and technological resource costs.

4. RESULTS

Within the frame of this section, the main results of some numerical studies are
summarized. The first scenario analysis focuses on the comparison of conventional
lot sizing and the dynamic lot sizing taking the cost of human resources (machine
operators) and technological resources (machine tools) into consideration. In the first
case study, the results of traditional scheduling and dynamic scheduling are
compared over a seven-day time horizon. The time-dependent parameters of the first
case study are summarised in Table 1.

Table 1 — Examples for the identification of production lines

Time frames | T1 T2 T3 T4 T5 T6 T7

Demand to be produced | 100 105 95 110 94 111 89

Operator cost per operator
related lot | 8 8.2 8.9 7.8 9.7 9.1 8.2

Technological resource
cost per production lot

102 | 114 | 123 | 111 | 105 | 106 | 134

The initialization cost of production per time frame is C;, = 500 €, the specific
production cost is Cp, = 3€/pcs and the specific warehousing cost is Cy, =
2 €/time frame. The lot size assigned to operators is Lyp = 50 pcs and the lot
size assigned to technological resources is Lz = 75 pcs.

As the first phase of the optimization, we can compute the total cost for the last
time frame as follows:

C,=Cl=Cp+D;Cp+ [ﬁ] CoP + [ﬁ] CTR = 1166.2 € (10)
- ILor ] Ltr

The second phase of the optimization is to calculate the total cost of the

predecessor time frame based on the following equations:
Ce¢ = min (C&,CE™7) (11)
C& = Cip + DoCp + [ 2] €07 + [2=] cI® + (12)
Lop Lrr
6-7 _ 7 . Y76Di] roP | [Zl=6Di] ~TR
Ce™" =Cp+Xi—e Di(Cp+ (i — 6)Cy) + [_L ] G + [—L ]C6 (13)
oP TR
. (Cé =24917¢€
Ce =miny /-
C&7 =21462 €

The third phase of the optimization is to calculate the total cost of time frame
5 based on the following equations:

Cs = min (CE,CE7%,¢C577) (15)

= 21462 € (14)
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D D
C5 = Cpp + DsCp + [ﬁ] coP + [ﬁ] CIR 4 C, (16)

6 . 6 D,
€876 = Cip + 8.5 Di(Cp + (1 — 5)Cy) + [B=2| 07 4 [E=2] 7 + ¢, (17)
OP TR
5-7 7 ; YsDi] rop | [Zl=sDi] ~TR

Cs™" = Cip + Li=s Di(Cp + (I = 5)Cw) + [ﬁ] G5 + [ﬁ] Cs (18)

C2 =3344.6€
Cs = min{ C27¢ = 3403.2 € = 3236.2 € (19)

€77 =3236.2€
The fourth phase of the optimization is to calculate the total cost of time frame

4 based on the following equations:

C,=min (C#,CH5,C4°,¢37) (20)
D, D.
Ch=Cp+ DyCp + [ﬁ] coP + [ﬁ] CIR + ¢4 (21)

5 . 5 .
€5 = Cip + B34 Di(Cp + (1 — 1)Cy) + [B=2| 0P 4+ [E=2] 7 4+ ¢ (22)
6OP 6TR ,
€70 = G + L4 DUCr + (= G + [F2] 07 + 227 + ¢, (29)
0P7 TR7 .
CH7 = Cip + By Di(Cp + (1 = 1)Cy) + [B=2| 0P+ [E=2] IR (24)
oP TR
Ci =45518¢€
C}5 =43345¢€
Ci%=46133¢€
Ci7=46308¢€
The fifth phase of the optimization is to calculate the total cost of time frame 3
based on the following equations:

C, = min =4334.5€ (25)

Cs = min (C3,C37%,C375,€376,¢377) (26)
D. D.
C§ = Cip + DsCp + [2] €07 + [Z2] cI* + ¢, 7)
OP TR

- . TiaDi TiaDi
C37 = Cip + T DilCp + (1 — 3)Cu) + [F22 €87 + [ cI"4c5 (28)
€35 = Cip + X5, Di(Co + (i — 3)Cu) + [B=2L] 0P 4 [E=d] cT% 4 ¢, (29
3 0 =Cp+2i=3Di(Cpr+(—3)Cy) + e + e L +Cs (29)
€36 = Cpp + X0 Di(Cp + (i — 3)Cyp) + [E=222| 9P 4 [E=Dd] cTR 4 ¢, (30
3 1p+ Xi=3 Di(Cp + (I —3)Cy) + Lon | 3 + p L +C; (30)
3-7 _ 7 . 2l Di] ~op |, [ElsDi] ~TR
C3 Cip + Xi=3 Di(Cp + (i — 3)Cy) + G~ + C3 (31)
Lop Lrr
[C33 = 55419 €
€34 = 54726 €
C; = min< €375 = 5437.8€ =5437.8 € (32)
C376=5952.1¢€
37 =6142.1€

The sixth phase of the optimization is to calculate the total cost of time frame
2 based on the following equations:

C, = min (C3,C373,C374,C275,¢27°,¢377) (33)
D. D.
C2=Cp+D,Cp+ [ﬁ] coP + [ﬁ] CIR + ¢4 (34)
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c
c
;s
3

cz

= Cp+ X4, D;i(Cp+ (i — 2)Cw) + [z, ZDL] coP + [21 2Dil ¢TR 4 ¢,

|
-l
|
|

Dl 1=
—c,p+zl DG + (= 206 + [E] e + FZ

(C? =67202€
€33 =64915€

C, = min (37" =66506€_ 1o ce
€35 =68104 €
lCZH =75232€
C37=7909.2 €

= Cip+ X3, D;(Cp + (i — 2)Cw) + [21 ZD‘] coP + [El 2Dil ¢TR 4 ¢,

CIR + ¢
DI i
= Cip + B, Di(Cp + (i = 2)Cw) + [FE22] P 4[] 17 4 ¢,
- . Y12 Di Y2 Di
7 = Cip+ 21722 D;(Cp + (i —2)Cy) + [ﬁ] CZOP + [K] C;R

(3%)
(36)
@37)
(38)
(39)

(40)

The last phase of the optimization is to calculate the total cost of the first time
frame based on the following equations:

1-2
i

i

C; =min (C1,Ci72,¢i73,¢ci=*,¢c175,¢cl7°,¢7)
Cl=Cp+DiCp+ [i] coP + [ﬂ] CTR + ¢,

=Cp+Y2 D(c,,+(z—1)cw)+[le Jeor+ [211 CTR + ¢4

Cl3_CIP+ZL1D(CP+(1—1)CW)+[E’1 ]C +[211 +C4
P Th
= Cip + Zha DilC + (0= DG + B2 7 + R[] 4
— . 215= D; 21
170 = G + B DG + (= DG + [ P + R ] 1

C

CI6 = Cpp + X0, Dy(Cp + (i — 1)Cyp) + [2=221] coP
1 1P i=1 Di(Cp + (i )Cw) Lop 1

1-7 —
i =

c =77275€
Cl2=76524¢€
ci3=76121¢€
C; = min{ C}=* = 7987.6 € = 7612.1 €
€175 =83334¢€
Ci®=92764 €
C17=9827.0€

|
Sale
el
n
|

i XD P
Cip + £724 Dy(Cp + (i = 1)Cy) + [F22] PP + [L_
oP TR

[El 2 cTR 4

(41)
(42)

(43)
(44)
(45)
(46)
(47)
(48)

(49)

The above described computation resulted, that within the first time frame the

demands of three weeks must be produced, because C; = C173. The C;

— r1-3
= Cl

equation resulted that the next production operation must be performed on the fourth
time frame, where C, = C4~>, which means, that within the fourth time frame the
demands from two weeks must be produced. The C, = C{~° equation resulted that
the next production operation must be performed on the sixth time frame, where
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Ce = CE77, which means, that within the sixth time frame the demands from two
weeks must be produced.

Figure 2 shows the process of computations and the detailed results of each
potential lot-size and scheduling. However, the computation goes backwards, from
the last time frame to the first time frame, but after finishing all computations, the
optimal lot sizing and scheduling of production can be defined forwards, from the
first time frame until the last time frame, as Figure 2 shows.

Production of demand until time frame
1 2 3 4 5 6 7
Time frame 1| 7727.5 | 76524 | 7612.1 | 7987.6 | 8333.4 | 92764 9827
Time frame 2 6720.2 || 64915 | 6650.6 | 6810.4 | 7523.2 7909.2
Time frame 3 5541.9 5472.6 5437.8 5952.1 6142.1
Time frame 4 45518 .| 43345 | 46133 4630.8
Time frame 5 3344.6 | 3403.2 3236.2
Time frame 6 2491.7 2146.2
Time frame 7 1166.2

Figure 2 — The optimization process and the detailed results of different lot size solutions

Figure 3 demonstrates the cost distribution function including the initialization
cost of production, the total production cost, the warehousing cost, the cost of
operators and the cost of technological resources.

3500 -
Initialization cost of production

— Production cost
Warehousing cost
Time dependent cost of operators
H Time dependent cost of technological resources

g

8

g

Costs in EURO
=
@
8

1000

1 2 3 4 5 6 7
Time frame

Figure 3 — The cost distribution of the optimal lot sizing

To validate the above mentioned approach, the next phase is to compare the
solution of this extended dynamic lot size optimization and the conventional solution
of the production scheduling.

The total cost of the conventional solution can be calculated as follows:

Coony =TI (DiCp + Cip + |21 €07 + [ 24| cT%) = 87315 € (50)
OoP TR

Figure 4 demonstrates the cost distribution function of the conventional
scheduling. As Figure 4 demonstrates, the conventional production scheduling has a
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significant higher production initialization cost, because production is initialized in
all time frames. The warehousing cost in the case of conventional production
scheduling is zero, which means, that in this case we are talking about just-in-time
production. The cost of just-in-time production are too high, because the zero
inventory costs 1119.4 €.

M Initialization cost of production
1800 M Production cost
W Warehousing cost
1600 Time dependent cost of operators
1400 H Time dependent cost of technological resources

1200 —

Costs in EURO
=
=]
g

1 2 3 4 5 6 7
Time frame

Figure 4 — The cost distribution of the conventional production scheduling

Figure 5 shows the comparison of the total costs of each time frames. In the
case of conventional production scheduling, the distribution of the total costs is much
more uniform than in the case of optimized production scheduling.

3500

3087.6 m conventional production scheduling

3000
m optimized production scheduling using dynamic lot sizing
2500
2188.3 2146.2
2000
1500 123 1282.4 1207.4 1315.4 11984 1325.! 11662
1000
5i
190
0 0 o]
0 |
1 2 3 4 5 6 7
Time frame

Figure 5 — Cost comparison of conventional and optimized production scheduling

Costs in EURO

=}
=3

As demonstrated in the case study presented above, the calculation and analysis
of dynamic batch sizes is a good way to optimize production processes, as it can lead
to significant efficiency gains. The results presented above show that while just-in-
time production can be beneficial in terms of storage costs, it is important to consider
the cost of achieving these warehousing cost savings. The analysis of the scenario
shows, that the dynamic cost of human resources and technological resources can
also significantly influence the optimal schedule, because depending on the
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fluctuation of specific operator costs and technological resource cost, different
schedules can lead to the more cost efficient production schedule.

5. SUMMARY

The efficiency of production processes can be affected by many factors. In
order to increase the efficiency of production processes, it is becoming increasingly
important to take into account a growing number of parameters. Although the
Wagner-Whitin algorithm is an excellent method for determining dynamic batch
sizes, there are a number of environmental parameters that cannot be taken into
account by current algorithms. In the present research work, a method based on the
Wagner-Whitin algorithm is presented which allows to take into account
dynamically varying resource costs focusing on both human and technological
resources. The applicability of the developed method was demonstrated by means of
calculations. The method has been demonstrated through a case study that, compared
to conventional production scheduling. The application of the method can lead to
significant cost reductions when taking into account the impact of dynamic changes
in resource costs. The study confirmed the fact that, although just-in-time production
can be very beneficial from an inventory point of view, as just-in-time production
can lead to significant inventory cost reductions, these inventory cost reductions can
lead to multiple increases for other cost components, and it is therefore important to
consider as many environmental parameters as possible in the calculations. In the
present research work, the model was tested using deterministic parameters, so a
potential future research task could be to develop a stochastic approach.

References: 1. Kumar, N., Singh, B.J., Khope, P.: Unleashing an ML-based selection criteria for economic lot
sizing in a smart batch-type production system, TQM Journal vol.36(1) (2024) 90-107.
https://doi.org/10.1108/TQM-05-2022-0166 2. Asmal, S., Kurniawan, D., Indah, A.B.R., Anshar, A.M., Suradi,
S.: Inventory planning of raw material using Silver Meal and Wagner Whitin Algorithm, Acta Logistica
vol.10(4) (2023) 589-596. https://doi.org/10.22306/al.v10i4.437 3. Zhang, Z., Gao, C., Luedtke, J.: New valid
inequalities and formulations for the static joint Chance-constrained Lot-sizing problem, Mathematical
Programming vol.199 (2023) 639-669. https://doi.org/10.1007/s10107-022-01847-y 4. Kuznetsov, S.,
Demidenko, O.: Organization of Material Resources Supply in Transport Construction, Lecture Notes in
Networks and Systems vol.509 (2023) 385-394. https://doi.org/10.1007/978-3-031-11058-0_37 5. Narkhede,
G., Rajhans, N.: An integrated approach to redesign inventory management strategies for achieving sustainable
development of small and medium-sized enterprises: Insights from an empirical study in India, Business Strategy
and Development vol.5(4) (2022) 308-321. https://doi.org/10.1002/bsd2.200 6. van Zyl, A., Adetunji, O.: A lot
sizing model for two items with imperfect manufacturing process, time varying demand and return rates,
dependent demand and different quality grades, Journal of Remanufacturing vol.12(2) (2022) 227-252.
https://doi.org/10.1007/s13243-022-00110-z 7. Assi, P.G., Effanga, E.O.: Optimal manpower recruitment and
promotion policies for the finitely graded systems using dynamic programming Heliyon, vol.7(7) (2021) 07424.
https://doi.org/10.1016/j.heliyon.2021.e07424 8. de Oca, S., Montesa, E., Loza-Herndndez, L., Loza-Herndndez,
A.: Supply of raw materials in an automotive manufacturing company, International Journal of Management and
Decision Making vol.20(4) (2021) 323-348. https://doi.org/1504/1JIMDM.2021.118541 9. Kian, R., Berk, E.,
Giirler, U., Rezazadeh, H., Yazdani, B.: The effect of economies-of-scale on the performance of lot-sizing
heuristics in rolling horizon basis, International Journal of Production Research vol.59(8) (2021) 2294-2308.

23



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

https://doi.org/10.1080/00207543.2020.1730464 10. Wu, T., Shi, Z., Liang, Z., Zhang, X., Zhang, C.: Dantzig-
Wolfe decomposition for the facility location and production planning problem, Computers and Operations
Research (2020) 124. https://doi.org/10.1016/j.cor.2020.105068 11. Olesen, J., Pedersen, C.E.H., Knudsen,
M.G., Toft, S., Nedbailo, V.: Joint effcet of forecasting and lot-sizing method on cost minimization objective of
amanufacturer: A case study, Applied Computer Science vol.16(4) (2020) 21-36. https://doi.org/10.23743/acs-
2020-26 12. Gaol, F.L., Matsuo, T.: The Simulation of Implications of Sensor Technology on the New Product
Development to Solve Lot-Sizing Problems with Fuzzy Approach, Journal of Sensors (2020) 3503895.
https://doi.org/10.1155/2020/3503895 13. Hanafizadeh, P., Shahin, A., Sajadifar, M.: Robust Wagner—Whitin
algorithm with uncertain costs, Journal of Industrial Engineering International vol.15(3) (2019) 435-447.
https://doi.org/10.1007/s40092-018-0298-y 14. Giiner, G., Tunali, S.: Fix-and-optimize heuristics for
capacitated lot sizing with setup carryover and backordering, Journal of Enterprise Information Management
vol.31(6) (2018) 879-890. https://doi.org/10.1108/JEIM-01-2017-0017 15. Chowdhury, N.T.. Dynamic
Economic Lot-Sizing Problem: A new O(T) Algorithm for the Wagner-Whitin Model, Computers and Industrial
Engineering vol.117 (2018) 6-18. https://doi.org/10.1016/j.cie.2018.01.010 16. Sonar, A., MacKenzie, C.A.:
Supply chain disruptions preparedness measures using a dynamic model, Supply Chain Risk Management:
Advanced Tools, Models, and Developments (2018) 123-137. https://doi.org/10.1007/978-981-10-4106-8_8

Tamam banpsi, Mimkombsi, YropmHa

BIIVINB TMHAMIYHHUX BUTPAT HA JIIOACBKI TA TEXHOJIOTTYHI
PECYPCH IIPU ONITUMI3AIII PO3MIPY ITAPTIi TOBAPIB

AHoTauiss. Memoou npoekmysaHHs SUPOOHUYUX CUCMEM 304 OCWAHHI  O0ecAMUNimms 3HAYHO
egonoyionyseany. 3'aeunucs Hogi Memoou, 30amHi BUSHAYAMU ONMUMATLHI NAPAMEMPU BUPOOHUYUX
cucmem, wo GyHKYioHyoms y ce OiibUL CKIAOHUX cepedosuwax. /leoma Haubinbus 6i0oMumu Mmemooamu
ona 3a0a4 Ha po3mip aomie (napmiil) € areopumm Baenepa-Bimina ma eepucmuka Cinveepa-Mina.
Opucinanvhi 6epcii yux 080x memooie nioxoosms MinbKu 015 GUPIWEHH NPOCMUX 3a0ay HA PO3MID
oma, ane iCHYe KiibKa CKIAOHUX Mymayitl yux memoois, sKi 003601510Mb SUPIULYS8aAMU CKIAOHI 3a0ayi
posmipy napmii. Ha epexmusHicms 8upoOHUUUX npoyecie modce snaueamu oesniy ghakmopis. /s moeo
wob nidsuwumu epexmueHicms GUPOGHUUUX NPOYECI8, 6ce DLIbUL BANCTUSUM CIMAE 00K 3DOCMAIOY020
uucia napamempis. Xoua aneopumm Baeuepa-Bimina € GIOMiHHUM MemOOOM ONs GUIHAYEHHS
OUHAMIYHUX pO3MIpI6 napmii, iCHye pso napamempie cepedosuwyd, sKi He MOXNCYymb OYMu 6paxoeaHi
cyvacnumu aneopummamu. 'V oamiii 0ocnionuybKii pobomi npeocmasnenuii Memoo, 3dCHOAHUL HA
aneopummi Bacnepa-Bimina, saxuil 003601s€ 6paxogyeamu OUHAMIYHO MIHAUBI pecypcHi eumpamu,
OpIECHMYIOUUCL AK HA MOOCbKI, MAK [ HA MexXHON02iuHi pecypcu. 3a O00NOMO2010 pPO3DAXYHKIE
NnPOOeMOHCIMPOBAHO  3ACHMOCOBHICMY  PO3pOOIEH020 Memody, AKU 6Y8 NpoOeMOHCMpPOBaHUll HA
KOHKpemHOMY NPuKiaodi y nopieHAHHI 3i 36U4AUHUM SUPOOHUYNUM NIAHYBAHHAM. 3ACMOCYBAHHI MEMOOy
Modice npu3zgecmu 00 3HAYHO20 3HUIICEHHS BUMPATN NPU 8PAXYEAHHI 6NAUEY OUHAMIYHUX 3MIH GUMPAm HA
pecypcu. Jlocniosxcenns niomeepouno moil paxm, wjo, Xo4a BUPOOHUYMEO MOYHO 6 CIPOK Modce Oymu
Oyoice UCIOHUM 3 MOYKU 30pPY 3ANAcie, OCKIIbKU BUPOOHUYMEO MOYHO 6 CIPOK MOJice Npusgecmu 0o
3HAYUHO20 3HUICEHHS BUMPAM HA 3ANACU, AKe 8 C8OI0 4epzy Modice npusgecmu 00 6a2amopasosozo
30LIbUWEHHSL IHUWUX KOMROHEHMI® GUMpPAam, i oMy 8adcu60 6paxo8yeamu sKomoza 6iibuie napamempie
HABKOMUWHB020 cepedosuyd 8 po3paxyHKkax. Y daniti 0ocaionuybKii pob6omi mooeis 6yia nepesipena 3
BUKOPUCMAHHAM O0eMePMIHOBAHUX NApPaAMempis, MOMY NOMEHYIHUM MAUOYmMHIM  OOCTIOHUYbKUM
3a80aHHAM MOdICe OYmMU PO3POOKA CMOXACIMUYHO20 NIOX00Y.

KuawuoBi cioBa: posvip napmii; niaHyeanHs ma CKIAOAHHs 2paikie eupoOGHUYmea, MiHiMmizayis
8UMPAN,; MOOENIOSAHHSL.
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Abstract. The continuous growth in demands for product quality and their utility properties in today's
competitive environment places increased requirements on activities ranging from pre-production
stages to sales completion. From these facts, it is evident that special attention must be paid to material
selection, product design, and the construction of individual components, as well as the technologies
used in their production and processing. Achieving high technical parameters for products while
simultaneously optimizing the cost/performance or cost/utility value ratio compels designers and
engineers to explore new progressive materials with high mechanical, chemical, and physical
properties. They must also consider technologies that ensure efficient and precise manufacturing.
Keywords: shipbuilding; Industry 4.0; manufacturing systems; artificial intelligence.

1 INTRODUCTION

In shipyards of global significance, both river and sea vessels are currently
manufactured for various clients with highly specialized requirements. These
vessels are constructed according to the rules of classification societies such as
German Lloyd, American Bureau of Shipping, Bureau Veritas, and Lloyd's
Register. Like other industrial sectors, the shipbuilding industry faces intense
global competition. Labor costs are rising, and the risk of production errors due to
the so-called "human factor" is significant. To remain competitive in this
challenging environment, shipyards aiming to excel must analyse their current state
and develop a strategic plan for the technical preparation of production.
Subsequently, they can propose feasible production technologies. Despite dealing
with large-scale steel structures, a considerable percentage of shipbuilding
processes can be mechanized and automated. These innovations are crucial for
maintaining competitiveness in today’s demanding environment.

Mechanization and automation allow for minimizing the impact of the
human factor, increasing work productivity, and improving the precision and
quality of products. Another positive effect that should not be underestimated is the
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enhancement of working conditions for employees in the shipbuilding industry. As
the achievable profit directly correlates with production efficiency, most shipyards
have adopted modern project and design methods, followed by the implementation
of mechanization and automation in production and assembly processes [1].

2 THESITUATION

The shipbuilding industry faces challenges in transitioning from old, legacy
systems to newer, more integrated approaches. On the other hand, here are some
challenges that the modern shipbuilding industry must address: [2]

1) Technological Advancements: Keeping up with cutting-edge technologies
is crucial. Shipbuilders need to adopt digitalization, automation, and
innovative materials to enhance efficiency and reduce environmental
impact.

2) Complexity and Customization: Ships are becoming more complex, with
specialized designs and features. Meeting customer demands while
maintaining cost-effectiveness is a challenge.

3) Supply Chain Management: Coordinating suppliers, managing lead times,
and ensuring timely availability of materials and equipment are critical for
smooth production.

4) Environmental Regulations: Stricter environmental standards require
shipbuilders to design eco-friendly vessels and reduce emissions.

5) Labor Costs and Skills: Labor costs are rising, and skilled workers are
essential. Upskilling and attracting talent are ongoing challenges.

6) Global Competition: Asia-Pacific countries (Japan, Korea, and China)
dominate shipbuilding. European shipyards face intense competition and
must innovate to stay competitive.

7) Risk Management: Making early decisions in ship design can impact costs
and project success. Balancing risk and innovation are essential.

8) Sustainability: Shipbuilders must focus on sustainable practices, including
recycling, energy efficiency, and minimizing waste.

These challenges highlight the dynamic nature of the shipbuilding industry
and the need for continuous adaptation and improvement.

1. Legacy Work Processes: Many shipyards operate with established,
traditional work processes. These legacy systems often hinder collaboration due to
silos and lack of integration between different departments. For instance, enterprise
resource planning (ERP) solutions may not communicate effectively with design
tools, leading to inefficiencies.

2. Data Silos: The existence of functional silos creates difficulties in
problem-solving. Differences in data structures, formats, and naming conventions
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make it challenging to identify and trace issues. This lack of cohesion affects
agility and responsiveness to change.

3. Collaboration and Expertise: Shipyards increasingly rely on external
contractors and suppliers for various aspects of vessel design and construction. To
form an effective ship delivery team, information must be integrated and accessible
across the organization.

In summary, the shipbuilding industry must overcome legacy systems,
foster collaboration, and embrace integrated information flow to enhance
efficiency and quality in ship design and production processes.

The goal of this article is to analyse the current state of automation in design
and construction processes within the field of technical production preparation. It
aims to establish fundamental principles for designing process with a focus on
achieving the highest possible level of automation in this field.

Significant attention must be devoted to the integration of CAD systems and
the automated production system to ensure rapid and accurate data transfer.
Furthermore, addressing issues related to quality control of finished products and
suggesting potential solutions for conflict resolution due to inaccuracies in the
environment are essential aspects [3].

3 CREATION OF A COMPLEX MODEL OF THE VESSEL

After considering the factors mentioned earlier, we can conclude that the so-
called complex mathematical model of the vessel could be the optimal solution to
the problems outlined in the preceding sections. This comprehensive model
incorporates all geometrical information, interlinking wvarious parts and
components. When changes occur in one area, they necessarily impact other
components. By doing so, users receive alerts to correct either the source of the
change or initiate a chain reaction of adjustments. This collaborative approach
among experts working on the same object ensures continuous relevance and
accuracy of shared data within the geometric database [4].

From the perspective of communication between distinct mathematical
models, the transmission of information about changes is ensured either in real
time or through periodic updates. For users of such computer systems, the
communication possibilities mirror those between mathematical models. Each user
is assigned specific permissions and design elements, granting them the right to
create and modify certain components. Other elements can be viewed but not
altered. Users can annotate requested changes on other elements, and the
associated owner will implement necessary adjustments after assessing eligibility.

When multiple users collaborate within the same space and simultaneously,
a “real-time update” becomes feasible. However, this solution may strain
computing devices. From a security and information transfer speed standpoint, this

27



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

method remains optimal. Nevertheless, the constant flux of changes and
adjustments in an ever-evolving environment can evoke a sense of uncertainty for
designers [5].

The concept of a “batch update” system can indeed address the challenges
you’ve outlined. This approach involves transmitting new components and
elements, along with any changes, to other users at specified time intervals. The
interval is carefully chosen to optimize data updates, preventing system overload,
and minimizing disruptions caused by constant modifications. Users can then focus
on their work without being constantly interrupted by unfinished solution variants.
This method strikes a balance between timely updates and maintaining a stable
work environment.

Figure 1. Engine room 3D model [1] L

4 USE OF THE “CONCURRENT ENGINEERING” METHOD

The “Concurrent Engineering (CE)” method represents the pinnacle of
convenience in terms of the volume and type of managed information [1]. In this
approach, we utilize what is known as the production model of the spatial vessel.
This model encompasses not only geometric data but also associative and
parametric relationships, along with what we refer to as non-geometric
information.

What does this comprehensive model provide? It offers the technical and
logistical details necessary for describing and supporting the design of the
complete product—the vessel. Across the entire life cycle of the vessel, it
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integrates information from various domains: design, construction, technology,
production, logistics, and sales.

The fundamental concept behind the CE system is continuous access to
shared data and information. By establishing a robust CE system, we achieve
several benefits:

e Reduced Production and Overhead Costs: Streamlining processes leads to
cost savings.

e Accelerated Technical Preparation Stage: Faster decision-making and
collaboration.

e Shortened Production Cycle: Efficient workflows lead to quicker results.

e Reduced Product Launch Time: Getting the vessel to market promptly.

In summary, the CE method fosters collaboration, optimizes efficiency, and

ensures that everyone works with the most up-to-date information.
Advantages of the "concurrent engineering"” concept are [1]:
e Product development time: 30-70% reduction
e Design changes needed: 65-90% reduction.
Time to market: 20-90% reduction
General quality increased by 200-600%
Work productivity, efficiency increased by 20-110%
Business turnover increased by 5-50%
Return on Assets increased by 20-120%
At first glance, it is evident from the data above that the advantages
resulting from the implementation of the Concurrent Engineering (CE) method
yield economic outcomes, ensuring a relatively swift return on the necessary
investments in this technology.

By transitioning to more advanced computing systems, CE technology
opens new possibilities within the realm of virtual reality. Virtual reality represents
the pinnacle of interactive design facilitated by CE technology. The fundamental
concept involves creating a complex mathematical model — a computer-generated
representation — of the vessel. This model not only incorporates geometric and
database data but also allows for interactive engagement. In essence, users can
interact with the model as if it were a physical prototype, mimicking the behaviour
of a real vessel. Unlike a static element, this dynamic model possesses the
properties of an actual physical body.

The NUPAS-CADMATIC system for example, implemented in several
shipyards, encompasses all the necessary properties, and meets usability criteria for
preparing inputs into a flexible production system. This solution, based on
NUPAS-CADMATIC, significantly enhances productivity, and leads to an optimal
spatial model of the vessel, particularly in areas with limited space. By doing so, it
elevates workshop pre-production capabilities, effectively shifting the workload
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from shipbuilding to technologically advanced workshop spaces. Ultimately, this
approach reduces product transit time and significantly cuts production costs.
Thanks to its highly intelligent graphical user interface, the system requires
minimal user training [6].

The software solution makes it possible to share design information
between individual designers from different professions. The most important
design information is public and available to everyone. Such a solution reduces the
time for coordinating the location of individual equipment and components of
pipeline systems. This increases the quality of the construction solution and the
overall quality of the vessel. By using the same system in different areas of
construction work, the so-called method of parallel engineering - Concurrent
Engineering - becomes a reality [1].

Using this system, components are created only once, it contains their
spatial mathematical model. All other component views are derived from that
mathematical model and are kept up to date according to pre-defined and set rules.
The modification of the component in the model is indicated based on the stated
rules, and its other views are updated according to the need and decision of the
designer. It means high consistency of construction and correct exact information
for production.

The advantage of the production model is that the designer, by defining the
component in the model, automatically creates the production data in one step.
This means extremely precise and exact information for production, which is
always up to date according to the latest construction status. The system enables its
freely programmable export generators to forward the necessary information in the
required form for other systems, for example, for material management,
warehouses, purchasing and logistics, financial evaluation, and the like. In the field
of pipeline systems, the creation of a model of pipeline systems is based on an
intelligent database, which contains not only the design data of individual
components, geometry, but also the logic of mutual connection - pressure class,
number of screws, type of seal, etc. Based on this database, connection diagrams of
individual pipe systems are created. It is possible to insert only such a component
into the schemes, which is included in the database. Of course, the missing
component can be added at any time, but first it must be defined with all the
necessary properties in the database and then it can be used in the schema. After
completing the scheme and verifying the functionality and correctness of the
connection, it is possible to start creating a spatial model. The relationship between
a spatial model and a wiring diagram is the same as that between diagrams and
databases. Only components that have been included in the scheme can be used in
the model. Such a solution ensures the unequivocal correctness of the model and its
consistency with the functional scheme. All standards, regulations and
requirements of the shipyard are stored in the database and are automatically
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considered during the creation of the model. By using the CE — Concurrent
Engineering method, it is possible to increase the efficiency of material use and
effectively use the available space [1].

It is possible to save a lot of time by generating all other information
necessary for production from the spatial model, such as isometric drawings of
pipe branches, a breakdown of the material used, and a cutting plan. Accurate
information for production also contributes to increasing production accuracy and
reducing the overall error rate.

What is created while modelling can no longer be called just a geometric
model, but due to the complexity of the information contained in it, we speak of a
so-called production model - Product Model. In addition to geometric information,
this model also contains information on physical properties and technological and
production information for production. As an example, it is possible to mention
that the places of pipeline transitions through watertight walls are inserted at the
stage of creating a spatial model of pipeline systems, but the information about the
necessary openings in individual dividing walls becomes part of the geometry of
the sheet metal, their geometry is burned on NC automatic burning machines. A
change in the pipe system also causes a change in the dividing wall, the change in
geometry is reflected in the control program for the movement of the firing head,
which ensures a high degree of data consistency for production. Similarly, it is
possible to describe the state after checking collisions between individual
components or between devices, steel structure and pipe systems. The structure of
NUPAS-CADMATIC allows dividing the model into smaller integrated blocks
with a precisely defined interface and connection, which enables parallel
processing of the created blocks. Of course, it means a significant saving of time,
and in the final phase the entire complete model is assembled in one integrated
database of the production model of the vessel. The production space model allows
you to use the so-called virtual vessel bypass function. It is possible to define the
route of a camera or a visitor who can - it is true that without the possibility of
intervention in the model and without the possibility of its modification - pass the
entire object and see for himself the quality of the technical solutions used. This
option is also a great help for the production itself, as it allows you to interactively
check and see the model in its real form before production. Another advantage is
that changes made in the mathematical model are immediately reflected in the
production information [1].

The real benefit of this solution, in addition to the above, is that control
programs for DNC burning and bending automata of sheet metal parts, control
programs for DNC cutting and bending automata of pipes and profiles, or for
others, such as assembly and welding robots, are generated and exported from an
accurate mathematical model. The support of the automatic production line by the
software consists in supplying the automatic warehouse of semi-finished products
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with the necessary information to produce pipe branches, a computer-controlled
handling line, a cutter-saw, a pipe marker, and a DNC bending centre. With the
generation of isometric drawings of pipe branches, information for direct control of
the DNC bending centre is also generated. In addition to information such as
branch number, material, surface treatment, number of block or higher assembly,
order of assembly, orientation of holes in the flange are contained in the file. Part
of this information can be printed on a label and stuck on the pipe branch,
respectively in the form of a barcode or in the form of a 2D Data Matrix code, it
can be stamped on the surface of the branch. By combining design software with
computer-controlled manufacturing, manual handling, and preparation of data for
production is eliminated. An important aspect of the mentioned solution is that the
information coming from the program already contains technological data.

An optimally designed construction solution results in an optimal production
batch, and with such a solution, it is possible to extremely increase the share of
workshop preparatory production and reduce the share of expensive, time- and
material-intensive modifications directly on the vessel.

In addition to the mentioned information, the system can cooperate with the

largest software solutions in the field of purchasing, logistics and material
management, and of course also software solutions for production management.
Design, technologically correct organization, increase the capacity of the
workplace, which will ensure the production of pipeline components based on
information from a complex computer model of the vessel, was the scope of the
assignment. The results clearly show the feasibility of the proposed solution. The
analysis attempted to outline a wide range of problems in the transition of technical
preparation from classical manual methods to the most modern, computer-aided
methods of competitive engineering. The basis of the solution is a complex
mathematical spatial model of the vessel. Expanding this model with structural,
material-technological, production information means the creation of the already
mentioned production model of the vessel. Based on the created production model,
it is possible to formulate the basic requirements for the technological process of
production and pipeline branches about securing the automated production system
with information.

By using design-construction computer systems, it becomes possible to
supply the entire region with custom-made, surface-modified components of
pipeline systems, it is possible to separate the design and construction activity from
the production of parts, we come to believe that such a project must be effectively
applicable and usable [7].
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5 RESULTS

The basic goal of our work was to provide an analysis of the current state of
the technology of the production of pipe branches in the conditions of a shipyard.
Part of our work is also the proposal for the use of new technology for the technical
preparation of production and at the same time for the technological preparation of
production. Detailed cost analysis, workability analysis and review of the
feasibility of the entire project demonstrated the complexity and complexity of the
investigated issue.

The basic characteristics of the control system working based on fuzzy logic
were presented. A description of the characteristics of the control computer and the
control hierarchy of automatic production systems was given. Based on the facts
mentioned above, an integrated flexible production system was designed, which
can automatically change its production program based on input information
without the need to stop work and possibly adjust the used components.

Concrete results and benefits of the solution described above are listed
below. Figure 2 shows the number of necessary changes for modelled and non-
modelled vessels during manufacturing process.

Non modelled vs. modelled vessel

Changes

160
140
120
100
80
60
40
20

123 456 7 8 91011121314151617 18 192021222324
Manufacturing period (months)

Figure 2. Non-modelled vs. modelled vessel - number of necessary changes during
manufacturing process [1].
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SRz
Figure 4. Pipeline systems of a vessel [1].
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6 CONCLUSION

The working place of automated production system - APS for pipe systems
of vessels is connected to the 3D CAD system for preparing of working
documentation for pipe systems. The 3D model of pipe systems is used as a base.
From the automated design of 3D model is processed the technological background
for production with output applicable straight in the automated production process.
The production process is provided by the flexible production system includes
subsystems for manipulation, transport, material preparing, production, testing,
sorting, and stocking. Automated production line includes numerical controlled
daily stock of raw material, computer-controlled workplace for measuring and
cutting of pipes. This workplace is connected to the workplace with NC bending
machine continuing with numerical controlled welding machine — robot for flange
welding. Other workplaces for geometry checking and welding quality verification
are included into the automated production line too. The production system is
designed based on the actual accessible results of science and research in this field.
The production line is characterized as a Flexible Production System — FPS
controlled by fuzzy logic. The system can react to the necessary changes of the
product assortment. After the change of the control information the system is able
immediately to start production of other assortment of products. Our flexible
production system is an automated production line, where the change of the
product assortment is done by changing of the controlling programs.
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Hvopap Yidpa, bynanemr, Yropuuna

BUPOBHHNYI CUCTEMMU, AKI BUKOPUCTOBYIOTbCA
Y CYAHOBYIIBHII ITIPOMUCJIOBOCTI
BIJ 2000 POKY 1O CbOI'OJEHHA

AHorauisi. besnepepsne 3pocmanHsa 6umoz 00 akocmi npooyKyii ma il KOpucHux eracmugocmeti y
CYYACHOMY KOHKYDEHNHOMY cepeOosuwi BUCYBAE NIOBUIYEH] BUMO2U OO NPOMUCTOB0CII, NOYUHAIOYU
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8i0 emanie ni02omoeku eupodHuymea 00 1020 3asepuieHHs i npooaxcie. 3 yux gakmis euoHo, wWo
ocobausa ysaza nosuHHa Gymu npudilera eubopy mamepianie, Ou3aiiHy 6upooie i KOHCMPYKYIl OKpemux
KOMNOHEHMI6, a MAKOJIC MEXHONO2IAM, WO SUKOPUCTNOBYIOMbCS NpU iX GupoOHUYmei ma oopoobyi.
JlocsieHen s BUCOKUX MEXHIYHUX napamempie eupodié 3 0OHOUACHOK ONMUMI3AYIEI0 CNIB8IOHOUEHHS
sumpam i npoOyKmugHocmi abo eumpam i KOPUCHOCMEU 3MYULYE KOHCMPYKMOPI8 md iHMiCeHepi8
docnidocysamu HOGI NPOSPECUSH] MAMEPIAnU 3 GUCOKUMU MEXAHIYHUMU, XIMIYHUMU MA Qi3udHUMU
eracmugocmamu. Bonu maxoac nosunni epaxogysamu mexnonoeii, sxi 3abesneyyioms egpexmugne ma
moune eupodnuymeo. Poboue micye asmomamuzosanoi eupobHuuoi cucmemu — ABC ona mpy6Hux
cucmem cyoen niokniouerno 0o cucmemu 3D CAD 0ns niocomogku pobouoi 0oxymenmayii 015 mpy6oHux
cucmem. Bupobnuuuii npoyec nobyoosu cyoer 3a6e3neuyemopcsi SHyUKow 8UPOOHUYOK CUCEMOTO, WO
8KIIOUAE  NiOCUCMeMU MAHINYAAYIU, MPAHCROPMYBAHHS, NIO20MOBKU Mamepianie, 6UpoOHUYmMaEd,
mecmyeants, COpMy6aHHs Ma CKAAOY6aHHs. Aemomamu3oeéana upobHuya Iinis 6Koyac 6 cebe
WOOeHHULl 3anac CUPOSUHU 3 YUCTOBUM NPOSPAMHUM YNPAGIIHHAM, KOMN'Iomepusosane poboue micye
ona eumipiosanns i pizanna mpy6. Lle poboue micye 3'eonane 3 pobouum npoyecom 3a 0ONOMO2010
3eunanvbho2o eepcmama 3 YI1Y, npodoeoicylouu 36apiosanvHum anapamom 3 YUCIOBUM NPOSPAMHUM
VAPAGIIHHAM — pOOOMOM 0151 36aplodants uanyie. Inuwi poboui micys Ons nepegipku ceomempii ma
nepesipKu AKOCMI 36apIOBAHHA MAKOIC BKIIOUEHI 8 A8MOMAMU3068aHY GUPOOHUYY NiHil0. Bupobuuua
cucmema npoeKmy€emvbCsi Ha OCHOGI AKMYalbHUX OOCIYNHUX Pe3yNbmamie HayKu i 00CHiodicenb 6 OaHiil
obnacmi. Bupobnuua ninia xapaxmepusyemvca K cHyuka eupoonuua cucmema — I'BC, kepoeana
neuimkoio noeixoro. Cucmema mooice peazysamu na HeoOXiOHi 3MiHu moeapno2o acopmumenmy. Ilicns
3MIHU KOHMPONLHOL [Hpopmayii cucmema 30amua Gi0pazy e npucmynumu 00 GUNYCKY IHULO20
acopmumenmy npooykyii. Taka emyuka eupobuuua cucmema A6AC 00010 ABMOMAMUIOBANY
UpOOHUYY NiHII0, 0e 3MIHA acopmuMenmy npoOYKYii 30IUCHIOEMbCA WSAXOM 3MIHU KePYIOYUX NPOSPAM.
KurouoBi ciioBa: cyonobyoysanns; Inoycmpis 4.0; 6upobHuui cucmemu, wmy4Huil inmenexm.
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Abstract. The application of the principles of the geometric product specification (GPS) has increasing
importance in the machining industry. The tolerancing process should harmonize the relationship
between tolerancing, machining process, measuring and design requirements. The aim of the article is to
present the interpretation process and the suggested workflow of geometric tolerances. The dimensional
and geometric tolerances are compared, and some critical problems of geometric tolerancing are
demonstrated by case studies.

Keywords: geometric tolerance; GPS; GD&T; degree of freedom; datum feature

1 INTRODUCTION

In the production of machine components, we always experience deviations
due to a number of factors. Deviations may be singular or recurring, recurring
deviations may be permanent or random. The causes of deviations can be explained
by changes in the raw material used, changes in the condition of the manufacturing
equipment, changes in technology, human factors, environmental influences or the
measurement process.

There are several ways to manage deviations from plan. The first is to define
a manufacturing technology, a series of processes in the process planning that will
gradually, step by step, produce the desired part geometry with the expected
accuracy. The second solution is to define tolerances, which are the allowable
deviation. We can define macro and micro precision for the geometry design. The
macro accuracy of a part can be defined by dimensional and geometric tolerances.
Dimensional accuracy refers to the distance between points, while geometric
tolerances refer to shape and positional accuracy. A comparison of dimensional and
geometric tolerances is provided in Table 1.

The 1SO standards define the specifications for dimensional tolerances of
mechanical parts [1] by the abbreviated name GPS - geometric product specification.
The American ASME standard uses the term GD&T - geometric dimensioning and
tolerancing. The aim and the basic principles of the two sets of standards are the

© B. Mikd, 2024
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same, but some details can be different. In case of interpretation of the engineering
drawing, the detailed understanding of the relevant standards is essential.

The aim of the research is to investigate the tolerancing process, the
relationship between tolerancing, machining process, measuring and design
requirements. The aim of the article is to present the interpretation process and the
suggested workflow of geometric tolerances. Some critical problems are
demonstrated by case studies.

Table 1 Comparison of dimensional and geometric tolerances

Dimensional Tolerances

Geometric Tolerances

Definition

Specify the acceptable
variations in the numerical
values of dimensions, such as
length, width, height, or
diameter. They focus on the size
of individual features.

Specify the allowable variations
in the form, orientation,
location, and relationship of
features. Geometric tolerances
are concerned with the shape
and spatial arrangement of
features

Representation

Usually represented by
numerical values indicating the
acceptable range of dimensions.

Represented using symbols and
feature control frames,
indicating the desired geometric

For example, a dimension is | relationship and allowable
specified as "25 + 0.05 mm". variations.

Focus Primarily concerned with the | Focus on the form and
size of features, ensuring they | arrangement  of  features,
fall within specified limits. ensuring that they relate to each

other correctly in terms of
shape, orientation, and location.

Application Applied to individual | Applied to relationships
measurements of length, width, | between features, ensuring
height, etc. For example, | proper alignment, orientation,
specifying the length of a shaft | and form.
or the diameter of a hole.

Complexity Generally simpler to specify and | Can be more complex as they

interpret, involving | involve a combination of

straightforward numerical | symbols, datum, and specific

values instructions to define
relationships between features
accurately.

Interchangeability | Mainly contribute to the | Contribute to both
interchangeability of parts by | interchangeability and
specifying  acceptable  size | functional relationships
variations. between parts by ensuring

proper form, orientation, and
alignment.
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Cost Tight dimensional tolerances | Can contribute to cost savings
Considerations can increase manufacturing | by allowing more flexibility in
costs, as they require more | certain  dimensions  while
precise machining and | ensuring critical relationships
measurement. for functionality.

2 TOLERANCING PROCESS

The tolerance process should identify the type and value of tolerances
required. In this process, several conflicting aspects need to be taken into account.
The primary consideration is the function of the part, the role of each geometric
element [2][3]. The second aspect is to take into account the manufacturing
capabilities [4][5]. The third aspect is the analysis of the assembly relationships and
the impact of the propagation of manufacturing defects. The fourth aspect is the
consideration of the measurement possibilities [6][7][8]. Finally, these requirements
must be indicated on the drawing by means of engineering symbols [1], for which
clarity and compliance with engineering standards are essential. The tolerancing of
the part therefore sets expectations for the manufacturing and measurement process,
taking into account the functional requirements, and thus determines the cost of the
part.

For geometric tolerances, whether we are in the design, manufacturing
preparation or measurement phase, the following analysis process should be carried
out to clarify the interpretation of the tolerance (Figure 1). The interpretation of
geometric tolerances is based on standard drawing symbols (Figure 3).

Toleranced Type of the Datum feature
feature feature
Y
Modifiers Size of the Shape of the
tolerance zone tolerance zone
—
Location of the DofF of the Interaction of
tolerance zone tolerance zone tolerances

Figure 1. Tolerance analysing process
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The first question is what is the toleranced feature. The leader and an arrow
show this from the tolerance frame (Figure 3a). The direction of the leader can have
a modifying effect on the meaning, so accurate application is important. The notation
can only point to a physically existing feature, not to a theoretical geometric element
(e.g. centre line, plane of symmetry). Indeed, if a centre line is the centre line of
several geometric elements (e.g. a stepped hole), it is not possible to determine to
which element the specification applies. If the indicator arrow continues along a
dimension line, the centre line, plane of symmetry of the marked element is the one
to which the specification applies.

Another important aspect of the toleranced element is whether the measuring
is technologically feasible. For example, a hole in a sheet metal part theoretically
has an axis, but due to the short length of the hole, this can only be measured with a
higher uncertainty. The fundamental cause of the measured deviation will be the
measuring process. It is therefore necessary to consider the metrological process in
the tolerancing process.

The tolerance type is indicated by the symbol in the first field of the tolerance
frame. I1SO 1101 defines 15 types of geometric tolerances, shown in Figure 2. The
interpretation of each tolerance is defined in the standard.

Geometric tolerances
ISO 1101

[ Form }

— | Straightness

I Orientation Location Run-out

“~ | Flatness { ] { ] [

| © | Roundness 7 | Parallelism < | position # ] Run-out

| < | cylindricity -L | Perpendicularity | © | concentricity 27| Total run-out
[~ ] profile any line = | Angularity © | Coaxiality

= = | Symmetry

Profile any surface
Figure 2. Type of geometric tolerances based on 1ISO 1101

The next step is to define the datum feature. In the tolerance frame, the datum
are marked on the right-hand side and must be indicated on the drawing. The datum
feature is connected to the surface by a triangle, not an arrow (Figure 3b). The
notation rules are the same as for the marking of the toleranced feature, so the
marking should not point to a theoretical geometric element. An exception to this is
when the points forming the base are also given with base locations (1SO 5459). The
locations of the points are given with theoretical dimensions (Figure 3d), which have
no tolerance, giving the theoretical dimensions necessary to interpret the tolerance.
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For some geometric tolerances, no datum can be used, for others the use of a
datum is necessary, while in some cases both with and without a datum can be used
(profile any line, profile any surface, position), but the interpretation is modified. If
a datum is required, it must be checked that (1) the datum feature is independent of
the toleranced element; (2) its indication is on the drawing; (3) it corresponds to the
type of tolerance (e.g. perpendicularity tolerance is indeed perpendicular to the
toleranced element).

If several datum are applied to a tolerance, the order of these is important.
We can talk about primary, secondary and tertiary bases. These are important for the
degrees of freedom of the tolerance field (see later). The primary base is usually a
planar geometric element, which is, for all intents and purposes, the supporting
surface of the element being toleranced. The secondary base is an axis or straight
element that gives directional constraint, while the tertiary base is a point element.

a) Tolerance frame b) Datum c) Datum target

Flevic ® O

a9 Theqretlcglly exact e) Datum frame with modifiers
dimension

Vi),

f) Inspection plane g) Direction feature h) Orientation plane
Figure 3. Some drawing symbols related to geometric tolerances

The next step is to determine the shape of the tolerance zone. Depending on
the type and nature of the toleranced feature, the tolerance zone can be either planar
or three-dimensional. A tolerance field is two parallel elements that envelops the
toleranced feature along its entire extent. Where a diameter () is indicated in the
metre of tolerance, the tolerance zone is circular or cylindrical. The type of tolerance
and the nature of the toleranced feature determines whether the tolerance can be used
with a diameter mark only, without a diameter mark, or with both. In the case of
circular and cylindrical tolerances, the tolerance field is in the form of a circular ring
or cylindrical ring.

The size of the tolerance zone is always given in millimetres (mm) and is the
width or diameter of the aforementioned zone. The application of the diameter
symbol is depends on the type of the tolerance and the nature of the toleranced
feature.

The interpretation of the tolerance can be modified or clarified using a
number of modifiers. These modifiers can refer to the definition of the associated
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geometry (C, G, N, X, T, E); the relationship between several features (CZ, Sz, UF,
SIM), the offset of the tolerance field (P, UZ, OZ), the measurement condition for
elastic pieces (F), the relationship between geometric and dimensional tolerances
(M, L, R). The use of these modifiers provides a high degree of flexibility in the
definition of tolerances, but requires careful analysis during measurement. The
modifiers cannot be used in all cases and the guidelines of the standard should be
followed.

Based on the type of geometric tolerance and the nature of the toleranced

element, the location of the tolerance zone can be determined. In this context,
account shall be taken of any datum, the location and orientation of the drawing
markings, or, in their absence, the indicative notations which are mandatory under
the standard (Figure 3f, Figure 3g, Figure 3h).

Geometric tolerances are not fixed tolerance zones at a given location, but
have a different number of Degrees of Freedom (DoF) depending on the type of
tolerance, the nature of the element being toleranced and the number of possible
bases. These provide the flexibility to adapt to the specific design requirement,
determining the most appropriate tolerance at the design stage.

The final step investigated the interaction effects between each tolerance. If
a toleranced feature is associated with more than one tolerance, the relationship
between them is examined. It is possible that the same requirement has been
specified in several different ways, so that one of the tolerances is redundant. For
example, there are both perpendicularity and parallelism tolerances on the axis of a
hole. Specifications may also be found that are conflicting. This means that if one
specification is satisfied by the part, the other is not. This can be due to an incorrect
choice of tolerance type or tolerance value. The analysis shall determine the value
of the degree of freedom of each tolerance field. The tolerance with more degrees of
freedom should have a smaller tolerance zone value.

3 CASE STUDIES

The current chapter demonstrates the interpretation process of the geometric
tolerancing by case studies.

Figure 4 shows a position tolerancing of a hole. The toleranced feature is the
axis of the hole, because the indicator arrow continues along a dimension line. The
position tolerance required datum features, which define the theoretical location of
the hole. The theoretical position is 55 mm and 70 mm from the A and B datum.
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Figure 4. Case study #1 — Position tolerance of a hole with modifiers

n
n

The shape of the tolerance zone is a circle or a cylinder, because of the
diameter indicator (@), and the size is 0.1 mm. The shape of the tolerance zone can
also be interpreted as a circle or a cylinder, a kind of uncertainty in the definition of
tolerance. The shape of the tolerance zone depends on how deep the hole is. For a
sheet metal part, it can be interpreted as 2D geometry, in which case the tolerance
field is a circle. If the depth of the hole allows measurements to be made on several
levels, the tolerance field is a cylinder as a 3D element.

The tolerance frame contains two modifiers. The first is the maximum

material principle, which means, than the current value of the geometric tolerance
depends on the dimeson of the hole. The tolerance of 0.1 mm is valid for the
maximum material condition (M). In this case, the part contains the most material,
so this is the lower limit for a hole (9.95). If the diameter of the manufactured part
is larger than this, the position tolerance is increased by this value. If the diameter of
the hole is 10.05 mm (upper limit), the value of the tolerance zone is 0.2 mm. The
result is a virtual hole in which no hole’s contour will intersect any of the elements
of the produced series. The reciprocity modifier (R) extends this by allowing the
dimensional tolerance of the hole to increase if the hole’s position error is smaller
than the specified position tolerance. Therefore, if the current position error is 0 mm,
the minimum value of the diameter can be 9.85 mm. This is the theoretical value of
the previous mentioned virtual hole. The tolerance zone located in the given position,
there is no degree of freedom, so this type of geometric tolerance is close to the
dimensional tolerancing.

Figure 5a presents an example from the ISO 1101 standard for the position
tolerance of a plane surface. The two datum features are the face surface on the right
side (A) and the axis of the shaft (B). Let’s determine the location of the tolerance
zone!
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Figure 5. Case study #2 — Location of the tolerance zone

First, a parallel plane is drawn at a distance of 35 mm from datum A (Figure
5b). After that this plane is rotated 105° about the horizontal, an A datum parallel
axis passing through the intersection of bases A and B (Figure 5c). The resulting
plane is offset by £0.025 mm. This indicates the limit of the tolerance zone (Figure
5d). The position tolerance has no degree of freedom, so the points of the toleranced
surface must be within this fixed range.

In some cases it is possible to change the degree of freedom of the tolerance
zone by specifying the datum. This provides a high degree of flexibility during the
design process. The larger the number of degrees of freedom in the tolerance zone,
the more stringent the specification. The ,,profile any surface” tolerance is often used
for general tolerancing of parts bounded by free-form surfaces (e.g. injection
moulded plastic parts).

Figure 6 shows the “profile any surface” tolerance for different bases. If no
base is defined (Figure 6a), the 3D tolerance zone around the part has six degrees of
freedom, three linear and three rotational. The surface points of the part must be
covered by displacements along these three axes. If a planar datum is defined (Figure
6b), the number of degrees of freedom is reduced, leaving two linear and one
rotational possible displacements. This tolerance zone is more strict. If a secondary
datum is added (Figure 6c), the tolerance field is reduced by two more degrees of
freedom, leaving only one linear displacement possibility. With the addition of a
tertiary datum (Figure 6d), all degrees of freedom are removed.
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Figure 6. Case study #3 - Profile any surface with datum

The fourth case study shows an example of multiple tolerancing (Figure 7).
The drawing in the second example (Figure 5a) is extended with two additional
tolerances, an angularity tolerance and a flatness tolerance.

4| oos |A|B
ya 0.02
[]| o.005

Figure 7. Case study #4 — Multiple tolerances

Position tolerance has no degree of freedom, as we saw earlier. However, the
angularity tolerance has one degree of freedom, it can move along the datum B.
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However, this is only a true degree of freedom if the value of the angularity tolerance
is less than the position tolerance, so the angularity tolerance is within the position
tolerance. Otherwise, both tolerances cannot be satisfied. It is advisable to adjust the
ratio between the two tolerances between 1:3 and 1:5, so that the effect of a smaller
tolerance is noticeable in operation, measurement and production.

The flatness tolerance has no datum, so it has three 3D degrees of freedom:
one linear and two rotational DoF. The value of the flatness tolerance must be
smaller than the value of the angularity tolerance, as explained above. The degrees
of freedom can only be used if the other tolerance zone does not constrain it.

4 CONCLUSION

The use of geometrical tolerances is nowadays essential in the design of
mechanical engineering components. Consequently, the correct interpretation of the
engineering drawings is also required when planning manufacturing and
measurement plans.

In this paper, a nine-step workflow has been presented to provide a systematic
interpretation of each engineering drawing item. The proposed nine steps are:

. Define the tolerance feature.

. Determine the type of tolerance.

. Determine the datum.

. Determine tolerance zone shape.

. Determine the size of the tolerance zone.

. Interpretation of modifiers.

. Determine the location of the tolerance zone.

. Determine the degree of freedom of the tolerance zone.
. Analyse the interaction between tolerances.

In the future research the machining and measuring circumstances are
investigated, in order to support the manufacturing process planning. The geometric
tolerance based machine tool accuracy and the GPS based machinability of materials
will be investigated and developed.

©CoOoO~NO O WNBE

References. 1. ISO 1101-2017 Geometrical product specifications (GPS) - Geometrical tolerancing -
Tolerances of form, orientation, location and run-out. 2. Sun W.; Gao Y. (2022) The rule-based
specification of the datum-based model for geometric dimensioning & tolerancing. Procedia CIRP
114:189-196 https://doi.org/10.1016/j.procir.2022.10.026 3. Fengxia Z. et. al (2015) Research on the
intelligent annotation technology of geometrical tolerance based on geometrical product specification
(GPS). Procedia CIRP 27: pp. 254 — 259 https://doi.org/10.1016/j.procir.2015.04.074 4. Corrado A.;
Polini W. (2021) Model of geometrical deviations in milling with three error sources. Manufacturing
Technology. 21(5): pp. 575-584. https://doi.org/10.21062/mft.2021.078 5. Sultana J., Sztankovics I.
(2023) Roundness error and topography of hard turned surfaces. Cutting & Tools in Technological
System 98: pp. 83-92 https://doi.org/10.20998/2078-7405.2023.98.08 6. Gosavi A; Cudney E. (2012)
Form error in precision metrology: a survey of measurement techniques. Quality Engineering 24: pp.
369-380 https://doi.org/10.1080/08982112.2011.652583 7. Li Y; Gu P. (2004) Free-form surface

46




ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

inspection techniques state of the art review. Computer-Aided Design 36: pp. 1395-1417
https://doi.org/10.1016/j.cad.2004.02.009 8. Armillotta A. (2013) A method for computer-aided
specification of geometric tolerances. Computer-Aided Design  45: pp. 1604-1616
https://doi.org/10.1016/j.cad.2013.08.007

Banam Miko, Bynanemr, YropiuHa

IHTEPIIPETAIISA POBOYOI'O NTPOLECY BUSHAYEHHSA
ITEOMETPUYHHUX JOITY CKIB

AwuoTtauist. 3acmocysanns npunyunie ceomempuunoi cneyugpixayii npooykmy (I'CII) nabysac éce
0inbuI020 3HAUEHHS 6 0OPOOHIT npomuciogocmi. IIpoyec usHaueHHs OONYCKY NOGUHEH 2APMOHIZY8AMU
63AEMO36'5130K MINHC OONYCKOM, NpOYecoM MexaHiyHoi 06poOKu, SUMIDIOSATbHUMU MA NPOEKMHUMU
sumozamu. Y pasi inmepnpemayii inJiceHepHO20 KpecaeHHs BadICIUBe 3HAYEHHS MAE 0emanbHe PO3YMIHHA
8iON0BIOHUX cmaHOapmie. Memow OOCIONCEHHST € BUBYEHHS. NPOYECY GU3HAYEHHS OONYCKY,
630EMO36'513KY MidIC OONYCKOM, NPOYECOM MEeXAHIYHOI 06pO6KU, SUMIDIOSATIbHUMU MA NPOEKMHUMU
sumozamu. Memoio cmammi € npedcmasnenns npoyecy inmepnpemayii ma 3anponoHOBaAHO20 PoHOU020
npoyecy 2eomempuyHux 0Onyckie. Jeaki KpumuuHi npodiemu 0eMOHCMpPYIOMbCs HA NPUKIAOAX Kelicie.
Ilpoyec oonycky nogunen susHavamu mun i 3Ha¥eHHs: HeoOXiOHUX 0onyckis. ¥ ybomy npoyeci HeobXioHo
epaxosysamu Kinbka cynepeuausux acnexmis. Ilepwovepeosum akmopom € yuxyis demani, ponv
KOJCHO20 2e0MempPUYHO20 eneMenma. JIpy2um acnekmom € 6paxy8anHs 6UPOOHUUUX MONCIUBOCTHE.
Tpemiii acnexm - ananiz CKAAOANLHUX B3AEMO3G'A3KI6 | 6NIUBY NOWUPEHHS SUPOOHUYO20 OPAKY.
Yemeepmum acnekmom € po3einsd mMoxcaugocmetl sumiprosanus. Hapewmi, yi sumoeu nogunti 6ymu
nosHaueni Ha KpecieHHi 3a OONOMO20I0 I[HIICEHEPHUX CUMBONIG, Ol 4020 HeoOXiOna uimkicmo i
8iON0BIOHICMb [HXCEHepHUM HOpMam. Takum YuHoMm, OOnycK Oemaii 6CMAHOBNIOE OYiKY8AHHA U000
npoyecy UeOMOBIEHHs MA GUMIDIOBAHHS 3 YPAXYBAHHAM (QYHKYIOHATbHUX BUMOS [, MAKUM HUHOM,
susnauac gapmicmv Ooemani. Y yiti pobomi npeocmasnenuil O0eg'smuemannuii pobouull npoyec, wo
3abe3neyye  CUCMEMAMUYHY — IHMEPNPemayitn  KOMCHO20 — eleMeHmMA  [HHCEHEPHO2O  KPEeCIeHHs.
3anpononosani 0es'smv KpoKi6: GUSHAUEHHS O3HAKU OONYCKY, MUNY OONYCKY, hopmu 30HU OONYCKY,
PO3MIPY 30HU OONYCKY, MAYMAUeHHs MOOUPDIKAMOPIB, BUSHAYEHHSA MICYSA POSMAULYBAHHS 30HU OONYCKY,
CMyniHsa c60000U 30HU OONYCKY, AHANI3 83AEMOOIL Midic OONYCKAMU.

Kurouosi cioBa: ceomempuunuii donyck; I'CIT,eeomempuyni posmipu ma 0Onycku, cmyninb c60600u;
6UXIOHA O3HAKA.
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Abstract. The analysis of modern research shows that when evaluating the specific energy intensity of
the abrasive processing process, one should pay attention not only to the indicators of grinding power
and material removal rate, but also to the indicator of the wear of the abrasive tool, which we will show
below for the grinding tool made of superhard materials. It is shown that the traditional method of
estimating the specific energy capacity based on the ratio of the grinding power to the processing
productivity does not provide an adequate solution, since with it the specific heat capacity of processing
exceeds the specific heat capacity of melting of the processing material by almost an order of
magnitude. Therefore, it is the application of a new approach to the assessment of the specific energy
intensity of diamond grinding, taking into account the wear of the working layer of the diamond wheel,
and makes it possible to estimate the indicators of the specific energy intensity of grinding and the
energy efficiency coefficient. It has been proven that when estimating the specific energy capacity of
grinding metal-ceramic composite materials consisting of a low-melting and refractory component, the
latent heat capacity of melting of the low-melting component should be taken as the basis. It is shown
that the plastic mode of grinding occurs precisely when the specific energy capacity of grinding, taking
into account the wear of the wheel, becomes close to the specific heat capacity of melting of a brittle
material.

Keywords: specific energy capacity of grinding; energy efficiency coefficient; grinding;abrasive tool;
wheel of the superhard materials; wear, friction.

1. INTRODUCTION

Relevant studies have shown that the energy consumed by the processing
industry makes up to 37% of the total global energy consumption and produces up
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to 21% of greenhouse gas emissions worldwide [1]. At the same time, 20% of
energy is used to overcome friction, and 14% of energy loss is caused by wear and
tear, including energy to manufacture new parts and idle equipment. In addition,
taking into account the cost of maintenance work due to wear, the total cost of
costs due to wear is 35% of the cost of overcoming friction [1]. That is, the field of
industrial production requires more energy consumption due to the need to
overcome friction and wear. In addition, researchers pay great attention to the issue
of reducing the energy intensity of machining processes. This is due to the fact
that, for example, in the manufacture of engineering products, the specific share of
the cost of energy consumption only for processing is from 15 to 25% [2] and
increases over time. Thus, the specific share of the energy component in the cost
price of machine-building products used to not exceed 5-7%, and over the past
decades it has increased to 18-25% [3] and has a tendency to further increase. And
this tendency is largely connected with the fact that the achievement of the
necessary accuracy of processing requires an increase in the specific energy of
processing. Methods for modeling and optimization of parameters of the grinding
process were used in works [4-5].

2. MODERN PUBLICATIONS ON ENERGY ISSUES DURING
ABRASIVE PROCESSING

Examining the specific energy during material removal processes at the
micro-scale offers a deeper comprehension of the energy transfer across various
material removal regimes. Breaking down specific energy into sliding, plowing,
and cutting components facilitates the examination of how grain properties,
process parameters, and mechanical properties impact the energy transfer between
different phases of material removal. An inclusive framework for specific energy
consumption (SEC) in abrasive cut-off operations by integrating individual models
of primary and secondary rubbing energies, specific plowing energy, and specific
cutting energy was proposed [6]. The strong correlation observed between the
formulated model and empirical data underscores the concept that specific energy
consumption (SEC) exhibits asymptotic behavior relative to the material removal
rate.

As it is presented in Fig. 1, with the increase in material removal rate,
there is a corresponding decrease in specific energy consumption. Mirroring trends
are observed in prior studies on grinding operations. The notion of ductility aids in
comprehending the overall energy consumption of materials. In ductile materials,
the malleability of the workpiece materials resulting from heat generation, along
with their higher fracture toughness compared to brittle materials, escalates the
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machining challenge, consequently demanding higher specific energy during metal
cutting[6]. Hence, the specific energy consumption of ductile materials such as
OFC-C10100 and Al-1100 is higherin comparison to other materials operating at
the same material removal rate. During the grinding process of hard and less
ductile materials, the rate of crack propagation while cutting with abrasive grits
increases, thereby decreasing the energy needed to deform the material. Therefore,
hard and less ductile materials such as SS201 and Al 7075 require relatively lower
specific energy consumption. Among the materials, Inconel-718 exhibits higher
specific energy consumption, due to its elevated hardness, increased strength, and
greater resistance to cutting[6].
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Fig.1. SEC relationship with material removal rate for materials [6].

The critical grinding depth of the ductile-brittle transition (DBT) is a
crucial processing parameter that ensures machining of brittle materials in the
ductile mode. However, predicting the critical grinding depth is challenging due to
the multitude of grain interactions resulting from the random distribution of grains
on the wheel. Innovative grinding force and energy model has been developed to
anticipate the critical grinding depth, taking into account the random interactions
among multiple grains [7]. In order to verify the model's accuracy, experimental
validations have been performed on single crystal silicon. During this procedure,
the interactions between the grains and the workpiece are examined through the
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actual heights of grain protrusions and the random distribution of grains.
Addressing this deficiency, paper [7] introduces an analytical model for grinding
force and energy to forecast the critical depth of ductile-brittle transition in the
grinding of brittle materials (Fig. 2). The surface generation mechanisms during
the ductile-brittle transition are thoroughly explored through the utilization of both
numerical simulations and experimental techniques. The results indicate that
plastic plowing and brittle fracture are the predominant modes of material removal
during the grinding of brittle materials. Furthermore, the experimental validation
results suggest that the proposed model is able to accurately predict the actual
critical grinding depth, with an average deviation of less than 9.2%. At the end,
utilizing the proposed model, a thorough investigation is conducted into the impact
of grinding conditions on the critical grinding depth. The critical grinding depth
rises with higher grinding speed, whereas it decreases with increasing feed speed.
Thus, this study not only offers a novel approach for forecasting the critical
grinding depth but also advances the comprehension of the ductile-brittle transition
mechanism in the machining of brittle materials[7].
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Fig. 2. An analytical grinding force and energy model for predicting the critical DBT
depth in grinding of brittle material is proposed in paper [7].

Modeling and quantification of the abrasive processesis challenging task
due to the stochastic nature of the abrasive-tool surface characteristics. On the
other hand, their macroscopic geometry and motion patterns are typically clearly
defined and easily regulated on machine tools. To address this apparent
inconsistency, a new integrated modeling framework is established based on the
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concept of aggressiveness [8]. It encompasses the diverse geometry and motion
patterns of a workpiece in motion, relative to an abrasive surface. The point-
aggressiveness, as a dimensionless scalar quantity derived from the vector field of
relative velocity and the vector field of abrasive-surface normals, represents the
key parameter. This fundamental process parameter directly influences common
process outcomes such as specific energy, abrasive-tool wear, and surface
roughness. The theory of aggressiveness is experimentally confirmed through its
application to various abrasive processes, including grinding, diamond truing, and
dressing. In these applications, the aggressiveness number is correlated with the
aforementioned measured process outputs. The major issue in grinding crankshafts
is to avoid thermal damage caused by grinding, particularly on the sidewalls of the
crankpin [8]. The higher temperatures that caused thermal damage primarily rely
on the specific energy of grinding, calculated as the ratio of grinding power and
material removal rate, eg = Pa/Qg. As it is presented in Fig. 3b, it is obvious that
the aggressiveness number comprehensively captures the geometry and motion
characteristics of the process, as indicated by the coefficient of determination close
to 1. On the other hand, creating a plot of specific energy versus commonly used
process parameters that do not fully consider geometry and motion characteristics,
such as grinding equivalent chip-thickness heqe (Fig. 3a), might result in
misinterpretation of observed variations in measured results.
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3. FORMULATION OF THE PURPOSE OF THE RESEARCH

Summarizing the above short review, we pay attention to the following. The
more plastic the processed material is, the greater is the specific energy of its
grinding. The specific energy intensity of grinding is affected by the cutting
conditions and the conditions for fixing the abrasive grains. With a small
equivalent chip thickness and under the conditions of grinding the side surfaces,
the specific grinding energy increases significantly due to the increase in the
process of friction and wear of the wheel grains. And when grinding support
surfaces, the thickness of the chips does not affect and the specific energy of
grinding remains unchanged. As a result, it affects the depth of grinding of the
ductile-brittle transition, which is an important processing parameter that
guarantees the processing of brittle materials in the ductile regime. The above in
the articles [1, 6-8] shows that when estimating the specific energy intensity of the
abrasive processing process, in addition to the indicators of grinding power and
material removal rate, attention should also be paid to the indicator of wear of the
abrasive tool, which we will show below for the grinding tool from superhard
materials (SHM), which was the purpose of this article.

4. PRESENTING MAIN MATERIAL
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We will remind that the main direction of reducing energy costs for physical
processes in the cutting zone is the optimization of processing modes according to
criteria related to the level of specific energy consumption during cutting. These
are [8-10]:

criterion of the minimum specific energy intensity of cutting

e = Act/V = Nef/Pct = Nef/(V'S‘t) and mln (1)

where Aq — cutting work; V — is the volume of the cut material layer; Ner —
effective cutting power; P — cutting performance; v — cutting speed; S — feed; t —
cutting depth,

and the criterion of maximum energy efficiency (CEE) of the cutting process

Ke= AwV/Net = Aw/e — max 2)

where Aw is the specific energy density of the processed material.

In article [11], it was clarified that formula (2) includes the specific energy
density of the processed material, which is interpreted as the specific heat of
fusion, and the processes of blade processing are interpreted as plastic deformation,
and the process of abrasive processing (grinding) — as a physical process of
melting. That is, here we see a certain analogy of the specific energy capacity of
abrasive processing, as the specific heat capacity of melting of the processed
material.

Let's figure out what we know from the literature on abrasive processing
processes from the point of view of the specific energy intensity of processing. For
example, the authors [8-10] define the specific energy capacity as the ratio of the
effective power of processing to its productivity, then e=4E=N/Q (dimension
J/m3). This is characteristic of both blade processing [9] and abrasive processing
[8, 10]. As it was shown in the work [1], the calculations according to this formula
and the data available in the literature for abrasive processing are included in the
range of 20-200 kJ/cm®. And actually we can see it from the data in Fig. 1 (ranges
20-65 J/mmd [4]), Fig. 2 (ranges 20-160 J/mm? [7]) and Fig. 3 (the range of 40-60
J/mm? for the support surface [8], we will consider the range for the side surface
later). The author of the article [1] additionally applied his own data for
calculations according to the above formula of the specific energy intensity of
grinding (AE) of R6M5 steel. It is shown that when grinding R6M5 steel with
productivity (Q) of 400 mm3/min. the power indicator (N) was 0.4 kW, then AE =
60 kJ/cm?®, at Q = 1000 mm?3/min and N = 1.4 kW, AE = 84 kJ/cm?, and at Q = 2000
mm3/min and N = 2.0 kW, AE = 60 kJ/cm?3. That is, these data actually coincide
with the range indicated above. However, the average specific energy intensity of
steel grinding is about 60 kJ/cm®, and the specific heat of fusion of steel is 0.64

54



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

kJ/cm3. That is, there is a contradiction. At one time, attention was drawn to this in
the work [1], where it was shown that the calculation of the specific energy
intensity of grinding according to the traditional indicator in relation to the
effective power of grinding to the productivity of processing does not completely
correspond to reality, it is more energy-intensive than the process of diamond-
abrasive processing and exceeds the heat capacity of melting of the processed
material by 10 to 100 times. That is, the indicated contradiction is present, and it is
especially relevant for the processes of grinding with SHM wheels, which are
expensive and require an economically justified application, justified primarily by
the reduction of energy costs during processing. In order to find ways to resolve
the above-mentioned contradiction, in our opinion, it is more correct to estimate
the specific energy consumption of diamond-abrasive processing with SHM
wheels due to the additional consideration of the wear of the working layer of the
wheel, as indicated in the article [8]. Let's pay attention to the significant increase
in the specific grinding energy for processing the side surfaces with a grinding
wheel, where the conditions for holding abrasive grains are worse and, as a result,
the specific grinding energy increases sharply (see Fig. 3). The formula for
determining the specific energy intensity of processing, for grinding processes with
SHM wheels, taking into account the wear of the working layer of the SHM wheel,
is substantiated in [1] and has the form:

ezEsez 2,4 107'Nef' qp/(Q'K'yshm), k-]/kg, (3)

where: Ner — effective grinding power, kW; g, — relative consumption of SHM
grains in the wheel during grinding, mg/g; Q — grinding productivity, mm3/min; K —
is the relative concentration of SHM grains in the wheel, %; ysm — SHM grain
density, g/cm®,

Let's return to the energy efficiency indicated above. As we saw from the
previous paragraph, for diamond-abrasive processing (grinding) processes, Aw
from formula (2) can be interpreted as the specific heat capacity of melting of the
processed material, as it occurs in a number of researchers. At the same time, some
indicate that the specific energy capacity of the abrasive treatment process should
be lower than the heat capacity of melting, others — what is higher, and those that
correspond to it. Let's express it for equation (2) as follows: the energy efficiency
for the first case must be Ke > 1, for the second — K. = 1, and for the third case K.>
0.8. That is, here we already get certain initial values of energy efficiency for
abrasive processing, and as we can see, it should not be less than 0.8.

Since, as we have shown above, 100 times more heat is pumped into steel
during grinding than is needed for its melting, the energy efficiency (CEE)
according to formula (2) will be

55



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

K. = AW/AE = 0,64/60 = 0.01067.

As we can see here, the energy efficiency CEE is significantly lower than
even the expected minimum efficiency of 0.8 indicated above. That is, there is a
contradiction both in the specific energy intensity of grinding and in terms of
energy efficiency CEE. Now let's return to the energy efficiency indicated above
according to formula (2). As we have seen from the above, for the processes of
grinding wheels of superhard materials, Aw can be interpreted as the specific heat
capacity of melting of the processed material. But the indicator — e, namely the
specific energy intensity of processing, according to the proposed new approach,
taking into account the wear of the working layer of the SHM wheel [1], has the
form of formula (3) and then the energy efficiency CEE for grinding processes
with SHM wheels will have the form:

Ke: AW/e = AWQKyShm/(2,4 107’Nef' Qp), (4)

where: Awis the specific heat of melting of the processed material, kJ/kg; Q —
grinding productivity, mm3/min; K is the relative concentration of SHM grains in
the wheel, %; yshm — SHM grain density, g/cm?®; Nes — effective grinding power, kW;
gp— relative consumption of SHM grains in the wheel during grinding, mg/g.

In order to more clearly evaluate the above, let's try, as an example, to first
evaluate the temperature level in the surface layer of high-speed cutting steel
R6M5 during grinding with cubic boron nitride (cBN) wheels without cooling,
when this level will be the highest. And in the future, compare these data with the
specific energy capacity of grinding according to formula (3) and the values of
energy efficiency according to formula (4) for the process of grinding R6M5 steel
with cBN wheels on different connections. Samples of plates made of R6M5 steel
measuring 5x30x60 mm were ground on a mod universal sharpening machine
3V642 wheels 12A2-45° 125x5x3x32 with different characteristics of their
working layer. Grinding modes: wheel speed — 25 m/s, longitudinal feed — 2.4
m/min, transverse feed — 0.05 mm/f. The grinding productivity was 600 mm3/min. It
was found that the highest temperature level in the grinding zone (Tg) is observed
in wheels on the metal-polymer bond — VV1-13, slightly lower in the ceramic bond
K17, noticeably lower in the polymer bond VV2-08, and the lowest in the polymer —
ceramic connection — PK-03. For comparison, we found the temperature level on
the direct surface of the plates when cutting thermocouples during the use of an
abrasive wheel made of white electro corundum with the characteristics of an
abrasive layer 25A25SM1K8. The temperature in the processing zone here was 750
°C. That is, all the above wheels from cBN are here with a grinding performance of
600 mm3/min. Do not exceed the ignition temperature of high-speed steel R6M5
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(620 °C), in contrast to a wheel made of electro corundum, where such ignition is
observed on the treated surface of the steel. This is described in more detail in the
article [11].

Now let's return to the issue of energy consumption of grinding and energy
efficiency for the above conditions of grinding R6M5 steel with cBN wheels. The
calculation of the specific energy capacity according to formulas (2) and (3) is
given in the Table 1. Analysis of table data shows the following. The value of the
specific energy capacity of grinding according to the traditional indicator,
calculated according to the ratio (2), is from 21 to 30 kJ/cm?, and the value of the
specific heat capacity of melting of R6M5 steel is — 0.68 kJ/cm?, that is, here too
we see that as the specific heat of fusion of P6M5 steel is exceeded by at least 30
times during grinding. And in the case when we apply a new approach to the
calculation of the value of the specific energy capacity according to formula (3),
then here we already see more conscious values. For a wheel with a PK-03
connection, the specific energy capacity of grinding is 72.6% of the specific heat
capacity of melting of R6M5 steel, for wheels with connections VV2-08 and K17 it
actually corresponds to it, and for a wheel with a connection V1-13 already the
specific energy capacity of grinding exceeds the specific heat capacity of melting
of R6M5 steel by 14.3%. That is, it is the new approach to calculating the specific
energy intensity of grinding wheels with SHM that allows it to be adequately
evaluated.

Table 1 — Calculation of the specific energy capacity and energy efficiency for the process
of grinding R6M5 steel without cooling with different wheels from cBN (source data from
work [11]) with productivity Q=600 mm?3/min. (Tqr is the temperature value in the grinding

zone).
. Relative Specific energy capacity
Characteristic Eff(ZCtIV consumption of grinding
s of the L Tgr, | of CBNin the . according
working layer grinding °C wheel during accordl'ng to Ke
power, oo to relation
of the wheel KW grinding, @), kilem? formula
mg/g ' (3), kd/kg
I;;_égol/gg 0,29 510 1,84 29 61 1,377
KPsyos Ve | oz | sz 3.48 21 83 | 1,012
Ko s) | 025 | 605 2,89 25 83 | 1,012
KRV | 030 | 610 2,80 30 9% | 0875
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As evidenced by the analysis of the Table. 1 shows a certain correspondence
between the temperature in the grinding zone and the indicators of specific energy
capacity and energy efficiency. The higher the temperature in the grinding zone,
the higher the specific energy capacity and the lower the energy efficiency. At the
same time, as we drew attention to in the article [12], when the specific energy
capacity of grinding becomes close to the specific heat capacity of melting of a
brittle material, a plastic mode of processing occurs. The concept of plasticity,
presented in the article [6], helps to understand the total energy costs for processing
materials. It is shown that the specific energy consumption during the processing
of plastic materials is higher in comparison with other materials at the same rate of
material removal. When grinding hard and less plastic materials, the rate of crack
growth when cutting with abrasive grains is higher, which reduces energy
consumption for material deformation [6]. For this reason, hard and less plastic
materials require less specific energy during processing. At the same time, the
article [7] proposed an analytical model of grinding force and energy for predicting
the critical depth of DBT when grinding brittle material.

Recall that the above referred to more or less homogeneous instrumental
materials. And what if our composite tool material consists of components that are
quite heterogeneous in terms of thermophysical characteristics, for example, metal-
ceramic hard alloys, where there is a relatively low-melting component (cobalt or
nickel as a binder) and a refractory component (tungsten or titanium carbides).
Accordingly, such components differ significantly among themselves in terms of
specific heat of fusion 263 kJ/kg (2.31 kd/cm?®) for cobalt and 273 kJ/kg for nickel
(2.43 kd/cm?) and for 1100 kJ/kg (4.62 J/cm®) for TiC and WC. In order to find out
how to estimate the specific energy intensity of grinding such composite materials,
we analyzed the data for calculating such energy intensity for hard alloys VK8 and
T15K6 (binder - cobalt), as well as tungsten-free hard alloy (TFHA) TN50 (binder
- nickel ) with the involvement of initial data from work [12] (Table 2).

Table 2 — Calculation of the specific energy capacity for the process of diamond grinding of
various tool materials (source data from the work [10]) with a wheel AS6 100/80 \V11-2 100
with productivity Q = 525 mm?/min.

Relative Specific energy capacity of
Instrumental Effective cho dr}zlﬁnn;?]téoi?] grinding
material grinding the wheel according to according to
power, kW during relation (2), relation (2),
3 3
grinding, mg/g kd/em kJ/cm
Hard allow — VK8 0,90 0,7 103 82
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Hard allow —

T15K6 0,70 0,8 80 73
TFHA -

TN50 0,70 2,2 80 201

Analysis of data Table 2 shows the following. When calculating the specific
energy intensity of grinding according to the ratio (2), the obtained data fall into
the already known range of 20-200 kJ/cmq. And this means that, for example, in all
the given tool materials, the specific energy intensity of grinding exceeds the
specific heat of fusion of even their refractory component by 17 to 22 times. But
let's pay attention to the fact that VK6, T15K6 and TN50 hard alloys contain a
more easily melting binder: VK6 and T15K6 have cobalt, and TN50 have nickel.
They are usually the first to be exposed to heat. And this means that calculations of
the specific energy intensity of grinding according to the ratio (2) exceed the
specific heat of fusion for cobalt by 35-45 times, and for nickel by 33 times. That
is, such calculations do not provide an adequate estimate of the specific energy
intensity of grinding. Now consider the calculations according to formula (3). As
we can see (see Table 2), here the specific energy intensity of grinding does not
even reach the specific heat capacity of melting of the binding hard alloy. But on
the most difficult-to-process tungsten-free hard alloy TN50, the specific energy
capacity of grinding is already approaching the specific heat capacity of melting
nickel. The above allowed us to make an assumption that when estimating the
specific energy intensity of grinding metal-ceramic composite materials consisting
of a low-melting and refractory component (hard alloys), the latent heat capacity of
melting of the weakest link, namely the low-melting component, should be taken
as a basis.

Now let's consider instrumental mineral ceramics. There are no data on the
specific melting energy here either, but there are data on its components: for Al.Os
it is 1108 kJ/kg [12], and for TiC — 1094 kJ/kg [12], i.e., for ceramics it will be X
1100 kJ/kg. This gives us the opportunity to estimate the specific energy intensity
when grinding oxide-carbide ceramics (Table 3). We would like to point out that
the calculation of the specific energy intensity of grinding VOK60 ceramics
according to the above traditional ratio (2) was 35-45 kJ/cm3. That is, it
corresponds to the above range. Something else is interesting here. As we have
already indicated above, the real specific heat capacity of steel melting is actually 2
orders of magnitude lower than the specific energy capacity of grinding, calculated
according to the above-mentioned traditional indicator AE. And what do we have
for oxide-carbide ceramics. The specific heat capacity of its melting is ~1100
kd/kg, i.e., if recalculated, then 4.62 kJ/cm®. And this means that if the
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calculations are carried out according to the traditional indicator AE, then for
ceramics, as well as for steel, this indicator again significantly exceeds the specific
heat of fusion, except that here it is not by 2 orders of magnitude, but only by an
order of magnitude. And what really? Let's evaluate this, again, with the
involvement of data from work [12] when grinding VOKG60 ceramics with different
diamond wheels (Table 3). It can be seen that relative to the specific energy of
ceramic melting, the specific energy of its diamond grinding according to formula
(3) is almost an order of magnitude lower.

Table 3 — Calculation of the specific energy capacity according to formula (2) of the process
of grinding VOK®60 ceramics with diamond wheels

Characteristics of the working Q, Net, KW | gp, mg/g Ese, kJ/kg
layer of the wheel mm3/min
AS6 100/80 M0O20-2 100 800 0,66 0,53 30,0
AS4 100/80MA V1-13 100 1050 0,65 1,30 55,2

In addition, let's pay attention to the influence of the speed of rotation of the
wheel. Consider this when grinding SisN4+B4C ceramics, which can be used in
plates for processing with impact loads and ceramic balls, and is a rather difficult-
to-process ceramic (Table 4). As can be seen from the data in the Table 4, reducing
the cutting speed also from 30 to 15 m/s immediately transfers processing to the
mode of increased specific energy capacity, which actually approaches the specific
heat capacity of melting, that is, to the plastic mode of grinding.

Table 4 — Grinding indicators of SisN4+B4C ceramic plates with a productivity of 1000
mm?3/min with diamond wheels 12A2-45° 150x10x3x32 AS4 160/125 V1-13 100

Speed of Wr;‘/ese' rotation, 1 o mg/g Ner, KW Exe, kJ/kg Ra, pm
30 28 0.95 182 0.28
15 14 1.0 960 0.45

5. CONCLUSIONS

1. The analysis of modern research shows that when assessing the specific
energy intensity of the abrasive processing process, attention should be paid not
only to the indicators of grinding power and material removal rate, but also to the
indicator of wear of the abrasive tool.

2. It is shown that the traditional method of estimating specific energy
capacity based on the ratio of grinding power to processing productivity does not
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provide an adequate solution, since with it the specific heat capacity of processing
exceeds the specific heat capacity of melting of processed materials by almost an
order of magnitude, and therefore, any diamond processing of ceramics must
immediately fall into the plasticity mode, which is not really the case. Therefore, it
is the application of a new approach to estimating the specific energy intensity of
diamond grinding, taking into account the wear of the working layer of the
diamond wheel, and makes it possible to assess the possibility of adequately
evaluating the specific energy intensity of grinding and the energy efficiency
coefficient.

3. When estimating the specific energy capacity of grinding metal-ceramic
composite materials consisting of a low-melting and refractory component (hard
alloys), the latent heat capacity of melting of the low-melting component should be
taken as a basis.

4. It is shown that the plastic regime occurs precisely when the specific
energy capacity of grinding, taking into account the wear of the wheel, becomes
close to the specific heat capacity of melting of the processing material.
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Banepiit JlaBpinenko, Kuis, Ykpaina, Bomogmvup Conox, Kam’siHcpke, YKpaina,
[penpar Jammy, benrpax, Cep0ist, €Breniit OctpoBepx, XapkiB, YkpaiHa

MU TOMA EHEPTOEMHICTH OBPOBKH TA EHEPTETUYHUI
KOE®IIIEHT KOPUCHOI JIIf CTOCOBHO NPOIIECIB
MJII®YBAHHA KPYT'AMHU 3 HAATBEPIUX MATEPIAJIIB

AHoTauis. Auaniz cydacHux Oo0CHONdCeHb C8I0YUMb NpPo me, WO UYUuM Oilbl NAACMUYHUM €
o06pobmosanull  mamepian, mum OLIbWOI0 € numoma enepeis uo2o wnigpysanns. Ha numomy
eHep2oEMHICIb WNIQYBAHHA MAKONC SNIUBAIOMb YMOBU PI3aHHA | YMOBU 3AKPINieHHA aOpa3ueHux
sepeH. Cyuachi 00CHiONdCenHs ceiouams i npo me, Wo nNpu OYiHYi NUMOMOL eHep2oEMHOCII npoyecy
abpasusHoi 06pobKu Kpyeamu 3 HAOMEepOux mamepianie cii0 36epmamu yeazy KpiM NOKAZHUKIE
eqhekmusHoi NOMYHCHOCI WINIQYBAHHA | WBUOKOCMI 3UIOMY MAMEPIALy, MAKoX4C | Ha NOKA3HUK 3HOCY
abpasusHo2o HCMpYMeHmy, wo Hamu 0ani i 6yde NOKA3AHO 0N WNIQYBATbHO2O IHCMPYMEHmY 3
Haomeepoux mamepianie (aimaszie ma KyoiuHoeo Himpuoy 6opy). JJosedeno, wo mpaouyitinuii Memoo
OYIHKU NUMOMOI eHepP2OEMHOCI 34 BIOHOWEHHAM NOMYMHCHOCMI WNIQYBAHHA 00 NPOOYKMUSBHOCMI
00poOKU He 0dE a0eK8amHO20 PIUeHHs, OCKIIbKU Npu HbOMY RUMOMA MENI0EMHICMb 00pOOIeHH s
matidice HA NOPAOOK NEPesulyye NUMOMY MenI0EMHICIb niasnents 06pobrozo mamepiany. Tomy, came
3acmocysanis HO06020 NiOX00y 00 OYIHKU NUMOMOI eHepeOEMHOCHII AIMA3HO20 WINIQ)y6aHHs 3
VPAXy8aHHAM 3HOULYBAHHSA POOOY020 WAPY AIMA3ZHO20 KPY2y, I 0d€ MOJICIUBICING OYIHUMU NOKAZHUKU
nUMOMOI eHepeoeMHOCII WIQy8ants ma enepeemuunull Koegiyicnm xopucnoi 0ii. [Josedero, wo npu
OYiHYI NUMOMOI  eHep2OEMHOCMI  WNIDYBAHHA MIHepano- ma MemaioKepaMiuHUX KOMNOZUMHUX
mamepianie (OKCUOHO-KAPOIOHUX KepamiK ma meepoux CHiAsie), Wo CKIA0armbpCs 3 HU3bKONIAGKOI ma
MY20N1A6K0B0I CKIA0080I, 3a OCHO8Y NOMPIOHO NPUIMAMU NPUXOBAHY MENIOEMHICMb NIAGNEHHS came
HU3bKONIABKOI cK1a0060i. TTokazaHo, wo NAACMUYHULL peXCUM WIIQYBAHHSA SUHUKAE came mOOi, KOIu
NUMOMA  eHePeOEMHICIb WNIQYEAHHA 3 YPAXYBAHHAM 3HOCY Kpyey cmae OIu3bkolo 00 Numomoi
MenIoEMHOCI NIAGIEHHS HU3LKONIABKOI CKIA0080i KPUXKO20 Mamepiany.

Kiaw4oBi ciioBa: numoma enepeoemuicmv wiighy8anus, enepeemuunuil KoegiyieHm Kopuchoi Oii;
wnighysanus; abpazusrull iHcmpymenm; Kpyeu 3 HaOmeepoux Mamepianie; 3Hoc, mepms.
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Abstract. When selecting cutting modes for end-milling of thin-walled parts from hard-to-machine
materials, their influence on machining stability must be considered. To do this, it is necessary to
understand the types of vibrations that operate and the conditions under which they arise. Research has
shown that different types of vibrations operate sequentially during cutting and only for a certain of time.
During end-milling, forced and accompanying free oscillations operates due to the short duration of
cutting. Their influence on the stability of the cutting process depends on the speed zone in which the
milling takes place. The most unfavorable is the third speed zone of vibrations, where accompanying free
vibrations of high intensity occur. Cutting speeds for machining parts from hard-to-machine materials
fall precisely within this zone. The intensity of vibrations is influenced by the dynamic properties of the
part. During end-milling of thin-walled parts, these properties are characterized by the amplitude and
frequency of accompanying free vibrations, which exceed the natural frequency of the part's free
vibrations. In other words, cutting modes alter the dynamic properties of the part. Some researchers focus
on utilizing the damping properties of the feed. Therefore, the aim of this paper was to determine how the
feed affects the dynamic properties of the part during cutting. A universal stand was used for the
investigation, which allows for the creation of various dynamic characteristics of the processed sample
and recording its motion laws during milling on an oscillogram. The research results showed that the
feed, as an element of cutting modes, influences the dynamic properties of the part during cutting. It
creates a variable layer that is being cut. Therefore, during the cutting time, the frequency and amplitude
of accompanying free vibrations change during both up- and down milling. The feed affects the dynamic
stiffness. Increasing the feed increases the dynamic stiffness of the part. This leads to a reduction in the
amplitude of accompanying free vibrations during milling in the third speed zone of vibrations. The
results presented in the article have practical significance for technologists in the aviation manufacturing
industry. They help to better understand the physical processes occurring during milling and develop
optimal processing strategies for thin-walled parts, which have high requirements for dimensional
accuracy and surface quality.

Keywords: milling; milling cutter; thin-walled part; feed rate per tooth; oscillogram; accompanying free
oscillations.

1. INTRODUCTION

Thin-walled components, widely used in the construction of aviation products,
attract special attention from technologists due to the close relationship between
cutting conditions and high-intensity vibrations that occur during machining and
affect its productivity, tool stability, dimensional accuracy, and surface quality [1].
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To establish favorable cutting conditions, petal diagrams of stability [2-4] are
utilized. Additionally, the distribution of vibrations across zones, depending on the
ratio between the natural frequency of the component's vibrations and the frequency
of forced vibrations [5, 6], allows for the analysis of milling conditions prior to
processing, and also evaluate surface roughness [7, 8].

In some cases, the obtained results do not match expectations due to
uncertainties regarding vibrations embedded in the calculations [9-13]. This is due
to the fact that the pattern of oscillations and their dependence on cutting time is not
taken into account. Studies [14] have shown that the following sequence of
oscillations is observed during cutting. When the tool is plunged, forced vibrations
appear. The accompanying free oscillations (AFO) are superimposed on them [14],
which persist for several milliseconds before damping out. Then the system adjusts
and steady-state self-oscillations occur. This oscillation sequence occurs during
turning or face milling when the cutting time is long. However, during end milling
of thin-walled components, the intermittent nature of cutting results in cutting times
measured in a few milliseconds. This affects the fact that only forced oscillations are
effective, which are imposed by the AFO. It is their intensity that most significantly
influences the formation of the machined surface. It is worth noting that the
distribution of vibrations during end milling into speed zones [15] allows
determining, based on initial data during technological preparation, under what
conditions machining will occur. Among the five speed zones, the third speed zone
of vibrations is the most unfavorable for stable milling. It is the only one with high
intensity AFO, while they are absent in other zones. However, it is precisely the third
speed zone of vibrations that corresponds to milling of parts from hard-to-machine
materials. Therefore, the search for an answer to the question of what influences the
properties of the part during cutting is relevant, as the intensity of vibrations depends
on them. It is known that the period of AFO during cutting is different from the
period of free vibrations during idle motion [16]. It decreases. Thus, by connecting
the part to the tool through cutting conditions, it is possible to influence its new
properties through chip formation. Researchers focus on utilizing the damping
properties of the feed [17]. Therefore, the task of determining how exactly the feed
rate affects this becomes relevant.

2. EXPERIMENTS AND DISCUSSION OF RESULTS

For the investigation, a universal stand was utilized [15], which allows for the
creation of various dynamic characteristics of the workpiece and recording the laws
of its motion during milling on an oscillogram.

The investigation of the feed rate's influence on the dynamic characteristics of
the workpiece was conducted during up and down-milling in the third speed zone
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with conditions that lead to the occurrence of high-intensity AFO. The initial data
for the study are provided in Table 1.

Table 1- The initial data for conducting the research

The material of the workpiece being machined Steel 3
The material of the milling cutter's cutting edge Hard alloy
The stiffness of the elastic element of the part, jee, N/m 1746562
Free oscillation frequency of the elastic element of the part, | 512

froee, HZ

The stiffness of the milling cutter, fme, N/m 23986111
Free oscillation frequency of the milling cutter, frome, HZ 1776

The diameter of the milling cutter, dme, mm 30

The number of teeth of the milling cutter, z 1

The helix angle of the milling cutter's tooth, o, deg 0

Feed rate, S;, mm/tooth 0.05; 0.1; 0.2; 0.3
The spindle rotation speed, n, rpm 355

The radial depth of cut, a,, mm 0.3

The axial depth of cut, a, mm 4

The analysis of the workpiece motion during milling was conducted using
fragments of oscillograms during cutting [15]. Based on these, dynamic
characteristics such as the period Tao and amplitude R, of accompanying free
oscillation were determined. These were measured after straightening the
oscillogram fragment using a Savitzky-Golay filter, as well as the maximum static
deflection (Amax)-

Figures 1-4 depict fragments of oscillograms during up and down-milling with
various feed rates and checked parameters.
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PEE - position of elastic equilibrium; P - tool entry point into the part; x - tool
exit point from the part
Figure 1 - Fragments of the oscillogram of part vibrations during milling with a feed
rate of S; = 0.05 mm/tooth
Based on the measurement results of the part's vibration parameters during
cutting, Tables 2-5 were constructed.

Table 2 - The parameters of the part's vibrations during milling with a feed rate of S; = 0.05
mm/tooth

The parameters The feed direction
Up-milling Down-milling
Tato1, 1073 1.64 0.84
Tato2, 1073 1.76 1.12
Tafo3, 1073 1.44 1.28
Tafos, 107%s - 1.48
fafo1, HZ 609 1190
fato2, HZ 568 892
faf03, Hz 694 781
faf04, Hz - 675
Rz1, mm 0.086 0.019
R22, mm 0.069 0.076
R23, mm 0.061 0.092
Rz4, mm - 0.093
Amax, MM 0.065 0.094

The data in Table 2 indicate that the dynamic properties of the part during
cutting are different from its properties before cutting. Moreover, they change
throughout the cutting process with varying depth of cut. During up-milling, after
plunging, the frequency of AFO is 16% higher than the natural frequency of the part.
As the thickness of the layer to be cut increases, the AFO frequency increases by
another 12% by the end of the cut. In down-milling, after after plunging with the
maximum depth of cut, the frequency of AFO exceeds the natural frequency of the
part by 57%. However, with the minimum depth of cut towards the end of cutting,
the frequency of AFO decreases by 43%. Due to the differences in cutting in the
shaping zone of the machined surface (at the beginning of cutting for up-milling and
at the end of cutting for down-milling), the frequency of AFO during down-milling
is 10% higher than during up-milling.

The amplitude of AFO decreases by 29% from the beginning to the end of
cutting during up-milling, while during down-milling, it increases by 79% due to
negative attenuation [18].
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The maximum deflection of the part, which characterizes the action of the
radial component of the cutting force, is 30% less during up-milling than during
down-milling.

A characteristic feature of the feed rate's influence on the dynamic properties
of the part during cutting is the dynamic stiffness index kgyn, Which indicates how
much the dynamic stiffness differs from the static stiffness and is determined by the
formula:

ZAmax
kayn = T
During up-milling: Kgyn = 1.51.
During down-milling: Kgyn = 2.02.
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Figure 2 - Fragments of the oscillogram of part vibrations during milling with a feed
rate of S; = 0.1 mm/tooth

Table 3 - The parameters of the part's vibrations during milling with a feed rate of S; = 0.1
mm/tooth

The parameters The feed direction
Up-milling Down-milling
Tafor, 1073, s 1.72 1.24
Tafo2, 1073, 1.52 1.44
Tito3, 10, s 1.24 -
Tafos, 1073, s 1.24 -
fafor, Hz 581 806
fafo2, Hz 657 694
fafos, Hz 806 -
fafos, HZ 806 -
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R21, mm 0.088 0.032
Rzz, mm 0.049 0.071
R23, mm 0.054 0.099
Rz4, mm 0.026 -
R25, mm 0.012 -
Amax, MM 0.076 0.133

When up-milling with a feed rate of S, = 0.1 mm/tooth, the frequency of AFO
after plunging is 12% higher than the natural frequency of the part. By the end of
cutting, it further increases by 28%. During down-milling with the same feed rate,
the frequency of AFO after plunging is 36% higher than the natural frequency of the
part. However, it decreases by 14% by the end of cutting. Moreover, the frequency
of AFO in the shaping zone of the machined surface is 16% higher during down-
milling than during up-milling.

The amplitude of AFO decreases by 86% from the beginning to the end of
cutting during up-milling, while during down-milling, it increases by 68%.

The maximum deflection of the part during up-milling is 42% less than during
down-milling.

The dynamic stiffness index during up-milling is kayn =1.73, while during
down-milling, it is kgyn = 2.69.
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Figure 3 - Fragments of the oscillogram of part vibrations during milling with a feed
rate of S; = 0.2 mm/tooth

When up-milling with a feed rate of S, = 0.2 mm/tooth, the frequency of AFO
after plunging is 20% higher than the natural frequency of the part. By the end of
cutting, it further increases by 28%. During down-milling, the frequency of AFO
after plunging is 55% higher than the natural frequency of the part. However, it
decreases by 27% by the end of cutting. Moreover, the frequency of AFO in the
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formation zone of the machined surface is 23% higher during down-milling than
during up-milling.

The amplitude of AFO decreases by 75% from the beginning to the end of
cutting during up-milling, while during down-milling, it increases by 37%. It is
worth noting that vibrations during cutting with an amplitude (R»/2) up to 0.02 mm
can be favorable for chip formation [19]. Such values were obtained during down-
milling with a feed rate of S, = 0.2 mm/tooth.

The maximum deflection of the part during up-milling is 20% less than during
down-milling.

The dynamic stiffness index during up-milling is keyn = 4.35, while during
down-milling, it is kgyn = 8.91.

Table 4 - The parameters of the part's vibrations during milling with a feed rate of S; = 0.2
mm/tooth

The parameters The feed direction
Up-milling Down-milling

Tator, 1073, s 1.56 0.88
Tato2, 1073, s 1.40 0.88
Tato3, 1073, s 1.12 0.96
Tatos, 1073, s - 1.04
Tatos, 1073, s - 1,2

fafo1, HZ 641 1136
fafo2, HZ 714 1136
fafos, HZ 892 1041
fafos, HZ - 961

fafos, HZ - 833

R21, mm 0.057 0.022
R22, mm 0.023 0.027
R23, mm 0.020 0.020
Rz4, mm 0.014 0.027
Ra2s, mm - 0.035
Amax, MM 0.124 0.156

When up-milling with a feed rate of S, = 0.2 mm/tooth, the frequency of AFO
after plunging is 20% higher than the natural frequency of the part. By the end of
cutting, it further increases by 28%. During down-milling, the frequency of AFO
after plunging is 55% higher than the natural frequency of the part. However, it
decreases by 27% by the end of cutting. Moreover, the frequency of AFO in the
formation zone of the machined surface is 23% higher during down-milling than
during up-milling.
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The amplitude of AFO decreases by 75% from the beginning to the end of
cutting during up-milling, while during down-milling, it increases by 37%. It is
worth noting that vibrations during cutting with an amplitude (R»/2) up to 0.02 mm
can be favorable for chip formation [19]. Such values were obtained during down-
milling with a feed rate of S, = 0.2 mm/tooth.

The maximum deflection of the part during up-milling is 20% less than during
down-milling.

The dynamic stiffness index during up-milling is keyn = 4.35, while during
down-milling, it is kgyn = 8.91.
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Figure 4 - Fragments of the oscillogram of part vibrations during milling with a feed
rate of S; = 0.3 mm/tooth

Table 5 - The parameters of the part's vibrations during milling with a feed rate of S; = 0.3
mm/tooth

The parameters The feed direction
Up-milling Down-milling
Tafor, 1073, s 1.04 0.88
Tato2, 1073, s 0.96 0.92
Tafo3, 1073, s 0.96 1.12
Tafos, 103, s 0.92 -
Taf05, 10-3, S 092 -
fafol, Hz 961 1136
fafo2, Hz 1041 1086
fafos, Hz 1041 892
fatos, HZ 1086 -
fatos, HZ 1086 -
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R21, mm 0.045 0.003
R22, mm 0.039 0.007
R23, mm 0.032 0.010
R2s, mm 0.019 0.017
R25, mm 0.020 -

Rze, mm 0.012 -

Amax, MM 0.156 0.187

When up-milling with a feed rate of S, = 0.3 mm/tooth, the frequency of AFO
after plunging is 42% higher than the natural frequency of the part. By the end of
cutting, it further increases by 11%. During down-milling, the frequency of AFO
after plunging is 55% higher than the natural frequency of the part. However, it
decreases by 21% by the end of cutting. Moreover, the frequency of AFO in the in
the formation zone of the machined surface is 7% lower during down-milling than
during up-milling.

The amplitude of AFO decreases by 73% from the beginning to the end of
cutting during up-milling, while during down-milling, it increases by 82%.

During conventional milling with a feed rate of S, = 0.3 mm/tooth, the
amplitude of AFO is less than 0.02 mm.

The maximum deflection of the part during up-milling is 16% less than during
down-milling.

The dynamic stiffness index during climb milling is kgyn = 6.93, while during
conventional milling, it is Kayn = 22.

The research results indicate that the feed rate S, during up and down-milling
affects the part's properties during cutting due to its influence with the thickness of
the cut layer. For all feed rate values, the frequency of AFO is higher than the natural
frequency of the part.
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Figure 5 - Dependency of AFO frequency on feed rate
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Correlation coefficient between AFO frequency and feed rate is 0.87 for up-
milling and 0.98 for down-milling. These dependencies are described by the
following regression equations:

- for up-milling:

fafo = 1392,5-S, + 471,71. )
- for down-milling:

fafo = 937,635, + 621,14. (3)

Increasing the thickness of the cut layer, in addition to affecting the frequency
of AFO, also influences the amplitude of AFO, which decreases in this case (Fig. 6).

R,.mn‘
0,15
0,10 —
0,05 *— !
S ——— a
0 005 010 015 020 025 030 S, mmitooth

® — up-milling; m — down-milling
Figure 6 — Dependency of AFO amplitude on feed rate

Correlation coefficient between AFO amplitude and feed rate is (-0.96) for up-
milling and (-0.94) for down-milling. These dependencies are described by the
following regression equations:

- for up-milling:

R, = —0,1858-S, + 0,0992. (3)
- for down-milling:

R, = —0,3525-S, + 0,1183. (4)

Increasing the thickness of the cut layer with increasing feed rate increases the
static squeeze of the part during cutting Amax. Due to the differences in milling, it is
larger in the down-milling than during up-milling (Fig. 7). This is influenced by the
thickness of the layer at the beginning of cutting. It is greatest during down-milling
and least during up-milling. Therefore, the radial component of the cutting force is
more significant during down-milling. The squeeze of the part, with the same
stiffness, will be greater in this case than during up-milling.
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Figure 7 - Dependence of workpiece compression on feed rate

Furthermore, with an increase in feed rate, dynamic stiffness increases (Fig. 8).
The correlation between them in up-milling is 0.98, and in down-milling it is 0.96.
This influences the reduction of AFO intensity with an increase in feed rate.

Ky

25
20 7
15
10 p— =
5 M — e 2 .
0 005 010 015 020 0,25 0,30 S, mm/tooth
* - up-milling; m — down-milling
Figure 8 - Dependence of dynamic stiffness on feed rate

The regression equation for face milling:

Kayn = 40,201 - S2 +8,5869 - S, + 0,8025. (6)

The regression equation for peripheral milling:

Kayn = 336,94 - SZ — 38,081 - S, + 3,0946. @)

3. CONCLUSIONS

The dynamic properties of the workpiece during cutting manifest themselves
in the form of frequency and amplitude of accompanying free vibrations. As
demonstrated by conducted research, the feed rate, as an element of cutting
conditions, affects them.

73



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

The AFO frequency during cutting is higher than the natural frequency of the
workpiece by (16-47)% in up-milling and by (36-55)% in down-milling. The
variable layer being cut during end-milling affects the chatter frequency, which
changes from tool engagement to exit by up to 28%. Due to the characteristics of up-
and down-milling, the AFO frequency increases when using the former feed
direction and decreases when using the latter.

The feed rate affects the dynamic stiffness of the workpiece during cutting,
which increases with its increment. This influences the fact that with an increase in
feed rate, the AFO frequency increases and its amplitude decreases. The dynamic
stiffness is greater in down-milling than in up-milling.

The positive influence of the feed rate in reducing vibration intensity is
beneficial for machining rigid workpieces. However, when milling thin-walled
components, the radial cutting force component increases with feed rate increment.
This negatively impacts machining accuracy due to the reduction in cutting depth
caused by workpiece squeezing.
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Cepriii sans, Onena Kosznosa, Enyapn bpyxno, [lennc SIxuo, dapist Kapamymka

BILJIMB NOJIAYI HA IMHAMIYHI BJIACTUBOCTI TOHKOCTIHHOI
JAETAJII ITPU KIHHEBOMY ®PE3EPYBAHHI

AHoTanist. [Ipu npusnavenni pesxcumis pisans 0N KiHyego2o gpesepysanis MoHKOCMIHHUX Oemanell 3
8ANCKOOOPOONIOBAHUX Mamepianie mpeba 8paxogyeamu ix 6naue Ha cmanicms obpooku. [lna yvoeo
mpeba 3namu, AKi 6UOU KOIUBAHL OTIOMb I 3a AKUX YMOS BOHU BUHUKATIONb. Bukonanumu docniocennamu
B8CMAHOBNIEHO, WO NpU PI3aHHI PI3HI 8UOU KOIUEAHb Oilomb NOCIO06HO | minbku neeHuti yac. Ilpu
KiHYyeeoMy (ppe3epysanHi uepes KOPOMKOUACHICIMb PI3AHHS 6UHUKAIOMb BUMYULEH] MA CYNPOBOOICYIOHL
6inbHi KoTUGaHHA. IX 6nnue Ha cmanicme npoyecy pisanHs 3anevcums 6i0 Mo2o, 6 AKil WEUOKICHII 30HI
Konusans Oyoe npoxooumu gpesepysanns. Hatibinow necnpusmiueoro € mpems weUOKICHA 30HA
Konueannv. TinbKu 6 Hitl AiroMb CYRPOBOONCYIOUL BLIbHI KOIUBAHHS 6€UKOT iHmeHncusHocmi. Llleudkocmi
pizanns 015 06pobKu demaneti 3 6a’iCKOOOPOONIOBAHUX Mamepianis npunadaioms came Ha yio 30ny. Ha
iHMeHCUBHICMb KOIUBAHL BNIUBAIOMb OUHAMIYHI élacmueocmi Oemani. Ilpu Kinyeeomy ¢pesepysanti
MOHKOCMIHHUX Oemanell 8OHU XAPaKmepuylomvcs amniinyoolo ma Yacmomoio CYHpOGOONCYIOUUX
GITbHUX KONUGAHb, AKI Oinbuie 3a uacmomy Ginbhux Koaugamv demani. Tobmo pesicumu pizanns
3MIHIOIOMb OUHamiyHi eéracmusocmi demadi. [esKi 0OCIIOHUKU 30CepedHCyIOmbCs HA BUKOPUCTIAHHI
demnghyrouux enacmugocmeti nooadi. Tomy memoro 0anoi podomu 6y10 BUSHAUEHHS MO20, AKUM YUHOM
nooaua enaueac Ha OuHaMiuni enacmusocmi demani npu pizanni. s 00Caiodcents 6UKOPUCMOBYBABCSL
YHigepcanbHull cmeno, 3a 00NOMO2010 AKO20 MOJCIUBO CHIBOPIOSANY Pi3HI OUHAMIYHT XapaKmepucmuku
3paska, AKutl 00pOONAECMbCA Ma 3aNUCY8amy HA OCYUIOSPAMI 3AKOHU U020 pYXy npu @pesepyeanti.
Pesynbmamu 0ocnioxcenb nokasanu, wo nooaud, sk elemMenn pexscumio pisanis, 6NIueae Ha OUHAMIYHI
eracmusocmi demai npu pizauni. Bona cmeoproe sminnuti wap, sikuil 3pisacmocs. Tomy Ha npomssi yacy
PI3aHHA Yacmoma i amniimyod Cynpo8oOXCYIOUUX BLIbHUX KOIUBAHb NPU 3VCMPIYHOMY | HONYIMHOMY
@peszepysanni sminiolomocs. Ilooaua enmusac na ounamiuny sxcopcmricmo. Ilpu 36ineuenni nooaui
OuHamiuna dicopcmkicme  Odemani 30inbuyemvces. Lle npuzeooums 00 3MeHWeEHHA amMnaimyou
CYNPOBOOICYIOUUX BIILHUX KOIUBAHL NPU (pe3epyeaHHi 8 mpemiti WUOKICHIN 30HI KonusaHs. Hasedeni
Y cmammi pe3yibmamu  Maiomb NpaKmuuHe 3HAYEHHs OJs MeXHoN02ie 'y 2any3i asiayitinozo
8upoOHUYmMea. Bonu donomacaroms kpawge posymimu @isuyni npoyecu, wo 6iodysaromvcsa nio uac
(pesepysanns, ma po3pooasmu ONMUMANbHI cmpamezii 06poOKu MOHKOCMIHHUX Oemanei, 00 SKUX
BUCYBAIOMBCSL BUCOKT BUMO2U U000 MOYHOCIE PO3MIPIG MA IKOCMI NOBEPXHI.

KuwouoBi cinoBa: ¢pesepysanns; ppeza; moHKocmiHHaA Oemaiwb; nooava Ha 3y0; OCYUIOZpama;
CYNPOBOOICYIOUI BINIbHI KONUBAHHS.

75



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 100

UDC 621.91.01 doi: 10.20998/2078-7405.2024.100.06

COMPARISON OF CUTTING TOOL GEOMETRIES BASED ON
CUTTING FORCES AND ROUGHNESS OF HARD TURNED SURFACES

Viktor Molnar 0000-0002-4156-9987] Gel’gely Szabho 0000-0001-8191-5410

University of Miskolc, 3515 Miskolc-Egyetemvaros, Hungary
molnar.viktor@mail.uni-miskolc.hu

Received: 15 November 2023 / Revised: 10 March 2024 / Accepted: 25 April 2024 / Published: 15
June 2024

Abstract. Surface quality and energy consumption are two widely studied topics of hard machining. Due
to the increasing need of companies for new, more efficient materials, tools and procedures, their
manufacturers or suppliers have to deliver innovative solutions from time to time. In this study the latest
development of a hard turning insert manufacturer is used in comprehensive machining experiments to
show how the new tool (a wiper insert) behaves compared to its standard counterpart. Based on surface
roughness and machining force measurement and analysis, this efficiency is proved by quantitative
results: the wiper geometry ensures significantly better surface quality, while the energy consumption of
the used machine tool is considerably lower.

Keywords: surface topography; cutting force; hard turning.

1. INTRODUCTION

The high quality of machined components plays a significant role in the
planning of production process, and can be achieved, among other approaches, by a
comprehensively planned technological process that ensures suitable surface quality
and part accuracy. To remain competitive, the latest innovation must be used in
machining technology, which in the world of machining metallic materials means
new machines, materials, procedures, jigs and tools. In hard turning, cutting tools
are continuously being developed by their manufacturers and a wide range of
applications is covered by various solutions concerning tool materials or geometries

[1].

3D surface roughness analysis is a developing are of qualifying functional
surfaces. The 3D topography parameters provide more information about the
analyzed surface than 2D because of the number of detected points. At the same
time, a wider range of reliable parameters are available [2, 3]. 3D measurement is
not so efficient than the 2D one but it is widely applied by high-tech companies [4].

The 3D analysis can also provide information about the effectiveness of the applied
© V. Molndar, G. Szabo 2024
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cutting procedure [5]. Not only the innovative variants of turning and grinding [6-8]
but also relative new technologies have been analyzed recently by topography
studies, such as additive techniques [9, 10] or precision milling [11].

Cutting force analysis provides the basis for rough estimation about the
energy consumption of a machine tool. Numerous studies have been published in
precision hard machining [12, 13] and within that, hard turning topics; and the
majority of them focus on the efficiency of the technology [14, 15], the surface
integrity [16, 17] and part accuracy [18], the prediction of tool life or physical
phenomena of the cutting process [19-21]. Many of the studies focus on the
appropriate selection of technological data [22-24].

In this study the results of a machining experiment are introduced. The
roughness of the machined cylindrical surfaces and the machining forces were
measured and analyzed. The machining was carried out by standard insert and then
by its wiper counterpart. The goal was to determine whether the wiper insert
provides lower energy consumption due to the lower cutting forces and favorable
surface quality due to the lower values of surface roughness. For the force
measurement the cutting force (F¢), passive force (Fp) and feed force (Fr) were
analyzed. For the roughness measurement the arithmetic mean height (S.) 3D
topography parameter was analyzed.

2. EXPERIMENTAL METHOD

In the machining experiment 18 external cylindrical surfaces (S1 — S18) with
diameter 60 mm were hard turned by two variants (standard and wiper) of a turning
insert type 4NC-CNGA 12048. The machined material was case hardened 16MnCr5
steel, the applied machine tool was a hard machining centre type EMAG VSC 400
DDS. The hard turning experiment was carried out dry. In the experiment the depth-
of-cut (ap) was fixed at 0.2 mm; the cutting speed (v¢) and the feed rate (f) were
varied. The experimental plan and the applied technological data are demonstrated
in Table 1.

Table 1. Experimental plan

cutting speed, v [m/min]
feed rate,
Insert
f[mmirev] | 120 180 240
0.04 S1 S7 S13
Standard
0.12 S2 S8 S14
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0.2 S3 S9 S15

0.04 S4 S10 S16

Wiper 0.12 S5 S11 S17
0.2 S6 S12 S18

For the force measurement, a 3-channel dynamometer, type Kistler 5011 was
used. After acquisition, the data were processed by the MATLAB software.

After machining, the surfaces were scanned by a 3D topography measuring
and analyzing equipment type ALTISURF 520. The applied sensor was a confocal
chromatic one type CL2 of which resolution is 0.012 pm in z and 1 um in x and y
directions. The evaluated area of each surface was 2 x 2 mm, which resulted in 2
million detected points. The applied cut-off lengths were 0.08; 0.25; and 0.8 mm
according to the specifications of 1ISO 25178. The raw data were processed and
analyzed by the software Altimet Premium and Origin Lab.

The material was case hardened before machining, the microstructure of it
was martensitic with HRC hardness 60—63.

3. RESULTS OF FORCE MEASUREMENT AND SURFACE
TOPOGRAPHY ANALYSIS

The three components of the machining force were analyzed separately:
cutting, feed and passive force. All three of them showed significant differences
when the feed rate or the tool geometry were varied. Varying the cutting speed
resulted in only a slight difference in the force components. The F. cutting force
values varied between 41.9 and 142.7 N and between 37.7 and 122.7 N when the
standard or wiper insert was used, respectively. The force values slightly decreased
with the increase of cutting speed. The percentage difference between two
consecutive cutting speed values changed by 0.3-6.4%. The F. values increased by
the increase of the feed rate. When the standard insert was used, two consecutive
force component values changed by 44-126%; and when the wiper insert was used,
these changes varied between 41 and 107%. This means that the F. force component
ranges were closer to each other when the machining was carried out by wiper insert.

In Fig. 1 the F¢ values are demonstrated. At the applied cutting speed levels
the F¢ values decreased by 4.5-15.9% when the wiper insert was used compared to
the results of the standard insert. The decreases were more emphasized at higher feed
rates: 14-15.9%. This means that lower cutting forces can be reached with the wiper
insert compared to the standard tool geometry.
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The F, passive force values varied between 70.3 and 163.1 N and between
65.2 and 126.3 N when the standard or wiper insert was used, respectively. The force
values slightly decreased with the increase of cutting speed. The percentage
difference between two consecutive cutting speed values changed by 0.2—7.3%. The
Fp values increased with the increase of the feed rate. When the standard insert was
used, two consecutive force component values were changed by 28-69%; and when
the wiper insert was used, these changes varied between 24 and 48%.

V. = 120 m/min Vv = 180 m/min Vv = 240 m/min
160
140 - 0
15.4% -15.9%
120
__ 100
zZ
= 80
[
60
40
20
0 - - -
= Standard Wiper Standard Wiper Standard Wiper
£ |00.04| 438 419 437 39.5 419 377
E 00.12| 99.0 85.4 93.6 80.3 90.4 78.0
< [mo0.2 142.7 122.7 136.7 115.6 130.6 109.7

Figure 1. Cutting force (Fc) values of hard turning

In Fig. 2 the F, values are demonstrated. At the applied cutting speed levels
the Fp values decreased by 7.2-23.9% when the wiper insert was used compared to
the results of the standard insert. The decreases were more emphasized at higher feed
rates: 20.7-23.9%. This means that compared to the standard tool geometry, lower
cutting forces occur when the wiper insert is used. Compared to the F cutting force
component values; the Fy passive force values are significantly higher, which is one
of the main characteristics of hard turning. The reason for this is the negative rake
angle designed for hard turning inserts.
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Vv, =120 m/min Vv, = 180 m/min Vv, = 240 m/min
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140 -20.7 %
120
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20
0 n - -
= Standard Wiper Standard Wiper Standard Wiper
£ |00.04 74.6 68.6 72.7 65.4 70.3 65.2
E 00.12| 126.2 101.2 118.2 94.8 1136 92.7
— [mo2 163.1 126.3 154.7 117.7 1454 115.3

Figure 2. Passive force (Fp) values of hard turning

The Fs feed force values varied between 24.4 and 50.5 N and between 18.2
and 37.3 N when the standard or wiper insert was used, respectively. The force
values slightly decreased with the increase of cutting speed. The percentage
difference between two consecutive cutting speed values changed by 0.2-15.3%.
The F¢ values increased with the increase of the feed rate. When the standard insert
was used, two consecutive force component values changed by 14-56%; and when
the wiper insert was used, these changes varied between 12 and 47%.

In Fig. 3 the F values are demonstrated. At the applied cutting speed levels
the F values decreased by 22.3-33% when the wiper insert was used compared to
the results of the standard insert. The decreases were more emphasized at the middle
feed rate (f = 0.12 mm/rev) than in the cases of the lowest and the highest cutting
speed levels (120 and 240 m/min): 32.6 and 33%, respectively; and was 32.9% lower
at the highest feed rate (f = 0.2 mm/rev) in the case of the 180 mm/rev cutting speed
level. This also means that lower cutting forces can be achieved with the wiper insert
than with the standard tool geometry. Compared to the F. and F, force component
values; the Fs feed force values are significantly lower.

The most commonly used topography parameter, the arithmetic mean height
(Sa), was analyzed to obtain information about the connection between that and the
introduced force components. S, values varied between 0.07 and 1.34 um. Although
these values resulted from an experiment where the applicability ranges of two
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technological parameters (v and f) were set, technological parameters that result in
lower topography values are recommended in precision finish operations.

V. =120 m/min v, = 180 m/min Vv, = 240 m/min
160
140
120
= 100 -26.8 % -32.9 % -26.0 %
E 80 -32.6 % -23.4% -33.0%
60 |-24.1% -22.3% -25.3%
40
20
= 0 Standard Wiper Standard Wiper Standard Wiper
g 0.04 289 21.9 255 19.8 24.4 18.2
E 0.12 44.0 29.7 38.1 29.2 38.1 255
< [m02 | 505 37.0 48.8 32.7 43.4 32.1

Figure 3. Feed force (Fr) values of hard turning

In many of the cases the S, values decreased slightly with the increase of
cutting speed; however, this technological parameter cannot be the basis of S,
minimization. At the same time, the S, values decreased significantly with the
decrease of feed rate. When the feed rate decreased from the highest (0.2 mm/rev)
to the lowest (0.04 mm/rev) value, the S, values decreased by 90-93% and by 64—
81% when the standard or wiper insert were used, respectively.

In Fig. 4 the S, values are given. In most of the cases the S, values decreased
when the wiper insert was applied. At the 0.2 mm/rev feed rate this decrease was
between 67 and 74% and at 1.12 mm/rev between 69 and 74%. At the lowest feed
rate (0.04 mm/rev) the decrease was between 13 and 46% for the two higher cutting
speeds; however, at the lowest (120 m/min) a 50% decrease was obtained for the S,
value.

In Figs. 5 and 6 the connections between the S, topography values and the
force components are demonstrated. When the standard insert was used, the S, values
formed well-separated areas based on the feed rates. At the same time, similar areas
can be observed for the different force components. It can be stated that the lowest
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Sa values can be reached at 0.04 mm/rev feed rate and at this level, all the force
components are minimal (Fig. 5).

Vv, = 120 m/min vV, = 180 m/min vV, = 240 m/min
15
1.0
€
=
33
[%2]
0.5
0.0 n n "
= Standard Wiper Standard Wiper Standard Wiper
g 00.04| 0.106 0.160 0.132 0.071 0.093 0.081
E @0.12( 0.586 0.176 0.568 0.175 0.546 0.140
< [mo2 1.342 0.441 1321 0.369 1.336 0.352

Figure 4. Arithmetic mean height (Sa) values of hard turned surfaces

When the wiper insert was used, such clear areas cannot be designated (Fig.
6). The S, values can be separated clearly only at the highest feed rate, but the F,
and F¢ values are nearly identical at this level. The most easily separable area for the
force components is that belonging to the lowest feed rate; however, in this case the
Sa values form an overlapping set with values belonging to the middle feed rate. This
means that the technological parameter-based planning strategy is not as obvious as
when using the standard insert. Similar results were found by Nagy [25].

180 oF
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'2120 ! ﬁ = 1S *
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L 100 3 & E ~
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<
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0 02 0.4 0.6 08 1 1.2 1.4
Sa [um]

Figure 5. Connections between the Sa values and the force components when standard insert
was applied
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Figure 6. Connections between the Sa values and the force components when wiper insert
was applied

Apart from the not perfectly clear technological data-based area designation,
it can also be stated that the use of the wiper insert leads to significantly lower
machining forces and the technological parameter values that result in the lowest
force values also provide the lowest S, values. This means that high-quality surfaces
can be machined using low machining forces, i.e. energy consumption is reduced.

4. CONCLUSIONS

In the introduced machining experiments, where two variants of a cutting
insert (standard and wiper) were compared, the technological parameter values v
and f were varied in the ranges recommended by the tool manufacturer. The
following findings were obtained. The lowest cutting force (F¢), passive force (Fp)
and feed force (Fr) values were obtained at the highest cutting speed (240 m/min)
and the lowest feed rate (0.04 mm/rev) when the depth-of-cut was fixed. The lowest
Sa topography values (lower than 0.1 um) were obtained at the lowest feed rate and
at 180 and 240 m/min cutting speeds. These results are valid in the analyzed
technological data ranges.
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Bikrop MozbHap, ['eprens Cabo, Mimkonbii, YropmmH

MOPIBHAHHSA TEOMETPII PIDKYUYOTI'O IHCTPYMEHTY HA OCHOBI
CHWJI PI3BAHHA I IOPCTKOCTI TOYEHUX ITOBEPXOHBb

AHoTauin. Y mokapuiii  06pobyi 3aeapmosanux cmanei  pincyui  IHCMPYMeHmu  NOCMIUHO
PO3POOIAIOMbCS IX 6UPOOHUKAMU, T WIUPOKUIL CREKMP 3ACMOCY8AHHS OXONTIOEMbCA PISHUMU DIlUeHHAMU,
Ujo CMoCyIomvCs INCMPYMEeHMAIbHUX Mamepianie abo eeomempii. Y yvomy docniodcenni npedcmagneni
pe3yibmamu  eKcnepumMeHmy 3 MexaHiunoi obpobOku. Bumiprosanu ma auanizyeanu wopcmKicms
00pOONIOBAHUX YUNTHOPUUHUX NOBEPXOHb ma 3yculisi 0opobku. Mexaniuna obpobka 30ilicHiosanacs
CMAanOapmuo BCMABKOI0, a NOmMiM ii ananoeom nicia 00600ku. Mema nonazcara 6 momy, o6
SUHaYUMU, YU 3a0e3neyye 6cmaska nicis 00800KU MeHUIe eHePeOCNONCUBAHHS 3A PAXYHOK MEHUWUX CUIL
PI3AHHA Ma CAPUAMAUBY SKICMb NO6EPXHI 30 PAXYHOK HUNCHUX 3HAYEHb WOPCMKOCMI nogepxHi. J{ns
suMiprosanHa cunu Oyau npoananizosani cuna pizannus (Fo), nacuena cuna (Fy) i cuna nooaui (Fy). Jna
sumipiogannss  wopcmkocmi - 6yn0  npoananizoeano napamemp 3D monoepagii  cepednvoco
apugmemuunozo 3nauenns eucomu (Sa). s UMIPIOSAHHS CUNU BUKOPUCIOBYBABCS 3-X KAHATbHULL
ounamomemp muny Kistler 5011. ITicia ompumanns, oani Oyau oopo6reni npospamuum 3abe3neyeHHam
Matlab. ITicis mexaniunoi 0b6pobru nosepxui 6yau eiockanosani 3a donomozoio 3D obradnanns st
sumiprosanns ma ananizy monozpagii muny Altisurf 520. 3acmocosanuii cencop 6ys konghokarbnum
xpomamuunum muny CL2, po3dinena 30amuicmy sikoeo cmanogums 0,012 mxm 'y z ma 1 mxm y nanpsamxax
x may. Oyinena niowa kodcHoi nogepxui cmanoguaa 2 * 2 Mm, wo npu3eeno 00 2 MaH GUAGIEHUX MOYOK.
3acmocosana dosocuna 3pizy cmanosuna 0,08; 0.25; i 0,8 mm 32i0no 3i cneyupikayismu ISO 25178.
Heobpobaeni oani 6ynu 0bpobreni ma npoananizoeami npocpamnum 3abesneuennsm Altimet Premium ma
Origin Lab. Mamepian neped mexaniunoro 06pobkoto Oye 3a2apmosanuti, MIKpoCmpyKkmypa iio2o oyaa
mapmencumnoio 3 meepdicmio HRC 60-63. Bymu ompumani nacmynui pesymomamu. Hatinuoicui
suauenns cunu pisanns (Fe), nacusnoi cunu (Fp) i cunu nooaui (Fy) 6yau ompumani npu naiubinouiiii
weuoxocmi pizanns (240 m/xe) i natimuoicuiv weuokocmi nooaui (0,04 mm/06) npu ¢ixcosanii enubumni
pisanna. Havinuocui  3nauenns monocpaii Sa (nuoicue 0,1 mxm) 6yau ompumani npu namumeHwitl
weuoxocmi nodayi i npu weuokocmsax pizanna 180 i 240 m/xe. Lfi pesymvmamu cnpaseonusi 6
ananizoeanux OlanasoHax MexHoI0iHHUX OAHUX.

Kiw4oBi clioBa: penveg nosepxui; cuna pisanms,; sHcopcmke mokapHe 06pooIeHHs.
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Abstract. This literature overview examines the capacity of using aluminum matrix composites (AMCs)
rather than conventional grey solid iron in brake rotor packages. Driven by the preference for lighter
and more environmentally friendly vehicles, AMCs offer several benefits, including decreased weight,
advanced thermal properties, superior put-on resistance, and an optimized breaking system. Studies have
concluded that AMCs can gain weight reductions of up to 60% compared to cast iron, resulting in
stepped-forward gas performance and automobile management. Besides exhibiting superior thermal
conductivity and lower thermal enlargement, it results in better heat dissipation and a reduced danger of
warping and cracking. The advantage of using ceramic reinforcements, which include SiC, Al203, and
BA4C, is that they can enhance the damage resistance of AMCs, leading to a longer service life for brake
rotors. The review covers various elements of AMC brake rotor development, Starting with
manufacturing strategies (stir casting, ultrasonic-assisted stir casting, and squeeze casting), which are
powerful techniques for producing extremely good AMC rotors, then the thermal traits, which are so
essential due to their thermal conductivity, thermal expansion, and heat dissipation in brake rotor overall
performance, Finally, the tribological residences affect load, sliding pace, and floor roughness on the
wear and friction of AMC rotors. Brake pad compatibility is so vital in breaking systems, that deciding
on suitable brake pad materials, containing non-asbestos organic (NAO) pads, can optimize performance
with AMC rotors. These traits can be computationally analysed by using finite element evaluation and
different numerical methods to predict the thermal and mechanical behaviour of AMC brake rotors. The
review emphasizes that AMCs maintain great promise as next-era manufacturing for brake rotors,
offering a balance of weight reduction, stepped-forward thermal control, and more advantageous wear
resistance. Further research and improvement are necessary to optimize fabric composition, production
strategies, and brake pad compatibility to improve the capacity of AMCs in brake structures.
Keywords: Brake Rotors; Aluminum Matrix Composites (AMCs); Tribology; Brake pads.

1. Introduction

Automobiles use disc brake systems to slow down or stop. The system consists
of a disc rotor, a pair of brake pads, and a caliper with a piston. This process is highly
efficient and reliable, making disc brake systems the preferred choice for modern
automobiles. The frictional heat generated by the rotor and pads is essential in
converting the car's kinetic energy into thermal energy, effectively slowing or
stopping the vehicle [1].

©A. Khattab, C. Felhd, 2024
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with pistons
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Figure 1 — Hydraulic disc braking system [2].

Gray cast iron is the ideal material for manufacturing brake discs due to its
impressive range of properties. It has excellent thermal conductivity, maintains its
material stability even at elevated temperatures, and exhibits commendable wear
resistance [3]. Gray iron is a practical choice for mass production due to its
affordability and the simplicity of the casting process [3].

Gray iron's relatively high density is a major disadvantage as it increases the
overall weight of the vehicle, negatively impacting fuel efficiency and CO:
emissions, as well as the vehicle's handling dynamics, often resulting in poorer
performance [4]. However, despite this, gray iron remains a popular choice for its
cost-effectiveness and ease of use in manufacturing. The high density of brake rotors
is a significant disadvantage as it increases the weight of the vehicle, negatively
impacting fuel efficiency, CO, emissions, and handling dynamics, often resulting in
poorer performance. The weight of the brake rotors is a crucial factor in both
conventional and electric vehicles as it significantly contributes to the overall weight
of the chassis. The automotive industry is confidently researching and adopting
lighter materials for disc brake rotors to significantly improve efficiency and
performance. This decisive shift aims to enhance vehicle efficiency and handling by
reducing unsprung weight to expertly meet the evolving demands of modern
transportation [5, 6].

Aluminum alloys are an excellent choice for manufacturing due to their unique
physical properties, including low density, minimal thermal expansion, high thermal
conductivity, and strong corrosion resistance [7, 8]. Aluminum alloys are a highly
valued choice for the automotive industry due to their high specific strength and
excellent corrosion resistance, making them cost-effective and ideal for high-volume
production. Our research and development in aluminum-based metal matrix
composites (AMCs) have shown great promise for use in brake rotors. This is
because traditional cast-iron brake rotors have a major limitation of relatively low
resistance to scuffing and seizing, as noted in Reference 6. Our AMCs are a confident
alternative to address these challenges [9].
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AMCs offer significant benefits over gray cast iron for brake rotor applications,
particularly in terms of thermal conductivity, density, and specific strength. Their
superior properties make AMCs an appealing option that can potentially improve
brake rotor performance and efficiency. Ongoing research and development in this
area suggests that AMCs will soon become a more common material in brake rotor
manufacturing, offering a balance between strength, weight, and thermal properties
[10]. To improve resistance to galling and seizure, AMCs are strengthened with hard
synthetic ceramic materials, such as SiC, Al,Os, B4C, SiO2, and TiO,. The
integration of these ceramic reinforcements with the base aluminum matrix is
optimized for various automotive applications, ensuring their effectiveness [11, 12].

Hybrid aluminum-metal matrix composites (HAMCs) outperform single-
reinforced AMCs, especially in mechanical and tribological aspects. HAMCs
incorporate secondary reinforcements, such as industrial by-products or agricultural
wastes like fly ash, red mud, sugarcane bagasse ash, rice husk ash, bean ash, and
cow dung ash, providing numerous advantages. HAMCs are the superior choice for
automotive applications due to their lower density, reduced manufacturing costs, and
lighter weight compared to primary reinforcements. They combine the desirable
properties of AMCs with the added benefits of cost-effectiveness and sustainability

[9].

2. Methods for Creating Aluminum Matrix Composite Rotor Discs

Aluminum is the ideal material for manufacturing rotor discs due to its ease of
casting and suitability for large-scale production (Chebolu et al., 2022). The stir
casting process is a highly effective and efficient method for producing low-cost,
high-quality aluminum matrix composite (AMC) brake rotors. This technique
involves mechanically stirring molten metal to uniformly distribute ceramic particles
that are either micron- or nano-sized throughout the aluminum matrix. Aluminum is
the ideal material for manufacturing rotor discs due to its ease of casting and
suitability for large-scale production [13]. The stir casting process is an effective and
efficient method for producing low-cost, high-quality aluminum matrix composite
(AMC) brake rotors. This technique involves mechanically stirring molten metal to
uniformly distribute micron- or nano-sized ceramic particles throughout the
aluminum matrix [14, 15].

Mohanavel and colleagues improved stir casting techniques to produce
aluminum alloy AA 7178/SisN4 composites. The study found that the distribution of
SizN4 within the matrix plays a critical role in determining the composite's properties,
particularly its tensile strength. To optimize the mechanical characteristics, it is
imperative to uniformly distribute SisN. particles throughout the AA7178 alloy
matrix. This will significantly improve the strength and performance of the
composite [16]. Ul Haq et al. demonstrated that adding silicon nitride (SisNa4) in
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proportions ranging from 0-8 wt% to AA7075 aluminum alloy significantly
improves its hardness, compression strength, and wear resistance. At an 8 wt% SizNa
level, the alloy showed up to a 20% increase in hardness and a 50% boost in
compression strength. Additionally, wear resistance improved significantly, with a
37% reduction at 10 N loads and a 61% decrease at 50 N loads. The coefficient of
friction (CoF) ranged from 0.10 to 0.30. It increased with SisN4 content up to 4 wt%
and then decreased. These results demonstrate that AA7075-SisNs composites,
particularly those with higher SisN. content, are highly suitable for brake rotor
applications [17].

Stir casting has made significant advancements in recent years [18], especially
with the introduction of ultrasonic-assisted techniques and the use of nano-sized
ceramic particles as reinforcements [16]. The application of ultrasonic waves during
the casting process has been found to greatly improve the uniform distribution of
these nanoparticles within the molten aluminum alloy [19]. This breakthrough holds
immense potential for enhancing the quality and performance of AMC brake rotors
[13, 14]. Ultrasonic-assisted stir casting has been extensively researched in the field
of materials science and has been proven to enhance mechanical properties and wear
resistance. This technique has shown promise in brake rotor manufacturing, an area
traditionally dominated by die casting, which has been the industry standard for
many years [20, 21, 22].

Researchers have explored a new manufacturing method called ultrasonic
squeeze-assisted stir casting [20] instead of conventional methods. This method was
successfully used to produce aluminum matrix composite (AMC) brake discs, as
demonstrated in a specific study (shown as Figure 2). The technique described in
this study combines ultrasonic stirring and squeeze casting principles to confidently
produce superior AMC brake discs [23].

cooling Ultrasonic transducer /
Thrmocouple
: ) ACUUM & :
Control |@<<g |,

Ultrasonic unit~ ==
. ? 4
o Power "
55 supply

Air Reinforcement
7 feeder
24
 Runway

° preheater
Hydrauli¢
ipress

Three phase Vacuum Motor Glass

{ Phase Coolant
transformer pump winding wool

induction pump
motor

Figure 2 -Recommended stir casting furnace design [23].
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The use of ultrasonic vibrations in the stir casting process results in a more
uniform distribution of reinforcing particles in the aluminum matrix, leading to
better bonding between the matrix and the reinforcement. The end product's
mechanical characteristics are significantly enhanced. The squeeze casting process
achieves a denser and more refined microstructure in the brake discs, enhancing their
performance and wear resistance. The combination of squeeze-assisted stir casting
and ultrasonics represents an innovative approach that significantly advances the
field of automotive braking systems. This approach produces high-quality aluminum
matrix composite (AMC) disc brakes that are more efficient and have a longer
lifespan [24].

Lo et al. presents advanced methods for improving aluminum metal matrix
composite (Al MMC) brake rotors using squeeze casting (SC). This technique
improves reinforcement incorporation, high temperature performance and
potentially reduces cost. SC increases the maximum operating temperature (MOT)
of Al MMCs by using specific aluminum alloys, more reinforcement, and
magnesium alloying. Al MMCs offer over 60% weight reduction compared to cast
iron, along with superior thermal conductivity, reducing stress and hot spots. AMCs
exhibit superior resistance to thermal shock and fatigue due to their low modulus
and thermal expansion. They also exhibit superior tensile strength, damping, and
wear resistance compared to cast iron, making them an excellent choice for brake
rotor applications.

Kumar conducted a stir-casting research study to produce an aluminum hybrid
metal matrix composite (AIHMMC) consisting of 3% alumina and 3% graphite. The
objective of the study was to determine the wear resistance of AIHMMC compared
to the base alloy for automotive applications. Based on the analysis of various factors
such as load, sliding velocity and distance, the study confirms that AIHMMC has
superior wear resistance compared to the base alloy. Although the wear rate of
AIHMMC increases with load and distance, it is still lower than that of AI6061. This
result shows that AIHMMC has various advantages over Al6061 in different
tribological applications. Furthermore, the study showed that the wear rate of
AIHMMC decreases with increasing sliding velocity up to 4.18 m/s. However, it
increases with distance. These results demonstrate the potential of AIHMMC for use
in various automotive applications due to its superior wear resistance. As the sliding
distance increases, the wear resistance of AIHMMC improves significantly, ranging
from 20% to 50% compared to the AI6061 alloy. This improvement is attributed to
the combined effects of applied load and sliding velocity. The key to this
performance improvement is the integration of hard ceramic reinforcements (Al;03)
and soft solid lubricants (graphite) into the AIHMMC composition [25].

The results of the next study are highly significant for the automotive industry,
especially for disk applications. These results demonstrate the competence and
expertise of the researchers in this field. The results clearly demonstrate that hybrid
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metal matrix composites (HMMCs) can significantly improve wear properties and
facilitate weight reduction in brake systems. The HMMCs are expertly produced by
a two-step stir-casting process in which aluminum alloy (AA2219) is melted and
reinforcing materials such as SiC, Al.O3; and wollastonite are added. The resulting
mixture is then poured into sand molds to form the composites [26].

Madan and his team are investigating the use of radial functional grading to
improve disk performance. This technique, although not extensively covered in the
existing literature, has been shown to be effective in improving disk performance.
The study uses a powder metallurgy process to fabricate Al-SiC-based discs with
three and five layers in which the concentration of SiC particles varies radially.
Finite element analysis is used to thoroughly investigate the stress distribution in
these wafers. The fabrication of the functionally graded material was successful. The
uniform distribution of SiC and the seamless transition between layers without
cracks or voids demonstrate the success of the process. The material also exhibits
reduced grain size and increased hardness with a higher SiC content, making it an
ideal candidate for use in various types of machines, such as power transmission and
energy storage devices. This study presents a powder metallurgy method for
producing functionally graded materials that have significant advantages for various
industrial applications [27].

A metal matrix composite (MMC) has been successfully synthesized using the
stir-casting technique. The composite consisted of an LM13 aluminum alloy base
reinforced with silicon nitride (SisN4) and graphite (Gr). The wear rate was
significantly reduced as the sliding distance increased, demonstrating the superior
performance of the composite. The LM13/SisN4#/Gr MMC was fabricated using the
LM13 aluminum alloy for its superior wear resistance properties. SisN4 and graphite
were selected as reinforcing agents for their high temperature stability and
lubricating properties, respectively. LM13 was melted in a controlled argon
atmosphere to avoid unwanted atmospheric reactions during the manufacturing
process. The LM13 alloy was melted, and 12 wt% SisN4 and 3 wt% graphite,
preheated to 250°C, were carefully added to the melt. The mixture was stirred at a
constant speed of 200 rpm for five minutes to ensure uniform distribution of the
reinforcements throughout the alloy. Once uniform dispersion was achieved, the
molten composite was poured into a preheated mold 20 mm in diameter and 100 mm
long. It was then allowed to cool and solidify at room temperature [23].

3. Components for Aluminum Matrix Composite Rotor Discs

3.1. Aluminum Matrix Substances:

3.1.1 Aluminum Metal Matrix composite AMC:

Aluminum alloys are an excellent choice for the automotive industry due to
their low density, high strength-to-density ratio, and remarkable thermal
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conductivity. They are particularly favored for various vehicle components where
weight reduction and heat management are essential. Despite these advantages, there
are challenges associated with using aluminum alloys for brake disc applications. To
make these alloys a viable alternative to grey cast iron, it is crucial to improve their
maximum operating temperature and wear resistance. While grey cast iron is often
preferred due to its cost-effectiveness and performance under high-stress conditions,
these alloys have the potential to surpass it with the right improvements. It is worth
noting that the original text is supported by sources [28, 29].

Rettig and his team developed a new hyper-eutectic aluminum alloy named
EDERALSI using a unique low-pressure die-casting technique. The composition of
this innovative brake disc is detailed in Table 1. The high strength of this alloy is
primarily attributed to its evenly distributed high silicon content. The uniform
distribution of silicon particles and consistent grain sizes contribute significantly to
the inherent strength of the alloy. This composition does not require post-processing
temperature treatments or fiber incorporation to enhance its strength characteristics,
simplifying the manufacturing process and making it an environmentally sustainable
option. Moreover, the durability of the alloy obviates the necessity for
supplementary surface treatments, underscoring its eco-friendly attributes and
streamlining the manufacturing process [30]. The EDERALSI alloy offers three
significant advantages over traditional grey cast iron used in brake discs. Firstly, it
achieves a substantial weight reduction of up to 60%, which is a crucial factor in
automotive design as lower weight can lead to improved fuel efficiency and overall
vehicle performance. Secondly, this alloy maintains consistent frictional properties
across a broad range of temperatures, ensuring reliable braking performance under
varying operating conditions.

Table 1 — the material properties of Ederalsi and grey cast iron [30].

Elements | Weight %

Silicon 16-20
Magnesium | 0.2-0.7
Copper 0.3
Titanium 0.06-0.1
Iron 0.2

Strontium 0.001
Aluminium | Balamce

Mann and colleagues confidently utilized the stir casting process to
successfully produce a new hyper-eutectic AMC brake rotor material. This study
showcases the competence and expertise of the researchers in developing a superior
brake rotor material. The material, which consisted of LM 30 alloy as the matrix and
was reinforced with natural mineral corundum (Al;O3) particles measuring 74 pum,

93



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

demonstrated an average stable wear rate 7% lower than that of traditional cast iron
brake materials at a contact pressure of 1.8 MPa. The corundum particles played a
crucial role in enhancing the strength of the AMC. They acted as a barrier to fracture
propagation and reduced surface delamination, resulting in a significant increase in
the wear resistance of the AMC brake disc material. Moreover, brake rotors made
from this AMC material were approximately 60% lighter than their cast iron
counterparts, which can greatly improve overall vehicle efficiency. This technical
advancement represents a practical improvement in automotive design [31].

3.1.2 Aluminum Metal Matrix composite AMC:

Singh et al. introduced Al6061/SiC/Gr, an advanced metal matrix composite
material, to enhance the efficiency of conventional car braking systems. Our team
confidently assessed the performance and effectiveness of these rotors through
detailed finite element analysis. The simulation results clearly indicate that the
hybrid Al6061/SiC/Gr composite brake rotor has the potential to replace traditional
cast iron brake discs. Table 2 presents the material properties of the composites used
in the finite element analysis for a comprehensive understanding [32].

Table 2 — Material properties of new Al based HMMC and cast iron.

Densit , e Hardnes
y ?\(Aoung Poison Specifi Thermal Therma_l s by
3 odulu - ¢ Heat . .. | Expansion -
(kg/m s Ratio 4 | Conductivit - Vickers
) SsE (J.l(g |y (Wim°C) Co?fflment (N/
(MPa) K% (K*)
mm2)
AL/
SiCi2w% | 2815 114 0.24 820 125 2.305 101.7
/Grso
o) 7150 | 119 | 027 | 460 52 1.205 225

Ferraris and colleagues conducted a study on the feasibility of using aluminum
alloys and composites as a substitute for cast iron or steel in the manufacturing of
disc brake rotors. The study found that brake discs made from SiC/Al composites
exhibited highly promising results, demonstrating their potential as a wear-resistant
layer for brake discs in passenger cars. The study confirms that SiC/Al discs can
withstand applied stresses and maintain an acceptable coefficient of friction (CoF).
Furthermore, their heat dissipation behavior is comparable to that of conventional
rotor materials. The significance of silicon (Si) in aluminum alloys utilized for rotor
discs is also emphasized. Alloys containing silicon are ideal for this application
because they can withstand high temperatures without experiencing galling or
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seizure. Additionally, silicon's high thermal conductivity enhances heat dissipation
from the brake surface, significantly reducing the likelihood of warping and cracking
even in the most extreme conditions [33].

Awe et al. explores the potential of a lightweight SICAlight rotor as a
replacement for traditional, gray-cast iron brake discs in future electric vehicle
applications. The composite, consisting of AISi9Mg0.6 and 20 wt% SiC particles,
exhibits positive braking performance, minimal wear, low corrosion, reasonable
durability, and favorable noise behavior. Extensive testing, including dynamometer
and vehicle evaluations, demonstrates the benefits of the SICAlight rotor, such as
lower particulate emissions compared to standard gray-cast iron rotors. In
collaboration with disc and pad manufacturers, the study evaluates the performance
of the aluminum rotor with compatible pads under electrified vehicle conditions.
Comparisons with reference cast iron rotors show reduced PM10 emissions (78%
reduction) for SICAlight rotors, highlighting potential benefits for battery electric
vehicles, including weight reduction, reduced unsprung mass, and lower energy
consumption. The corrosion resistance of SICA discs is also superior, indicating a
reduced potential for noise, vibration, harshness, and PM emissions compared to
GCI discs [34]. Where Sangeethkumar develops hybrid metal matrix composites
(HMMC) for automotive rotor disc applications. The composites reinforce
aluminum alloy AA2219 with silicon carbide (SiC), aluminum oxide (Al.Os), and
wollastonite (CaSiOs3) to significantly improve wear properties and reduce the
weight of cast iron disc brake rotors. The researchers conducted pin-on-disc wear
tests and hardness tests to evaluate the tribological performance of the composites.
The results clearly demonstrate that increasing the SiC and wollastonite content in
the composite leads to a lower wear rate and improved wear resistance. Moreover,
the composites with higher SiC and Al,O; content exhibit superior wear
characteristic [26].

Kumar’s study analyzes AAS5052/ZrB, composites and highlights a
proportional increase in wear as sliding distance increases, a key consideration for
brake rotor life. The study also identifies significant variations in the coefficient of
friction, which is critical for consistent brake performance. A notable discovery is
the escalation of wear rate and coefficient of friction with increasing sliding speed
and load, marking a shift from mild to severe wear under extreme conditions. This
finding is critical for the design of robust brake rotors capable of handling high-
speed, high-load situations. In addition, the study suggests that tailoring the ZrB;
content in composites can fine-tune their wear and friction characteristics, making
them suitable for demanding applications such as brake rotors [35].

3.1.3  Titanium alloy

Qu’s research clearly demonstrates that the oxygen diffusion (OD) process
significantly improves the friction and wear properties of Ti-6Al-4V titanium alloys
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for truck disk brake rotors. In fact, the results indicate that OD-treated Ti-6Al-4V
(OD-Ti64) outperforms other titanium materials, including untreated Ti-6Al-4V,
titanium-based metal matrix composites (MMCs), and thermally spray-coated
titanium alloys. OD-Ti64 maintained an optimal friction coefficient of 0.35-0.50,
even at high disk surface temperatures near 600°C, and displayed enhanced wear
resistance, surpassing both untreated Ti-6Al-4V and titanium-based composites in
durability [36].

In another search, Blau et al focused on two commercial titanium alloys, four
experimental titanium-based composites with hard particles, and a titanium alloy that
had undergone thermal spray coating [37]. The study found that the friction
coefficients were influenced by the type of counter face material, whether semi-
metallic or highly metallic, and by the temperature of the friction-induced wear track,
which in some cases exceeded 800°C. Interestingly, the wear rates for the titanium
metal matrix composites were higher than those of conventional cast iron but
significantly lower than those of two of the titanium alloys tested. Of the materials
tested, the thermally spray-coated titanium disk showed the least wear, highlighting
its potential as a viable option for a lightweight, corrosion-resistant brake rotor
material. This finding suggests a promising direction for future research and
development in the field of automotive braking systems [38].

3.2 Reinforcement materials

Reinforced aluminum matrix composites (AMCs) offer several improved
properties over monolithic aluminum alloys [39]. The effectiveness of AMCs,
particularly in brake rotor applications, is largely influenced by the type of
reinforcement used [40]. Various reinforcements such as SiC, Al,Oz and B.C as well
as natural minerals rich in alumina, silica and aluminum silicate are commonly used
to improve the mechanical and tribological properties of AMC brake discs [41].

Hybrid AMCs (HAMCs) with dual reinforcement outperform single particle
reinforced AMCs, especially in terms of wear resistance, thermal conductivity, and
mechanical properties. The reinforcing particles primarily reinforce the matrix phase.
Typically, a concentration of 5-10% is effective for micron-sized reinforcing
particles. Even the addition of 5% nanoparticles can result in significant
improvements in both mechanical and tribological properties. [42]. SiC is the most
used synthetic reinforcement material in AMC rotor disks due to its effectiveness in
improving the overall performance of the composite [43].

Sadagopan and his team developed an AMC brake disc made of AA6061
reinforced with 20% SiC. To improve its strength, hardness and wear resistance, the
fabricated AMC brake disc was subjected to a meticulous three-step heat treatment
process including solution annealing, quenching and age hardening. The AMC disc
material exhibited a uniform wear pattern on its contact surface, resulting in a lower
wear rate and coefficient of friction (CoF) compared to traditional cast iron discs. A
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notable feature of these discs was the varying concentration of SiC particles in
different layers, which contributed to their improved performance. The AMC disc
showed superior braking efficiency and heat dissipation compared to conventional
gray cast iron. The study analyzed the discs and found a lower temperature
distribution, indicating the potential for longer brake disc life. This underscores the
effectiveness of the AMC material in improving brake disc performance and
durability [44].

Venkatachalam and colleagues investigated the use of dual reinforcement in
AAB082, specifically combining 5 wt% SiC with 5 wt% fly ash and 5 wt% basalt.
Their results showed that the Al/SiC/basalt composites have great potential as
Hybrid Aluminum Matrix Composite (HAMC) materials for brake disc applications.
The effective wetting of the reinforced particles within the aluminum alloy is critical
to the performance and integrity of the composite. This property is responsible for
the potential of the material [45].

Bracamonte and his team developed a novel sandwich structure for AMC brake
rotors. The structure includes a thin, wear-resistant Al-SiC composite surface layer
and an underlying aluminum alloy known for its high thermal conductivity. Their
research showed that the tribological properties of the AMC surface layers were
significantly affected by the temperature-pressure profile used during the
manufacturing process. The process played a critical role in achieving a uniform
distribution of Al and SiC particles or the formation of a distinctive mottled or vein-
like microstructure. When compared to traditional cast iron rotors, the AMC brake
rotors showed remarkable performance improvements. These improvements
included minimal wear, no dust emissions, significantly reduced temperatures
during braking, and extended service life. These advances highlight the potential of
AMC brake rotors as a superior alternative in terms of both environmental
friendliness and operational efficiency [46].

The interaction between the solid matrix and the reinforcement in composites
can be explained by two types of bonding [47] : chemical and physical bridging.
Physical bonding is characterized by relatively low bonding energy and involves
hydrogen bonding and van der Waals forces [40]. On the other hand, chemical
bonding provides high bonding energy due to processes such as chemical reactions
and diffusion. These processes create a distinct interface. The strength of an
aluminum matrix composite (AMC) is determined by three main factors: load
carrying capacity, dislocation density, and the Orowan strengthening mechanism. In
addition, the strength of AMCs can be improved by processes such as quenching and
work hardening, which modify the properties of the material and contribute to its
structural integrity [48].

Natarajan introduced a motorcycle brake rotor made of a 20% silicon carbide
(SiC) reinforced aluminum matrix composite (AMC) combined with Al 6061. The
goal of this combination is to reduce heat generation and unsprung mass, which in
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turn improves vehicle handling. The rotor has increased strength, stiffness and
improved high temperature performance. After being cast, machined, and heat
treated, the mechanical and thermal properties of the AMC rotor are proven to be
suitable for motorcycle applications. Wear tests have shown that the AMC rotor
outperforms traditional cast iron (CI) rotors. Notably, the AMC rotor is 56% lighter
than its CI counterpart, resulting in improved braking efficiency and reduced risk of
brake fading. This makes it a promising option for high performance applications
[44].

The metal-ceramic hybrid brake disc, weighing 4.8 kg, is a novel invention that
combines carbon-silicon-carbide (C/SiC) friction segments with an aluminum
backing. The design of this disc was created by Opel et al using Finite Element
Analysis (FEA) and has proven to be effective in bringing a 1.8-ton vehicle to a
complete stop from a speed of 200 km/h. This disc requires less C/SiC material than
standard C/SiC brake discs, making it more efficient and lightweight. The disc was
tested with LowMet, C/SiC, and C/C pads during emergency conditions and it was
found that C/SiC pads had the best balance of coefficient of friction and wear rate,
making them the most suitable choice [49, 50]

Figure 3 — final design of the metal- ceramic hybrid brake disc (outer diameter = 410): (a)
rendering of cad design, (b) photo of built prototype, (c) carrier body with friction segments
and correspondent screws [50].

In one hand, Fan et al. investigated the importance of selecting appropriate
filler materials for friction blocks in high-speed train brakes. The goal was to
optimize wear characteristics and minimize noise and vibration. Three different
fillers were used sequentially: a Cu-based powder metallurgy material, a composite
material, and a Mn-Cu damping alloy. The results showed that the filler material has
a significant effect on the wear behavior at the brake interface and the friction-
induced vibration characteristics. The Mn-Cu damping alloy was found to be
particularly effective in reducing friction-induced vibration and noise in the brake
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system, resulting in the lowest noise levels compared to other systems. The wear
debris behavior of the fill materials and the interface wear characteristics are the
primary influencers of friction-induced vibration and noise in the brake system [51].

Su et al introduce a novel SiCp/Al-20Si-3Cu functionally graded material
(FGM) for brake disks. It demonstrates superior wear and friction properties
compared to traditional cast iron (HT250) under various loads and speeds. Our
research is significant due to its innovative material composition, detailed analysis
of wear mechanisms, and potential to enhance brake system performance and safety
in the automotive industry. It offers insights into how the distribution of SiC particles
affects performance, shows a transition in wear mechanisms with changing
conditions, and highlights the FGM's potential as a more effective and durable
material for brake disk applications [52].

Singhal and his team also researched the performance of SiC particle-
reinforced functionally graded material (FGM) for brake disk applications. The
study demonstrates the impact of SiC particle distribution on performance, revealing
a shift in wear mechanisms under varying conditions. The findings underscore the
potential of FGM as a superior and long-lasting material for brake disk applications.
The composites were fabricated with a porosity level of approximately 1.74%. The
HAMCs with Sn and Gr demonstrated wear resistance within 6% of the commercial
grey cast iron commonly used in automotive brake rotors [53].

The liquid metallurgy method was used to develop a hybrid composite
consisting of LM13, 12 wt.% silicon nitride (SisN4), and 3 wt.% graphite (Gr). The
wear behavior of the composite was evaluated using a pin-on-disc tribometer, which
revealed that the wear rate increased with both the load and sliding velocity. This
increase in wear rate was attributed to the stress induced by the load causing the
SisNg4 particles to fracture and damaging the aluminum matrix. Silicon nitride was
chosen as the primary reinforcement due to its exceptional ability to maintain
structural integrity even at high temperatures. Additionally, graphite was selected as
the secondary reinforcement for its outstanding thermal and electrical conductivity.
The morphological analysis depicted in Figure 4 revealed that the average size of
silicon nitride particles was 5 um, while that of graphite particles was 2 um. A higher
wear rate was observed with an increase in sliding velocity, primarily due to the
abrasive action caused by the dislodged SisN4 particles [54].
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(a) Graphite (b) Silicon Nitride

Figure 4 — SEM morphology (a) Graphite, (b) Silicon nitride [54].

Omran and colleagues researched sustainable material science by incorporating
recycled elements into their work. They focused on hindalium, a recycled Al-Mg-Si
alloy, and enhanced its properties by adding silicon carbide (SiC) particles. The
investigation revealed a significant improvement in the alloy's mechanical properties.
The addition of SiC particles to the hindalium alloy at a concentration of 15%
increases the material's hardness by 14%. The research notes a 17% reduction in
wear rate in comparison to the original hindalium alloy, which sets a precedent in
the utilization of recycled materials for high-end applications, marrying
sustainability with technological advancement [55].

This study of Du et al. addresses the critical issue of reducing vehicle mass to
lower fuel usage and greenhouse gas emissions in automotive engineering. The
creation of aluminum metal matrix composite (Al-MMC) brake discs that are
lightweight and high-performing is examined. The investigation focuses on Al-Si
alloys fortified with varying proportions and dimensions of silicon carbide particles
(SiCp). Lanthanum (La) and Cerium (Ce) are incorporated into the AI-MMC to
fortify the aluminum matrix and enhance the brake discs' ability to withstand high
temperatures, such as those encountered during prolonged braking periods. The
creation of intermetallic phases through the addition of La and Ce further strengthens
the composite. The inclusion of SiCp particles in larger sizes and a broader range
enhances thermal endurance and ease of processing of the composite. The material
demonstrates a twofold increase in compression peak strength while retaining its
malleability [56].

In the other hand, Wang et al. found that the incorporation of nano-sized
particles of silicon carbide (n-SiC) by powder metallurgy significantly improves the
peak hardness and the aging hardening process of 2014 Al alloy composite materials.
This discovery has important implications to produce automotive components,
particularly brake rotors. Transmission electron microscopy (TEM) was used to
accurately identify key precipitation phases, including AlsCu,Mngand 6’ (Al.Cu),
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as well as the rarely seen Q phase in aluminum metal matrix composites without
silver (Ag). The higher dislocation density resulting from the thermal expansion
coefficient mismatch between n-SiC and the 2014 Al matrix can be confidently
attributed to the increase in aging kinetics and peak hardness. Composite materials
have great potential to produce high-performance automotive parts, such as brake
rotors, due to their ability to provide improved hardness and aging properties [57].

In the study of Lei and his team [58], the team compared three carbon/carbon
(C/C) composites with varying compositions for brake rotors. The composites
included rough laminar pyrocarbon, resin-derived carbon, and a mixture of both. The
study clearly demonstrated that resin-derived carbon significantly increased wear
rate without notably affecting friction coefficient, which had a negative impact on
rotor durability and maintenance. The composites exhibited consistent friction
coefficients at different speeds, but wear rates varied. However, it is important to
note that the rough laminar pyrocarbon composite exhibited the least wear,
indicating greater durability and a potentially longer service life. On the other hand,
the carbon composite derived solely from resin wore down the fastest [59],
suggesting a shorter lifespan in brake rotors.

4. Thermal Characteristics

Thermal analysis is critical in assessing the reliability of systems and
components, especially those subjected to temperature cycling and thermal stress. In
the case of aluminum metal matrix composites (AMCs), thermal analysis focuses on
investigating the thermal behavior and response of the material to temperature
changes, such as temperature distribution, heat transfer, and heat flux [60].

During braking, friction generates heat that raises the temperature of the brake
rotor [61]. The ability of a material to rapidly dissipate heat is critical for effective
high-temperature braking. Therefore, brake rotors must have high thermal
conductivity, high thermal deformation resistance, and a low coefficient of thermal
expansion [62]. Evaluation of these thermal properties is critical for any brake rotor
disc alloy or composite. However, there are few studies that focus on these critical
thermal properties of brake rotors [63].

Thermal conductivity is the rate at which heat passes through a material per
unit thickness per unit area for each unit of temperature difference [64]. It can be
evaluated using thermal or laser flash analyzers. The coefficient of thermal
expansion, which indicates how a material's dimensions change with temperature
changes, can be measured with a dilatometer. This instrument is essential for
investigating the thermal properties of brake rotors, including thermal strain and
thermal expansion [65].

In their study of the thermal dissipation capabilities of a high aluminum matrix
composite (HAMC) brake disc, Gupta and colleagues used an LM27 alloy reinforced
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with 15% rutile and sillimanite as shown in table 3. Their research focused on
thermal conductivity, strain, and coefficient of expansion. The disc produced by
HAMC showed significant resistance to thermal expansion due to the effective
interfacial bonding between the matrix and the reinforcements. As a result, it
exhibited superior thermal conductivity and lower thermal strain and expansion
coefficient compared to rotors made of traditional gray cast iron [66].

Table 4 —Thermal properties of density of LM27 alloy, DRP-15 composite, and the
commercial material.

Materials
Property LM27 DRP- 15 | Commercial brake rotor
alloy | compositr material
Thermal conductivity at 25 °C, k | 154.42 141.65 +
(W/ mK) +036 | 081 5382£0.31
. 1.01 + 0.57 +
* -3
Thermal strain &t ( * 107%) 017 017 0.37 £0.08
Coefficient of thermal expansion | 18.95 + 11.09 +
CTE (*10%/°CY) 0.17 0.017 7.12+0.08
. 2.77 + 2.82+
3
Density (g/ cm3) 0.004 0.006 6.92 £+ 0,005

Thermal analysis is critical in assessing the reliability of systems and
components, especially those subjected to temperature cycling and thermal stress. In
the case of aluminum metal matrix composites (AMCs), thermal analysis focuses on
investigating the thermal behavior and response of the material to temperature
changes, such as temperature distribution, heat transfer, and heat flux. During
braking, friction generates heat that raises the temperature of the brake rotor. The
ability of a material to rapidly dissipate heat is critical for effective high-temperature
braking. Therefore, brake rotors must have high thermal conductivity, high thermal
deformation resistance, and a low coefficient of thermal expansion. Evaluation of
these thermal properties is critical for any brake rotor disc alloy or composite.
However, there are few studies that focus on these critical thermal properties of
brake rotors [67].

Thermal conductivity is the rate at which heat passes through a material per
unit thickness per unit area for each unit of temperature difference. It can be
evaluated using thermal or laser flash analyzers. The coefficient of thermal
expansion, which indicates how a material's dimensions change with temperature
changes, can be measured with a dilatometer. This instrument is essential for
investigating the thermal properties of brake rotors, including thermal strain and
thermal expansion [68].

Adebisi and her team conducted a study of a passenger car braking system,
analyzing a stir-cast AMC brake rotor made of AA6061 alloy with 20% SiC and
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comparing it to a cast iron rotor using thermal imaging. The rotors were mounted on
a stand and monitored with an IR thermal camera for thermographic analysis. The
AMC rotor showed uniform thermal dispersion and a 25% higher heat dissipation
rate at brake pressures ranging from 1.5 to 2.0 MPa compared to the cast iron rotor.
This was attributed to the superior thermal conductivity of the AMC material [69].

Separately, Jayaraj and colleagues investigated the thermal properties of an
LM9 alloy reinforced with multi-walled carbon nanotubes (MWCNTS) at various
weight fractions. The thermal conductivity of the stir-cast composites was evaluated
using the hot disk technique. The MWCNTSs present in the matrix acted as foreign
particles, creating thermal barriers that impeded heat movement and reduced the
thermal conductivity of the AMCs [70].

In the study conducted by Singh et al, they performed transient thermal analysis
on brake disks to study heat flow and temperature variations. The results showed
that while the cast iron heated up to a lower temperature of 98°C, the A16061/SiC/Gr
composite reached a higher temperature of 230°C. However, it is important to note
that the maximum operating temperature of Al6061/SiC/Gr was below the maximum
tolerance of the composite, which was 525°C. The Al6061/SiC/Gr material has high
thermal conductivity, which allows for effective heat dissipation and reduces hot
spot formation. This results in better temperature uniformity and can help minimize
or eliminate thermal failures in brake pads and rotors, ultimately increasing their
operational reliability compared to cast iron [32]. It is important to note that this
statement is based on objective evaluations and not subjective opinions. This results
in better temperature distribution and can help minimize or eliminate thermal failures
in brake pads and rotors, ultimately improving their operational reliability compared
to cast iron [26]

In their study, Firouz and colleagues [71] developed automotive brake rotors
using Al-9Si-SiC and Al-12Si-SiC composites. The composites were reinforced with
10 or 20 weight percent SiC particles by stir casting. The resulting rotors exhibited
a uniform distribution of SiC particles and a refined grain structure, which improved
their overall microstructure. When exposed to temperatures ranging from room
temperature to 350°C, the Al-12Si composites exhibited significantly lower
coefficients of thermal expansion and minimal residual strain. In addition, the
research included thermal fatigue testing of these composites against conventional
cast iron rotors over 80 cycles. Analysis after these cycles, including hardness
evaluation, microstructural examination, and X-ray diffraction, indicated that the
composite rotors maintained consistent strain and temperature profiles during both
the heating and cooling phases without hysteresis loops or residual strain. The
crystalline structure of the composite rotors improved with thermal cycling, while
that of the cast iron rotors deteriorated over time. This study highlights the potential
of AISi-SiC composites as superior materials for automotive brake rotors due to their
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improved thermal stability and fatigue resistance compared to standard cast iron
options.

Sharma et al. analyze the impact of heat treatment on the LM30 aluminum
matrix composites reinforced with sillimanite. The composites had varying
sillimanite content (3—15 wt.%) and particle sizes. They were treated through T4 and
T6 methods. The increases in sillimanite content led to an improvement in hardness.
Both T4 and T6 treatments resulted in better wear resistance and reduced friction.
Specifically, the T6-treated composite with 15 wt.% sillimanite at 200°C showed a
significant reduction in wear rate and friction coefficient by 70% and 52%,
respectively, which is clear to show in figure 5. The composites had wear properties
like those of grey cast iron. This suggests that they could serve as a lightweight
alternative to heavy-cast iron in automotive parts like brake rotors [72].
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Figure 5 — Average wear rate versus operating temperature for heat treated 15DPS AMCs
[72].
5. Tribological properties

Understanding the tribological behavior of Aluminum Matrix Composite
(AMC) brake rotors is critical because it is influenced by several factors. The most
important of these are the applied load and the sliding speed, both of which have a
significant impact on the efficiency of the brake rotor. As a result, numerous studies
have focused on these parameters to evaluate the wear and coefficient of friction
(COF) rates of AMC brake rotors. The equation used to calculate the wear rate is.

Am

pE,D
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Wear is the gradual degradation of material caused by continuous relative
motion between two contacting surfaces. It is quantified as wear loss, which is the
volume or mass loss of a material during a test period. The rate of wear can be
determined using a specific formula. The wear rate 'r' is calculated from the mass
loss before and after the wear test (Am), the density of the material (p), the applied
normal load (F,) and the sliding distance (D). This calculation is critical for
evaluating the durability and efficiency of AMC brake rotors under various operating
conditions [24].

In a tribological evaluation using a small-scale dynamometer, Alnagi and
colleagues compared rotors made of AMC and gray cast iron. The study focused on
Al6082 and AMC (Al6061/40% SiC) rotors, the latter having an alumina coating
applied by plasma electrolyte oxidation. This coating increased the hardness of the
AMC rotors and reduced their wear rates, resulting in a coefficient of friction (COF)
in line with industry standards [73].

Lyu et al investigated the friction properties of an Al-SiC AMC brake disc
using a pin-on-disc tribometer and non-asbestos organic (NAO) brake pads. They
found that this AMC disc exhibited similar friction characteristics to conventional
cast iron discs due to a self-generated protective tribo-layer that improved wear
resistance [28].

Ahmad et al evaluated the wear and friction characteristics of AMC and cast-
iron brake discs using a pin-on-disc tribometer. The AMC samples, consisting of
AA242 with 30% Al,O3, showed a slight variation in CoF that was more pronounced
at higher loads. This difference was attributed to the softer nature of the aluminum
alloy compared to cast iron, resulting in increased surface roughness and wear [74].

Daoud and colleagues evaluated the wear and friction characteristics of A359-
20 vol% SiC AMC rotors against commercial brake pads. They found that AMCs
consistently outperformed cast iron in terms of CoF, which is critical for effective
braking. The addition of SiC and Si to the AMC rotors contributed significantly to
their superior strength, hardness, and wear resistance. This is due to the ability of the
SiC particles to carry most of the wear load and increase the overall toughness of the
composite. The reference remains unchanged [75].

Tan and colleagues conducted dynamometer tests on hybrid aluminum metal
matrix composite (HAMC) brake rotors for rail vehicles. The results of the study
suggest that HAMC brake rotors could be a promising alternative to conventional
brake rotors in the rail industry. The discs, consisting of an A357/SiC MMC top
layer fused to an AA6082 aluminum alloy base by friction stir processing, exhibited
superior wear and friction performance. Capable of withstanding temperatures as
high as 240°C, these rotors provide a consistent coefficient of friction, demonstrating
their potential to replace traditional heavy iron and steel rotors on trains operating at
120 km/h. The presence of Third Body Films (TBFs) plays a critical role in reducing
direct disc-pad contact, thereby reducing the incidence of cracking and debris
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generation. This resulted in fewer surface grooves, less AMC layer degradation and
less wear loss, which ensured a stable coefficient of friction [76].

Jiang and his team investigated the friction and wear characteristics of
SiC3D/Al brake disks paired with graphite (G)/SiC brake pads using a smaller-scale
dynamometer designed for high-speed train applications. They found that SIC3D/Al-
G/SiC tribocouples outperformed traditional iron-steel pairs by offering lower
operating temperatures, stable friction, and improved durability. The mechanically
mixed layer formed during the sliding process significantly affected the wear and
friction properties of the tribocouple, leading to its improved performance [77].

Baig et al. conducted a study of the tribological behavior of an aluminum
composite reinforced with submicron Al,Os particles used as a brake rotor material.
The study compared the friction and wear properties of this composite with those of
conventional gray cast iron rotors under dry sliding conditions with semi-metallic
brake linings, as shown in the figure. The results indicate that the Al,Os-reinforced
composite exhibits lower wear rates than gray cast iron, particularly at lower braking
force intensities. In addition, the use of Al,O3 reinforcement results in reduced brake
pad wear even at higher intensities due to its superior heat dissipation. The inclusion
of submicron Al.O3 particles increase the wear resistance of the rotor and extends
its life. In addition, the Al,Os; particles improve the friction and stability
characteristics of the material, potentially lowering the coefficient of friction for
smoother braking. The fine particles provide a more uniform distribution within the
aluminum matrix, resulting in consistent friction behavior. In addition, the Al;O3
reinforcement aids in heat dissipation, improving the thermal stability of the rotor
and maintaining performance during extensive braking [5].

6. Influence of Brake Pads on Aluminum Matrix Composite Disc

The effect of brake pad materials on the performance of Aluminum Matrix
Composite (AMC) rotors is a critical factor in brake system performance [2].
Research indicates that Non-Asbestos Organic (NAO) pads are more suitable for use
with aluminum rotors than low-steel or semi-metallic pads [78]. NAO materials are
particularly notable for their ability to develop protective third body tribological
layers under higher loads, resulting in a lower coefficient of friction and consistent
wear rate [28, 30].
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Figure 6 — Photograph of the Tribometer with Pad-on-Disc wear test configuration used in
the wear experiments along with the schematic of the loading mechanism [5].

Nakanishi et al. aimed to improve fuel efficiency by reducing vehicle weight
through the use of aluminum metal matrix composite (AI-MMC) brake rotors and
pads [79]. They ensured that the braking performance and wear resistance of the Al-
MMC system matched those of conventional cast iron systems by optimizing the
amount and particle size ratio of hard particles in both the rotor and pad [80]. The
researchers rigorously tested the wear resistance of the newly developed brake pad.
The evaluation consisted of repeating 1000 braking cycles at different temperatures,
starting from an initial speed of 50 km/h and a deceleration rate of 1.5 m/s"2 as
shown in figure 7. To measure the changes in thickness of the pad need to evaluate
its wear resistance [81]. The results were compared with those obtained with a
conventional ferrous cast (FC) brake rotor and pad combination [82].
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Figure 7 — Pad wear per 1000 braking times[79] .

Zhang and his team have developed a brake rotor composite that consists of
56% foam ceramics and 44% aluminum alloy. They have conducted rigorous tests
on an Optimal SRV machine using a phenolic resin brake pad to thoroughly
investigate the impact of temperature and load, between 32 N to 128 N, on friction
and wear. The composite has shown predictable friction fade with increasing
temperature, followed by remarkable over recovery on cooling [41]. The wear rates
have also increased with temperature. The tests were meticulously carried out at both
100°C and 250°C. At 250°C, both friction and wear were significantly higher than
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at 100°C. Scanning electron microscopy has revealed that the wear was mainly
caused by two-body wear [83].

Agbeleye investigates the properties of brake pads made from aluminum 6063
alloy blended with 5-30% clay (Al-clay composites), produced through stir casting.
Clay particle size in the composites is 250 microns. Using Denison T62HS pin-on-
disc tests, the study assesses the composites' wear behavior under dry sliding
conditions. Results show that composites with 10-25% clay content significantly
enhance tensile strength, hardness, and wear resistance, with optimal performance at
15% clay. The wear rate is influenced by both load and sliding speed [84]. These Al-
clay composites, especially with 15-25% clay, exhibit wear and friction
characteristics on par with conventional semi-metallic brake pads [85].

Osterle et al. present in their research a detailed analysis of frictional interfaces
and coatings on a semi-metallic polymer matrix composite (PMC) brake pad. The
focused ion beam (FIB) technique is expertly employed to examine the topmost
layers at the micro-contact regions of the brake pad. The frictional material of the
brake pad is a blend of a metallic polymer matrix composite and is expertly paired
with a cast iron rotor as shown in the next figure. The brake pad is composed of up
to three distinct layers [41], each with its own unique composition. These layers
consist of a thin friction film made of metal oxides and a sulfur-rich amorphous
phase, a layer filled with wear debris, and a heavily distorted layer, especially when
a metal particle is used as the base [86]. The analysis confidently indicates the
accumulation of iron oxide particles from wear and the adhesion of copper and sulfur
on the pad's surface. Furthermore, it highlights the transfer of zinc onto the cast iron
rotor [87].

The research of Venugopal et al. investigates the use of magnesium (Mg)
composites reinforced with Ni-P-coated alumina and silicon carbide microparticles
for brake pad applications [88]. These composites are produced using a special stir-
squeeze process. To test their suitability for brake systems, the study uses a
tribometer in which the Mg composite acts as a pin against a stainless-steel disk,
mimicking the brake pad-rotor interaction. Key findings show that coating the
reinforcements significantly reduces the porosity of the composite and increases its
hardness and compressive strength. The wear resistance of these Mg composites is
comparable to that of conventional brake pad materials, highlighting their potential
as effective friction materials in automotive braking systems working in conjunction
with rotors [41].

The study of et al. Darmawan examines the wear rates of brake pads in the LRV
Series 1100, utilizing both regenerative and pneumatic braking systems. Its goal is
to forecast brake pad longevity and uncover reasons for wear rate disparities between
motor and trailer bogie brake pads. Through linear regression of maintenance and
field data, it predicts brake pad life spans—2039 for McA and McB bogies and 2029
for trailer bogies—noting that braking method impacts wear rates. The findings
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underline how braking force and friction influence pad durability, which is crucial
for optimizing maintenance and enhancing safety. This analysis aids the rotor desk
in strategic planning for maintenance and replacements, potentially lowering costs
and ensuring safety by adapting maintenance to actual wear trends.[89, 20].

7. Impact of Surface Texture (Ra) on Rotor Disc

In tribological studies, it is critical to understand the effect of surface roughness,
commonly referred to as Ra, on the performance of Aluminum Matrix Composite
(AMC) brake rotors [75]. To evaluate the wear rate and friction characteristics of the
disc materials, it is necessary to measure the surface roughness of both the disc and
pad material before and after tribological testing. To evaluate the wear rate and
friction characteristics of the disk materials, it is necessary to measure the surface
roughness of both the disk and pad material before and after tribological testing. This
helps us to obtain accurate and reliable results. Prior to testing, it is important to
ensure that the AMC brake disc and pad material have consistent R, values [90].

Research has shown that the surface roughness of AMC brake rotors tends to
increase significantly after being subjected to dynamometer testing [73]. This
increase is attributed to the weakening of the alloy matrix at the contact surface due
to the high temperatures experienced during testing. It is also useful to measure the
surface roughness of the protective tribofilm formed on the disk. This helps to verify
the consistency of the coefficient of friction (CoF) under varying load conditions.
Understanding the effect of surface roughness on AMC discs is critical to optimizing
brake performance and durability. This is discussed in reference [28].

Biswas et al. investigated the development, characterization, and application of
Al-MgzSi composites in motorcycle disc brake rotors. The performance of Al-Mg.Si
composites was compared with traditional materials such as cast iron and stainless
steel using the Digital Logic Method (DLM) for material selection. In a simulated
motorcycle disc brake scenario, the Al-20wt% Mg.Si composite and steel rotors
were evaluated. The technical performance index of the Al-Mg.Si composite was
73.65, slightly lower than that of steel at 78.10. However, the Energy Efficiency
Index (EEI) of the composite was significantly lower at 31.79 compared to 100 for
steel. Notably, the composite had significantly lower CO, and CO emissions of 0.087
and 0.0026 g/km, respectively, compared to steel's 0.276 and 0.0082 g/km [91].

Alnagi studied the effects of alumina coatings applied via plasma electrolytic
oxidation (PEO) on AA6082 aluminum alloy (Al-Alloy) and 6061/40SiC aluminum
metal matrix composite (AI-MMC) brake rotors, focusing on friction and high-
temperature performance. The PEO process improves adhesion, uniformity, and
surface hardness, with Al-Alloy achieving higher micro-hardness (1400 HV) than
Al-MMC (980 HV). Al-Alloy rotors show superior thermal and frictional
performance, handling over 500°C, while AI-MMC rotors have reduced heat

109



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

tolerance. Coated rotors maintain acceptable friction coefficients (0.28 to 0.34). Al-
Alloy rotors keep consistent coating thickness, unlike Al-MMC. Both rotor types
develop a 2-4 mm transfer layer. However, alumina-coated Al-Alloy rotors fail
above 550°C due to mechanical and thermal stress. Improvements could involve
metallurgical changes or design modifications like ventilated discs [73].

In a novel study, laminate composite brake material designed for high-speed
train braking systems was developed using powder metallurgy. This material has a
bilayer structure consisting of prefabricated tribofilm (PTF, oxide-based) and metal-
based materials. We evaluated the friction and wear performance of this brake pad,
focusing on variations in PTF layer thickness, against a steel rotor disk. Tests were
conducted using a TM-1 type dynamometer at initial braking speeds (IBS) ranging
from 50 to 350 km/h. The results showed that the PTF pad maintained stable friction
and wear rates over a wide range of IBS (50-250 km/h) suitable for high-speed train
applications. Key to its performance is the protective friction film formed on the
pad's worn surface during braking, which is enhanced by the PTF layer, providing a
larger, flatter contact area compared to metal-based materials. This film contributes
to the pad's consistent friction performance and wear rate [92].

Synak et al. study the automotive brake components (rotors and pads) at
different price points to determine if they effectively convert kinetic energy into
thermal energy without overheating. It combines driving and laboratory tests to
evaluate stopping distance, deceleration, steering effort, braking force, temperature,
and corrosion resistance. The results show that while all brakes perform well under
standard conditions, the least expensive brakes may underperform under intense or
prolonged use [93].

8. Computational Examination of Aluminum Matrix Composite Brake
Discs

Numerical analysis is used in brake system design to predict thermal aspects
such as friction pressure distribution, surface heat flow, brake temperature
distribution, radial surface temperature, and thermal stress [94]. Effective
management of the conversion of kinetic energy to frictional heat at the disc can
improve braking efficiency. This can be achieved through ideal rotor design and the
use of superior heat dissipating materials. Heat transfer in brakes is primarily by
conduction and convection, with radiation playing a minor role (5-10%). Research
typically includes analysis of both transient thermal and structural aspects. However,
the integration of fluid analysis for heat convection with thermal simulations
provides a more comprehensive approach, especially under different braking
conditions, such as prolonged, single emergency, and repeated braking events [95].

Pranta and colleagues conducted innovative research to redesign ventilated disc
brake rotors. They incorporated unique curved vents, holes, and slots (as shown in
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Figure 10) using Solidworks. Their analysis in ANSYS showed that these novel
designs outperformed conventional disc brake rotors in terms of performance,
achieving higher braking forces while avoiding cracking and buckling during
operation [96].

Ali et al. analyzed the thermo-mechanical dynamics of brake rotors and pads
during braking using ANSY'S finite element software. They examined both full and
vented disk interfaces within the braking system. The results showed a rapid
temperature increase followed by a decrease after sustained braking, which was
attributed to the disc brake design. Despite variations in friction coefficients, the
deformation of the disc pad remained largely unchanged [97].

Nong and colleagues recommend the use of aluminum metal matrix composites
(AMCs) in brake discs, especially for high-speed train applications where energy
efficiency is a priority. They first determined heat convection coefficients using
Solidworks 2014 flow simulation, which informed their CFD-based design. The
subsequent thermal analysis used these coefficients as initial conditions. The study
analyzed the use of radially vented SiC3D/Al alloy brake rotors, which were found
to significantly improve airflow around and through the rotor. This improved airflow
effectively dissipated frictional heat, resulting in a temperature reduction of up to
14%. The high thermal conductivity of the discs also resulted in a more uniform
temperature distribution across the rotor. A peak temperature of 471.08°C was
recorded at the 70-second mark near the outer regions of the friction surface, as
shown in Figure 11. This underscores the suitability of the material for high-speed
rail applications [98].

This study analyzes disc brake rotors, using finite element analysis (FEA) to
compare aluminum alloy and aluminum matrix nanocomposite (AMNC) rotors at
70 km/h emergency braking. Key findings include: AMNCSs' superior strength-to-
weight ratio, aluminum alloy's max heat flux at 8 W/mm? versus AMNC's 16.28
W/mm?, aluminum alloy's max deformation at 0.19 mm compared to AMNC's 0.05
mm, and AMNC's max von Mises stress at 184 MPa, slightly higher than
aluminum alloy's 180 MPa. This suggests AMNCs as a viable alternative for disc
brake rotor materials, Results of the ANSYS modal analysis are presented for the
aluminum alloy and AMNC discs [99, 100].

Kumar et al use the grey relational analysis (GRA) to improve the specific
wear resistance and friction coefficient of AIHMMC. Using the Grey Relational
Analysis (GRA) approach, the study reveals distinct influences on the friction
coefficient of Al6061 alloy and its hybrid composite, AIHMMC. For Al6061, the
sliding distance, followed by sliding velocity and applied load, are key factors in
that order. Conversely, for AIHMMC, the order of influence is applied load
(43.67%), sliding velocity (42.51%), and then sliding distance [35].
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Figure 8 — Diagramof(a)Basemodel, (b)modifiedmodel1(MM1), (c)modifiedmodel2(MM2)
and(b)modifiedmodel3 (MM3) with description [98].

The specific wear rate in another study analysis using GRA-ANOVA
highlights that sliding velocity impacts Al6061 and AIHMMC by 39.57% and
42.51%, respectively. However, the applied load has a more pronounced effect on
AIHMMC for all sliding distances. In summary, while both Al6061 and AIHMMC
are influenced by similar factors, the order and magnitude of these influences differ
significantly between the two materials [45].

References:

1. G. Riva, G. Valota, G. Perricone, J. Wahlstrom. “An FEA approach to simulate disc brake wear and
airborne particle emissions,” Tribol. Int. 2019. vol. 138, pp. 90-98. doi: 10.1016/j.triboint.2019.05.035.
2. D. Viderscak et al. “Influence of Brake Pad Properties to Braking Characteristics,” Promet —
TrafficTransportation. 2022. vol. 34. no. 1. pp. 91-102. doi: 10.7307/ptt.v34i1.3846. 3. W. Li., X. Yang.,
S. Wang., J. Xiao., Q. Hou. “Comprehensive Analysis on the Performance and Material of Automobile

112



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

Brake Discs,” Metals. 2020. vol. 10. no. 3. p. 377. doi: 10.3390/met10030377. 4. M. K. Wasekar., M. P.
Khond. “A Composite Material an alternative for manufacturing of Automotive Disc Brake: A Review,”
IOP Conf. Ser. Mater. Sci. Eng. 2021. vol. 1126. no. 1. p. 012067. doi: 10.1088/1757-
899X/1126/1/012067. 5. M. M. A. Baig., A. M. Al-Qutub., I. M. Allam., F. Patel., A. S. Mohammed.
“Tribological Performance of Sub-Micron AI203-Reinforced Aluminum Composite Brake Rotor
Material,” Arab. J. Sci. Eng. 2021. vol. 46. no. 3. pp. 2691-2700. doi: 10.1007/s13369-020-05179-x. 6. J.
Wahlstrom., V. Matejka., Y. Lyu., A. Soderberg. “Contact Pressure and Sliding Velocity Maps of the
Friction, Wear and Emission from a Low-Metallic/Cast-Iron Disc Brake Contact Pair,” Tribol. Ind. 2017.
vol. 39. no. 4. pp. 460-470. doi: 10.24874/ti.2017.39.04.05. 7. K. K. Alaneme., T. M. Adewale., P. A.
Olubambi. “Corrosion and wear behaviour of AI-Mg-Si alloy matrix hybrid composites reinforced with
rice husk ash and silicon carbide,” J. Mater. Res. Technol. 2014. vol. 3. no. 1. pp. 9-16. doi:
10.1016/j.jmrt.2013.10.008. 8. R. Manikandan, T. V. Arjunan, A. R. Nath O. P. “Studies on micro
structural characteristics, mechanical and tribological behaviours of boron carbide and cow dung ash
reinforced aluminium (Al 7075) hybrid metal matrix composite,” Compos. Part B Eng. 2020. vol. 183. p.
107668. doi: 10.1016/j.compositesh.2019.107668. 9. Y. K. Singla., R. Chhibber., H. Bansal., A. Kalra.
“Wear Behavior of Aluminum Alloy 6061-Based Composites Reinforced with SiC, Al203, and Red
Mud: A Comparative Study,” JOM, 2015. vol. 67, no. 9. pp. 2160-2169. doi: 10.1007/s11837-015-1365-
0. 10. A. Rehman., S. Das., G. Dixit. “Analysis of stir die cast AI-SiC composite brake drums based on
coefficient of friction,” Tribol. Int. 2-12. vol. 51. pp. 36-41. doi: 10.1016/j.triboint.2012.02.007. 11. R.
M., D. S. “Synthesis of Al-TiO2 Composites through Liquid Powder Metallurgy Route,” Int. J. Mech.
Eng. 2014, vol. 1. no. 1. pp. 12-15. doi: 10.14445/23488360/IJME-V111P103. 12. P. S. Reddy., R.
Kesavan., B. Vijaya Ramnath. “Investigation of Mechanical Properties of Aluminium 6061-Silicon
Carbide, Boron Carbide Metal Matrix Composite,” Silicon, 2018. vol. 10. no. 2. pp. 495-502. doi:
10.1007/s12633-016-9479-8. 13. R. Chebolu., R. Nallu., and R. Chanamala. “Experimental investigation
on mechanical behavior of as cast Zn-Al-Cu/SiC/TiB 2 hybrid metal matrix composite by ultrasonic
assisted stir casting technique,” Eng. Res. Express. 2022. vol. 4. no. 2. p. 025040. doi: 10.1088/2631-
8695/ac71f7. 14.R. Harichandran., N. Selvakumar. “Effect of nano/micro B4C particles on the
mechanical properties of aluminium metal matrix composites fabricated by ultrasonic cavitation-assisted
solidification process,” Arch. Civ. Mech. Eng. 2016. vol. 16. no. 1. pp. 147-158. doi:
10.1016/j.acme.2015.07.001. 15. S. Soltani, R. Azari Khosroshahi, R. Taherzadeh Mousavian, Z.-Y. Jiang,
A. Fadavi Boostani, and D. Brabazon, “Stir casting process for manufacture of AI-SiC composites,” Rare
Met. 2017. vol. 36. no. 7. pp. 581-590. doi: 10.1007/s12598-015-0565-7. 16.V. Mohanavel., M.
Ravichandran. “Optimization of Parameters to Improve the Properties of AA7178/Si3N4 Composites
Employing Taguchi Approach,” Silicon. 2022. vol. 14. no. 4. pp. 1381-1394. doi: 10.1007/512633-020-
00917-0. 17. M. I. Ul Hag., A. Anand. “Dry Sliding Friction and Wear Behavior of AA7075-Si3N4
Composite,” Silicon. 2018. vol. 10. no. 5. pp. 1819-1829. doi: 10.1007/s12633-017-9675-1. 18. R.
Arunachalam et al. “Optimization of stir-squeeze casting parameters for production of metal matrix
composites using a hybrid analytical hierarchy process—Taguchi-Grey approach,” Eng. Optim. 2019. pp.
1-18. doi: 10.1080/0305215X.2019.1639693.

19.C. U. Atuanya., V. S. Aigbodion. “Evaluation of Al-Cu-Mg alloy/bean pod ash nanoparticles
synthesis by double layer feeding—stir casting method,” J. Alloys Compd. 2014 vol. 601. pp. 251-259.
doi: 10.1016/j.jallcom.2014.02.086. 20. P. Madhukar., N. Selvaraj., C. S. P. Rao., G. B. Veeresh Kumar.
“Enhanced performance of AA7150-SiC nanocomposites synthesized by novel fabrication process,”
Ceram. Int. 2020. vol. 46, no. 10. pp. 17103-17111. doi: 10.1016/j.ceramint.2020.04.007. 21. S. Mahanta.,
M. Chandrasekaran., S. Samanta., C. Sasikumar. “Fabrication of Al7075-B4C-fly ash hybrid
nanocomposites by ultrasonic assisted stir casting and tensile analysis,” presented at the
INTERNATIONAL CONFERENCE ON MATERIALS, MANUFACTURING AND MACHINING
2019, Tamilnadu, India, 2019, p. 020026. doi: 10.1063/1.5117938. 22. T. B. Rao. “Microstructural,
mechanical, and wear properties characterization and strengthening mechanisms of AI7075/SiCnp
composites processed through ultrasonic cavitation assisted stir-casting,” Mater. Sci. Eng. A. 2021. vol.
805. p. 140553. doi: 10.1016/j.msea.2020.140553. 23. A. Ramanathan., P. K. Krishnan., R. Muraliraja.

113



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

“A review on the production of metal matrix composites through stir casting — Furnace design, properties,
challenges, and research opportunities,” J. Manuf. Process. 2019. vol. 42, pp. 213-245. doi:
10.1016/j.jmapro.2019.04.017. 24. P. K. Dinesh Kumar., S. Darius Gnanaraj. “Aluminium-Silicon based
Metal Matrix Composites for brake rotor applications: a review,” Eng. Res. Express. 2023. vol. 5. no. 2.
p. 022002. doi: 10.1088/2631-8695/accdb6. 25. M. Kumar., M. M. A, V. Baskaran., K. H. Ramji. “Effect
of sliding distance on dry sliding tribological behaviour of Aluminium Hybrid Metal Matrix Composite
(AIHMMC): An alternate for automobile brake rotor — A Grey Relational approach,” Proc. Inst. Mech.
Eng. Part J J. Eng. Tribol. 2016. vol. 230. no. 4. pp. 402—415. doi: 10.1177/1350650115602724. 26. E.
Sangeethkumar., M. Jaikumar., K. M. N. Sridath., V. Ramanathan., R. Sathyamurthy. “Tribological study
on hybrid metal matrix composites for application in automotive sector,” Mater. Res. Express. 2019. vol.
6. no. 5. p. 055703. doi: 10.1088/2053-1591/ab0579. 27. R. Madan., S. Bhowmick. “Fabrication and
microstructural characterization of Al-SiC based functionally graded disk,” Aircr. Eng. Aerosp. Technol.
2023. vol. 95. no. 2. pp. 292-301. doi: 10.1108/AEAT-03-2022-0096. 28. Y. Lyu., J. Wahistrom., M. Tu.,
U. Olofsson. “A Friction, Wear and Emission Tribometer Study of Non-Asbestos Organic Pins Sliding
Against AISiC MMC Discs,” Tribol. Ind. 2018. vol. 40. no. 2. pp. 274-282, Jun. 2018, doi:
10.24874/ti.2018.40.02.11. 29. P. B. Pawar., R. M. Wabale., A. A. Utpat. “A Comprehensive Study of
Aluminum Based Metal Matrix Composites: Challenges and Opportunities,” Mater. Today Proc. 2018.
vol. 5. no. 11. pp. 23937-23944, 2018. doi: 10.1016/j.matpr.2018.10.186. 30. M. Rettig et al. “Carbidic
Brake Rotor Surface Coating Applied by High-performance-laser Cladding,” in EuroBrake 2020
Technical Programme, FISITA. 2020. doi: 10.46720/eb2020-mds-025. 31. V. S. Mann., O. P. Pandey.
“Effect of Dual Particle Size Corundum Particles on the Tribological Properties of LM30 Aluminium
Alloy Composites for Brake Rotor Applications,” Arab. J. Sci. Eng. 2021. vol. 46. no. 12, pp. 12445-
12463. doi: 10.1007/s13369-021-05939-3. 32. M. Singh et al. “Design and Analysis of an Automobile
Disc Brake Rotor by Using Hybrid Aluminium Metal Matrix Composite for High Reliability,” J. Compos.
Sci. 2023. vol. 7. no. 6. p. 244. doi: 10.3390/jcs7060244. 33. M. Ferraris et al. “SiC particle reinforced
Al matrix composites brazed on aluminum body for lightweight wear resistant brakes,” Ceram. Int. 2022.
vol. 48. no. 8. pp. 10941-10951. doi: 10.1016/j.ceramint.2021.12.313. 34.S. Awe. “Sustainable
aluminium brake discs and pads for electrified vehicles,” in Proceedings of the FISITA - Technology and
Mobility Conference Europe 2023, Barcelona, Spain: FISITA. 2023. doi: 10.46720/eb2023-tst-020. 35. N.
Kumar., G. Gautam., R. K. Gautam., A. Mohan., S. Mohan. “Wear, friction and profilometer studies of
insitu  AAS5052/ZrB2  composites,” Tribol. Int. 2023. wvol. 97. pp. 313-326. doi:
10.1016/j.triboint.2016.01.036. 36.J. Qu., P. J. Blau., B. C. Jolly. “Oxygen-diffused titanium as a
candidate brake rotor material,” Wear. 2019. vol. 267. no. 5-8. pp. 818-822. doi:
10.1016/j.wear.2008.12.044. 37. P. J. Blau., B. C. Jolly., J. Qu., W. H. Peter., C. A. Blue. “Tribological
investigation of titanium-based materials for brakes,” Wear. 2007. vol. 263. no. 7-12. pp. 1202-1211.
doi: 10.1016/j.wear.2006.12.015. 38. M. Kindrachuk et al. “Wear-friction properties of friction pairs in
disc-pad brakes,” East.-Eur. J. Enterp. Technol. 2023. vol. 4. no. 12 (124). pp. 56-61. doi: 10.15587/1729-
4061.2023.285699. 39. P. K. Yadav., G. Dixit., B. Kuriachen., M. K. Verma., S. K. Patel., R. K. Singh.
“Effect of Reinforcements and Abrasive Size on High-Stress Tribological Behaviour of Aluminium
Piston Matrix Composites,” J. Bio- Tribo-Corros. 2020. vol. 6. no. 1. p. 23. doi: 10.1007/s40735-019-
0317-6. 40. A. Baradeswaran., A. Elaya Perumal. “Influence of B4C on the tribological and mechanical
properties of Al 7075-B4C composites,” Compos. Part B Eng. 2013. vol. 54. pp. 146-152. doi:
10.1016/j.compositesh.2013.05.012. 41. U. V. Saindane., S. Soni., J. V. Menghani. “Recent research
status on modern friction materials-an Overview,” IOP Conf. Ser. Mater. Sci. Eng. 2020. vol. 810. no. 1.
p. 012067. doi: 10.1088/1757-899X/810/1/012067. 42. K. L. Zheng., X. S. Wei., B. Yan., P. F. Yan.
“Ceramic waste SiC particle-reinforced Al matrix composite brake materials with a high friction
coefficient,” Wear. 2020. vol. 458-459. p. 203424. doi: 10.1016/j.wear.2020.203424. 43.B.
Subramaniam., B. Natarajan., B. Kaliyaperumal., S. J. S. Chelladurai. “Investigation on mechanical
properties of aluminium 7075 - boron carbide - coconut shell fly ash reinforced hybrid metal matrix
composites,” China Foundry. 2018. vol. 15. no. 6. pp. 449-456. doi: 10.1007/s41230-018-8105-3. 44. S.
P., H. K. Natarajan., P. K. J. “Study of silicon carbide-reinforced aluminum matrix composite brake rotor

114



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

for motorcycle application,” Int. J. Adv. Manuf. Technol. 2018. vol. 94. no. 1-4. pp. 1461-1475. doi:
10.1007/s00170-017-0969-7. 45.G. Venkatachalam., A. Kumaravel. “Mechanical Behaviour of
Aluminium Alloy Reinforced with Sic/Fly Ash/Basalt Composite for Brake Rotor,” Polym. Polym.
Compos. 2017. vol. 25. no. 3. pp. 203-208. doi: 10.1177/096739111702500304. 46. L. Bracamonte., J.
Withers., T. Smith. “Lightweight, Wear Resistant, High Thermal Conductivity Metal Matrix Composite
Brake Rotors,” presented at the Brake Colloquium & Exhibition - 36th Annual. Oct. 2018. pp. 2018-01—
1879. doi: 10.4271/2018-01-1879. 47. M. Afiefudin., R. D. Widodo., R. Rusiyanto. “Fabrication and
Characterization of Asbestos Free Brake Pads Composite using Elacocarpus Ganitrus as Reinforcement,”
Automot. Exp. 2023. vol. 6. no. 2. pp. 359-371. doi: 10.31603/ae.9367. 48. Z. Zhang., D. L. Chen.
“Contribution of Orowan strengthening effect in particulate-reinforced metal matrix nanocomposites,”
Mater. Sci. Eng. A. 2008. vol. 483-484. pp. 148-152. doi: 10.1016/j.msea.2006.10.184. 49. M. M.
Jalilvand., Y. Mazaheri. “Effect of mono and hybrid ceramic reinforcement particles on the tribological
behavior of the AZ31 matrix surface composites developed by friction stir processing,” Ceram. Int. 2020.
vol. 46. no. 12. pp. 20345-20356. doi: 10.1016/j.ceramint.2020.05.123. 50. T. Opel., N. Langhof., W.
Krenkel. ‘Development and tribological studies of a novel metal - ceramic hybrid brake disc,” Int. J.
Appl. Ceram. Technol. 2022. vol. 19. no. 1. pp. 62-74. doi: 10.1111/ijac.13826.51. Z. Y. Fan et al. “Effect
of Surface Modification on the Tribological Properties of Friction Blocks in High-Speed Train Brake
Systems,” Tribol. Lett. 2021. vol. 69. no. 1, p. 27. doi: 10.1007/s11249-021-01402-4. 52. B. Su, H. G.
Yan., J. H. Chen., P. L. Zeng., G. Chen., C. C. Chen. “Wear and Friction Behavior of the Spray-Deposited
SiCp/Al-20Si-3Cu Functionally Graded Material,” J. Mater. Eng. Perform. 2013. vol. 22. no. 5. pp. 1355—
1364. doi: 10.1007/s11665-012-0409-7. 53. V. Singhal., O. P. Pandey. “Wear and Friction Behavior of
Gr/Sn Solid Lubricated Dual Reinforced AMCs,” Silicon. 2022. vol. 14. no. 10. pp. 5629-5645. doi:
10.1007/s12633-021-01343-6. 54. N. Raj., N. Radhika. “Tribological Characteristics of LM13/Si3N4/Gr
Hybrid Composite at Elevated Temperature,” Silicon. 2019. vol. 11, no. 2, pp. 947-960. doi:
10.1007/s12633-018-9893-1. 55. S. H. Omran., M. M. Al-Masoudy., O. H. Hassoon., M. A. Fayad.
“Optimization of mechanical wear resistance for recycled (Al-Mg-Si) reinforced SiC composite material
using PM method,” Curved Layer. Struct. 2022. vol. 9, no. 1. pp. 295-303. doi: 10.1515/cls-2022-0023.
56. A. Du et al. “The Influence of Ce, La, and SiC Particles Addition on the Formability of an Al-Si-Cu-
Mg-Fe SiCp-MMC,” Materials. 2022. vol. 15. no. 11. p. 3789. doi: 10.3390/mal15113789.

57. Z. Wang et al. “Aging Behavior of Nano-SiC/2014Al Composite Fabricated by Powder Metallurgy
and Hot Extrusion Techniques,” J. Mater. Sci. Technol. 2016. vol. 32. no. 10. pp. 1008-1012. doi:
10.1016/j.jmst.2016.07.011. 58. B. Lei., M. Yi., H. Xu., L. Ran., Y. Ge., K. Peng. “Effect of Resin-Derived
Carbon on the Friction Behavior of Carbon/Carbon Composites,” Tribol. Lett. 2011. vol. 41. no. 2. pp.
371-378. doi: 10.1007/s11249-010-9723-0. 59.S. Liu., C. Martin., D. Lashmore., M. Schauer., C.
Livermore. “Carbon nanotube torsional springs for regenerative braking systems,” J. Micromechanics
Microengineering. 2015. vol. 25. no. 10. p. 104005. doi: 10.1088/0960-1317/25/10/104005. 60. F. Talati.,
S. Jalalifar. “Investigation of Heat Transfer Phenomena in a Ventilated Disk Brake Rotor with Straight
Radial Rounded Vanes,” J. Appl. Sci. 2008. vol. 8. no. 20. pp. 3583-3592. doi:
10.3923/jas.2008.3583.3592. 61. A. A. Aravjo Filho., A. Yu. Petrov. “Higher-derivative Lorentz-breaking
dispersion relations: a thermal description,” Eur. Phys. J. C. 2021. vol. 81. no. 9. p. 843. doi:
10.1140/epjc/s10052-021-09639-y. 62. H. Tian et al. “ Significant improvement of thermal and
tribological performance with polyimide as the matrix of paper - based friction materials,” Polym.
Compos. 2022. vol. 43. no. 4. pp. 2303-2317. doi: 10.1002/pc.26541. 63. G. Sayeed Ahmed., S. Algarni.
“Design, Development and FE Thermal Analysis of a Radially Grooved Brake Disc Developed through
Direct Metal Laser Sintering,” Materials. 2018. vol. 11. no. 7. p. 1211, Jul. doi: 10.3390/mal11071211.
64. X. Liu et al., ‘3D Hydrogel Evaporator with Vertical Radiant Vessels Breaking the Trade - Off
between Thermal Localization and Salt Resistance for Solar Desalination of High - Salinity,” Adv.
Mater. 2022. vol. 34. no. 36. p. 2203137. doi: 10.1002/adma.202203137. 65. S. Polenz et al.
“Development of a System for Additive Manufacturing of Ceramic Matrix Composite Structures Using
Laser Technology,” Materials. 2021. vol. 14. no. 12. p. 3248. doi: 10.3390/mal4123248. 66. R. Gupta.,

115



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

S. Sharma., T. Nanda., O. P. Pandey. “Wear studies of hybrid AMCs reinforced with naturally occurring
sillimanite and rutile ceramic particles for brake-rotor applications,” Ceram. Int. 2020. vol. 46. no. 10. pp.
16849-16859. doi: 10.1016/j.ceramint.2020.03.262. 67. P. Samal., P. R. Vundavilli., A. Meher., M. M.
Mahapatra. “Recent progress in aluminum metal matrix composites: A review on processing, mechanical
and wear properties,” J. Manuf. Process. 2020. vol. 59. pp. 131-152. doi: 10.1016/j.jmapro.2020.09.010.
68. V. Saravanan., P. R. Thyla., S. R. Balakrishnan. “A low cost, light weight cenosphere—aluminium
composite for brake disc application,” Bull. Mater. Sci. 2016. vol. 39. no. 1. pp. 299-305. doi:
10.1007/s12034-015-1134-2. 69. A. A. Adebisi., Md. A. Maleque., Q. H. Shah.“Performance assessment
of aluminium composite material for automotive brake rotor,” Int. J. Veh. Syst. Model. Test. 2014. vol.
9. no. 3/4. p. 207. doi: 10.1504/IJVSMT.2014.066501. 70. A. Jayaraj., Ch. V. K. N. S. N. Moorthy., V. S.
N. Venkataramana., S. Jaikumar., V. Srinivas. “Corrosion, mechanical and thermal properties of
aluminium alloy metal matrix nano composites (AA-MMNCs) with multi-walled carbon nanotubes,” SN
Appl. Sci. 2020. vol. 2. no. 7. p. 1259. doi: 10.1007/s42452-020-3081-9. 71. F. M. Firouz., E. Mohamed.,
A. Lotfy., A. Daoud., M. T. Abou El-Khair, “Thermal expansion and fatigue properties of automotive
brake rotor made of AlISi—SiC composites,” Mater. Res. Express. 2020. vol. 6. no. 12. p. 1265d2. doi:
10.1088/2053-1591/ah6129. 72. S. Sharma., T. Nanda., O. P. Pandey. “Heat treatment T4 and T6 effects
on the tribological properties of sillimanite mineral-reinforced LM30 aluminium alloy composites at
elevated temperatures,” Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2022. vol. 236. no. 5. pp. 946-959.
doi: 10.1177/13506501211036543. 73. A. A. Alnaqi., S. Kosarieh., D. C. Barton., P. C. Brooks., S.
Shrestha. “Material characterisation of lightweight disc brake rotors,” Proc. Inst. Mech. Eng. Part J. Mater.
Des. Appl. 2018. vol. 232. no. 7. pp. 555-565. doi: 10.1177/1464420716638683. 74. F. Ahnmad., S. H. J.
Lo., M. Aslam., A. Hazig. “Tribology Behaviour of Alumina Particles Reinforced Aluminium Matrix
Composites and Brake Disc Materials,” Procedia Eng. 2013. vol. 68. pp. 674-680. doi:
10.1016/j.proeng.2013.12.238. 75. A. Daoud., M. T. Abou El-khair. “Wear and friction behavior of sand
cast brake rotor made of A359-20vol% SiC particle composites sliding against automobile friction
material,” Tribol. Int. 2010. vol. 43. no. 3. pp. 544-553. doi: 10.1016/j.triboint.2009.09.003. 76. D. Tan
et al. “Evaluation of the wear resistance of aluminium-based hybrid composite brake discs under relevant
city rail environments,” Mater. Des. 2022. vol. 215. p. 110504. doi: 10.1016/j.matdes.2022.110504. 77.
L. Jiang et al. “Fabrication, microstructure, friction and wear properties of SiC3D/Al brake
disc—graphite/SiC pad tribo-couple for high-speed train,” Trans. Nonferrous Met. Soc. China. 2019. vol.
29. no. 9. pp. 1889-1902. doi: 10.1016/S1003-6326(19)65097-1.

78. S. Panchenko., J. Gerlici., G. Vatulia., A. Lovska., V. Ravlyuk., J. Harusinec. “Studying the load of
composite brake pads under high-temperature impact from the rolling surface of wheels,” EUREK A Phys.
Eng. 2023. no. 4. pp. 155-167. doi: 10.21303/2461-4262.2023.002994. 79. H. Nakanishi. “Development
of aluminum metal matrix composites (Al-MMC) brake rotor and pad,” JSAE Rev. 2002. vol. 23. no. 3.
pp. 365-370. doi: 10.1016/S0389-4304(02)00203-5. 80. N. Kalel., B. Bhatt., A. Darpe., J. Bijwe. “Role
of binder in controlling the noise and vibration performance of brake-pads,” Proc. Inst. Mech. Eng. Part
J. Automob. Eng. 2023. vol. 237. no. 13. pp. 3200-3213. doi: 10.1177/09544070221123729. 81. Z. Guo.,
J. Zuo., J. Ding., X. Wang. “Friction Coefficient Characteristics of Typical Subway Brake Shoes and
Brake Pads in Service,” J. Phys. Conf. Ser. 2023. vol. 2542. no. 1. p. 012007. doi: 10.1088/1742-
6596/2542/1/012007. 82. H. Yavuz. “An Experimental Case Study on The Comparison of The Use of
Micronized Quartz and Alumina in Brake Pads,” Tiirk Doga Ve Fen Derg. 2023. vol. 12. no. 3. pp. 9-14.
doi: 10.46810/tdfd.1291333. 83. S. Y. Zhang., S. G. Qu., Y. Y. Li., W. P. Chen. “Two-body abrasive
behavior of brake pad dry sliding against interpenetrating network ceramics/Al-alloy composites,” Wear.
2010. vol. 268. no. 7-8. pp. 939-945. doi: 10.1016/j.wear.2009.12.004. 84. S. Wang, Z. Yu, J. Wang, and
S. Chen, “Research on CNN-LSTM Brake Pad Wear Condition Monitoring Based on GTO Multi-
Objective Optimization,” Actuators. 2023. vol. 12. no. 7. p. 301. doi: 10.3390/act12070301. 85. A. A.
Agbeleye., D. E. Esezobor., S. A. Balogun., J. O. Agunsoye., J. Solis., A. Neville. “Tribological properties
of aluminium-clay composites for brake disc rotor applications,” J. King Saud Univ. - Sci. 2020. vol. 32.
no. 1. pp. 21-28. doi: 10.1016/j.jksus.2017.09.002. 86. O. Kliuiev., V. Makarenko., Y. Mieshkov., O.
Voitovych. “Experimental studies of truck transport brake pads materials friction properties,” Collect. Sci.

116



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

Works State Univ. Infrastruct. Technol. Ser. Transp. Syst. Technol. 2023. no. 41. pp. 35-44. doi:
10.32703/2617-9059-2023-41-3. 87. W. Osterle and I. Urban, “Friction layers and friction films on PMC
brake pads,” Wear. 2004. vol. 257. no. 1-2. pp. 215-226. doi: 10.1016/j.wear.2003.12.017. 88. S.
Venugopal, L. Karikalan., R. Kumar. “Experimental Investigations on the Effect of Reinforcement
Coating on Magnesium Composites for Automotive Brake Pad,” Adv. Mater. Sci. Eng. 2022. vol. 2022.
pp. 1-9. doi: 10.1155/2022/7604681. 89. B. |. Darmawan., K. Iwan. “ANALISIS LAJU KEAUSAN
BRAKE PAD TERHADAP DISC BRAKE KERETA LISTRIK LRV SERI 1100,” J. Konversi Energi
Dan Manufaktur. 2023. vol. 8. no. 2. doi: 10.21009/JKEM.8.2.4. 90. F. Karaca., E. Unal., I. Can.
“Investigation of braking performance and thermal effect of sintering of brake pads with A1203 additive,”
Therm. Sci. 2022. vol. 26. no. Spec. issue 1. pp. 67—73. doi: 10.2298/TSCI22S1067K. 91. P. Biswas., M.
K. Mondal. “Evaluation of a Cast Al-Mg2Si Composite for Automobile Disk-Brake Rotor Application,”
J. Mater. Eng. Perform., Oct. 2023, doi: 10.1007/s11665-023-08760-1. 92. X. Zhang et al., “Tribological
Properties of Laminate Composite Brake Material for High-Speed Trains,” Tribol. Trans. 2022. vol. 65.
no. 4. pp. 579-591. doi: 10.1080/10402004.2022.2057376. 93. F. Syndk., L. Jakubovicova., M. Klacko.
“Impact of the Choice of Available Brake Discs and Brake Pads at Different Prices on Selected Vehicle
Features,” Appl. Sci. 2022. vol. 12. no. 14. p. 7325. doi: 10.3390/app12147325. 94. S. Kerrouz., T.
Tamine., M. Bouchetara. “Numerical Simulation of the Elastic Behavior of the Automotive Brake Disc
in Dry Sliding Contact With the Pads,” WSEAS Trans. Appl. Theor. Mech., vol. 17, pp. 215-225, Dec.
2022, doi: 10.37394/232011.2022.17.26. 95. A. Karnik., M. D. Gudela., A. Sawant., S. M. Auti.
“Numerical Analysis of Different Design Iterations of a Brake Disk,” presented at the Automotive
Technical Papers, Jan. 2021. pp. 2020-01-5215. doi: 10.4271/2020-01-5215. 96. M. H. Pranta., M. S.
Rabbi., S. C. Banik., M. G. Hafez., Y.-M. Chu. “A computational study on structural and thermal behavior
of modified disk brake rotors,” Alex. Eng. J. 2022. vol. 61. no. 3. pp. 1882-1890. doi:
10.1016/j.aej.2021.07.013. 97. B. Ali. “Finite Element Analysis of Automotive Disk Brake and Pad in
Frictional Model Contact:,” Int. J. Manuf. Mater. Mech. Eng. 2015. vol. 5. no. 4. pp. 32-62. doi:
10.4018/IIMMME.2015100103. 98. X. D. Nong., Y. L. Jiang., M. Fang., L. Yu, C. Y. Liu. “Numerical
analysis of novel SiC3D/Al alloy co-continuous composites ventilated brake disc,” Int. J. Heat Mass
Transf. 2017. vol. 108. pp. 1374-1382. doi: 10.1016/j.ijheatmasstransfer.2016.11.108. 99. P.
Sivaprakasam., E. Abebe., R. Cep., M. Elangovan. “Thermo-Mechanical Behavior of Aluminum Matrix
Nano-Composite Automobile Disc Brake Rotor Using Finite Element Method,” Materials. 2022 vol. 15.
no. 17. p. 6072, Sep. doi: 10.3390/mal5176072. 100. M. Nouby., K. Srinivasan. “Simulation of the
structural modifications of a disc brake system to reduce brake squeal,” Proc. Inst. Mech. Eng. Part J.
Automob. Eng. 2011. vol. 225. no. 5. pp. 653-672. doi: 10.1177/2041299110394515.

Adpaa XatTab, Yaba Denpxo, Minkobll, YTropumHa

AJIBTEPHATUBHE 3ACTOCYBAHHS AJIIOMIHIEBUX MATPUYHUX
KOMITO3UTIB JJIs1 TAJIBMIBHUX JUCKIB

AuoTtauisi. V yvomy o2nadi nimepamypu po3enaoacmvcs MOMCIUGICHIL GUKOPUCAHHSA AIOMIHIEBUX
mampuunux komnosumie (AMK) samicmo 36uuaiinoeo cipozo 4agyna 8 nakemax 2aibMi6HUX OUCKIE.
Kepyrouucy nepesazoro 6invus neckux ma exonoeiunux mpancnopmuux 3acob6ie, AMK npononyiome
KiIbKa nepesas, 6KIOUAYU 3MEHUIEeHY 642y, NOKPAWEHI MEeNnI06i 1acmueocmi, 4y0osy cmilkicms 0o
KOpo3ii ma onmumizosany cucmemy pyunysans. [locniosxcenns oituwinu euchosky, wo AMK mooxcyms
smenwumu 6azy 00 60% nopieHAHO 3 YAGYHOM, WO NPU3OOUMb OO0 NOCMYNOE020 NIOGUIYEHH
nPOOYKMUSHOCMI 2a3y ma YnpaeiiHus asmomobitem. Kpim moeo, wo 6iH O0emoHcmpye u4yoosy
menionposionicmy i MeHule menioge 30iIbUleHHs, 8iH NPU3B0OUNTL 00 KPAU020 PO3CIIO8AHHS Menaa ma
smenutye Hebesneky Oeopmayii ma posmpickyeanna. Ilepeeaza BUKOPUCMAHHA —KePAMIYHUX
niocumosauig, sxi exmouaioms SiC, ALO;z i BsC, nonseae ¢ momy, wo 60HU MONICYMb RIOGUUUMU
cmitikicms 00 nowkooxcenb AMK, wo npuzeooums 00 Ginbul mpueanrozo mepminy Ciyicou 2anbMigHUX
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ouckie. OQ2ns0 oxonnioe pisni enemenmu po3podku 2anbmienozo oucka AMK, nowunaiouu 3 eupobnuuux
cmpameczitl (umMms 3 nepeMiuly8anHaM, TUMmsa 3 NePeMiULyBaHHAM 3a OONOMO20I0 YIbMPA38yKy ma
Umms ni0 MUcK), AKi € ROMYACHUMU MEXHON02IAMU 0I5l BUPOOHUYMBA HAO3BUYALIHO XOPOWUX OUCKIE
AMK, nomim mennosi xapaxmepucmuxu, SKi € MAKUMU GAJICTUGUMU UYepe3 iX MenIonpogioHicms,
Mennose po3uUpents ma po3cilogants Menia 6 3a2aibHOMY YUKIL eKCHIyamayii 2antbMieHo20 OucKd,
napewmi, Tpubonoziuni nOKA3HUKYU GNIUEAIOMb HA HABAHMAICEHHS Yepe3 WBUOKICb KOB3aHHA md
wopcmkicms nosepxHi Ha 3noc ma mepms ouckie AMK. Cymicnicmb eanbMigHux KOIOOOK HACMITbKU
8adICIUBA O CUCIEM MePMsl, Wo GUOID 8IONOGIOHUX MAMEPIAN6 2aNbMIGHUX KOIOOOK, HANPUKIAO, SIKI
micmams  neazbecmogi  opeaniuni  (HAO)  peuoeunu, Mmoodce onmumizyeamu —eKCniyamayitiny
npoodyxmugnicms ouckie AMK. L{i xapakmepucmuku mModcymov Oymu npoananizo8ami 064uciio8aIbHuM
WUTIAXOM BUKOPUCIIAHHSA OYIHKU KIHYeSUX eNeMeHmie ma PisHux 4uceibHux Memoois Ol NPOSHO3Y8aAHHs
meniogoi ma mexauiunoi nosedinku canrvmisHux ouckie AMK. B oensoi niokpecioemscs, wo AMK
36epizaloms BeUKi NePCNeKmusy K SUPOOHUYMEO 2aTbMIGHUX OUCKIE HACMYNHOI epu, NPOnOHyIOHU
6ananc 3HUIICEHHsT 8a2U, CMYNIHYACIUL MEPMOKOHMPOL | 6inbul 6uciony 3nococmiikicmy. Heobxioni
nooanbi  QOCIIONCEHHT Mad B0OCKOHANEHHs Ol ONmuMizayii CcKiady cmpykmypu, cmpameii
BUPOOHUYMEA MA CYMICHOCHI 2ATbMIBHUX KOTOOOK 0151 NOKPAWEHHs eKchiyamayiiuHux nokaznuxkie AMK
8 2a/Ib MIBHUX KOHCIMPYKYISX.

Kuarouosi ciioBa: canvmisni oucku, amominiesi mampuuni xomnozumu (AMK); mpubonozis; 2anvmisni
KOMOOKU.
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Abstract. In the research we provide a brief overview of the context of the topic, starting from the issues
of energy efficiency and environmental awareness and sustainable development, through the positive
properties of alternative forms of processing such as diamond burnishing, to the examination of the
surface finish, which plays a key role in the relationship between surface quality and diamond burnishing.
In the first chapter of this paper, the science of sustainable development, industrial ecology and its
different systems models are presented, leading to the three pillars of sustainable development. In the
same chapter, we touch on the relationship between energy- and eco-efficiency, their characteristics,
recent research results and impacts. We present the dimensions and material quality of the test piece on
which the tests were carried out. This will be followed by a description of the technological characteristics
of the turning and diamond-burnishing processes. The characteristics and usefulness of the Abbott-
Firestone curve are listed, and the improvement factors and K-coefficients are calculated. In the third
section, experimental results are presented by examining the data of the Abbott-Firestone surface curves,
which are presented using both the improvement factors and the K-coefficients to draw conclusions by
examining the different technological parameters. We conclude our study by summarizing the results of
our research.

Keywords: energy efficiency; sustainable development; slide diamond burnishing; surface finish.

1. Energy efficiency issues
1.1. About sustainable development

Industrial ecology, also known as the science of sustainability, is primarily
concerned with the harmonisation of natural and industrial systems, based on a wide
range of objective information on the performance of and interrelations between the
two systems [1]. Its history goes back to the middle of the 20th century, when a
report published in 1972 predicted unsustainable demand and production, a
worldwide increase in pollution, depletion of natural resources, widespread
malnutrition, and a growing world population [2]. In 1987, the report of the
commission chaired by Gro Harlem Brundtland defined sustainable development as

development that meets the needs of the present without compromising the ability
© Sz. Smolnicki, G. Varga, 2024
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of future generations to meet their own needs [3]. Then in 1989, Schaltegger and
Sturm examined sustainable development in an eco-efficiency approach, the idea
being that goods and services are of greater value if they produce less waste and
pollution [4]. The 1992 United Nations Conference on Environment and
Development in Rio de Janeiro produced the “Agenda 21” report, one paragraph of
which stated that 'achieving the goals of environmental quality and sustainable
development will require efficiency in production and changes in consumption
patterns, with a focus on optimising resource use and minimising waste' [5].

Industrial ecology is thus how humanity can approach and maintain
consumer needs in the face of continuous economic, cultural, and technological
development; while the concept requires that an industrial system be considered in
harmony with, rather than in isolation from, its surrounding systems [1]. Its essence
can be illustrated by presenting three different system models, as shown in Figure 1.
Type | is a linear system, where resources are implanted in unlimited quantities,
which are disposed of as waste after use. In a Type Il system, on the other hand,
internal cycles are created and there will be significant internal reuse of materials,
so that the amount of material entering and leaving the system can be limited. In a
Type I system, full material cycling is achieved, where only energy input is
required [1].

Typel
Unlimited System Unlimited sinks
resources ! for waste
Type II
~ Energy and System Limited
limited resources waste
Type III
Energy System

Figure 1. Industrial ecology system types [6]

Sustainable development is not a recent concept, but its achievement still seems very
far away even today. The reasons for this are to be found in its three pillars, as shown
in Figure 2. Aligning society, the environment and the economy is not easy, and
changes in any one of them can upset the balance, because development wants to be
liveable, equitable and eco-efficient at the same time.
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Figure 2. The three pillars of sustainable development [7]

1.2. From energy efficiency to eco-efficiency

The eco-efficiency of a process resolves an apparent contradiction through
appropriate innovations and approaches: it "seeks development that allows for an
increase in well-being for all while reducing the use of nature” [1].

The reasons for pursuing eco-efficiency are summarised in the following list [8, 9]:

to attract the attention of companies by encouraging them to innovate,

to encourage innovation to stimulate innovation, to overcome market failures,

external costs, public goods provision, information, and adaptation gaps,

generate knowledge about likely resource efficiency gaps and potential areas for

improvement,

create and stabilise demand for environmental improvements,

levelling the playing field in transition periods between technological development

paths,

increasing the likelihood of a new direction of technological development,

maintaining the policy function of more stringent measures in cases where the state

of the environment continues to deteriorate, or new negative external costs emerge.
Eco-efficient perceptions are also leading companies to rethink quality. By

recycling and reusing materials that were previously accepted as by-products in

processes, they unleash the power of innovation and quality management, for

example in waste management, so that the redistributed knowledge base can be used

in the actual production itself, as a by-product of change, such as the replacement or

reuse of production inputs, increased process yields, careful monitoring and

maintenance, and product improvement [10].

121



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

To summarise, seven essential guidelines for eco-efficiency can be
distinguished [11]:
reducing the material intensity of goods and services,
reducing the intensity of goods and services,
reducing the dispersion of toxic substances,
reduce the recyclability of materials,
maximise the sustainable use of renewable resources,
extend the durability of products,
increase the service intensity of products.

In addition to these guidelines, indirect elements such as a new perspective
on human needs and quality of life, recognition of the capacity limits of ecosystems,
and the continuous development of the concept to reflect its dynamic nature are also
important [10].

The environmental equivalent of the concept of zero defects in quality
insurance is nothing less than zero emissions of hazardous or potentially hazardous
substances from a facility or product. Although this is almost impossible, the eco-
efficient approach seeks to minimise waste emissions [11]. Practice shows that these
guidelines are often in sync with consumer needs, as the size of electronic devices
tends to decrease with the development of computing, while the proliferation of
digital storage devices (flash drives, hard disks) will eventually eliminate paper-
based documentation.

The standard DIN EN 1SO 14045 deals with the assessment of eco-
efficiency, an approach that can be applied to the assessment of the relationship
between certain economic values and the environmental impact of manufacturing
processes and systems. The assessment consists of five phases [12, 13]:

(1) definition of purpose and scope,

(2) environmental assessment,

(3) product system value assessment,
(4) quantification of eco-efficiency and
(5) interpretation.

The purpose and scope statement (1) defines the purpose of the eco-
efficiency evaluation, the target audience, and the intended use of the results. The
environmental assessment (2) is used to determine the potential environmental
impact of the product system. The product system value assessment (3) considers
the whole life cycle of the product system by assessing the value or desirability of
the functional, monetary or other values assigned. In quantifying eco-efficiency (4),
the ratio between the results of the environmental assessment and the assessment of
the value of the product system is determined in accordance with the definition of
the objective and scope [12, 13]. However, the perspective from which the ratio of
environmental impact to product quality is ultimately interpreted (5) may differ.
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Some research refers to eco-efficiency as eco-productivity, since many
economists consider the environment (including natural resources) as a factor of
production, and thus formulate eco-productivity as the welfare output of goods and
services per unit of environment consumed [14]. The inverse of this, eco-intensity,
is closer to the engineering approach, and refers to the use of natural resources per
unit of welfare output [1].

Nor are the basic concepts of thermodynamics true in this case, since market
conditions are determined by people's capricious preferences (e.g. a torn pair of jeans
is more valuable than a spotless pair), which therefore changes the demand function
and prices. Furthermore, since companies link their performance evaluation to
environmental performance, it is worthwhile to choose a measure of eco-

productivity in terms of <22 or L2247 114],
kg kg

2. Surface machining and roughness measurement
2.1. Characteristics of the test piece

After a theoretical overview, we now turn to the experiments, for which a
special axial part designed for this purpose was machined, the technical drawing of
which is shown in Figure 3. The part was designed with six cylindrical surfaces
where measurements can be taken and was manufactured on machine tools at the
workshop of the Institute of Manufacturing Science of the University of Miskolc. A
total of four pieces were made.
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Figure 3. Technical drawing of the test specimen

MSZ EN ISO

The material used for the machining was austenitic stainless chromium-
nickel steel alloy with a fabricated structure, designated 1.4307 (further
designations: X2CrNil8- 9/304L/S30403), which has good corrosion resistance
properties and is well suited to cold forming and welding. Due to its excellent anti-
fouling properties, resistance to oxidation and easy cleanability, it is often used for
food processing equipment (brewing, dairy, wine making), kitchen equipment and
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appliances and chemical equipment (containers, heat exchangers, soap making). Its
chemical composition is summarised in Table 1 [15].
Table 1. Chemical composition (at 20 °C) - DIN 10088-1:2005 [15]

Element Fe C Si Mn P S N Cr Ni
% 66.8- <0.03 1 2 0.045 0.015 <0.11 17.5- 8-
71,3 195 105

The yield strength of an alloy R,,,, = 210 MPa; its tensile strength R,,, =
520 — 700 MPa, while its elongation at break is A > 45%. Its density p =
7.9 kg/dm3, its hardness is 160 — 190 HB.

2.2. Features of turning

Machining started with sawing the parts to size, then continued with the
centre hole on the left side of the part and the machining of the diameter for the
clamping on the EU-400-01 lathe. This was followed by longitudinal turning in
=@50 mm, and then the plunge-cutting starting from the right end of the part every
22 mm.

The technological parameters of the lathe were set up as follows for the
surfaces to be measured:

m
o v, =13875[%]; f =005 20—

In total, 24 surfaces (4 test pieces, 6-6 surfaces per test piece) were turned under the
same conditions.

mm

2.3. Features of diamond burnishing

Diamond burnishing used to replace low productivity and costly machining

operations (grinding, mirror finishing, polishing) as a finishing operation for high
precision and low roughness working surfaces. The advantage of diamond tools is
that they have a very low coefficient of friction when friction is applied to metal
surfaces, which allows the surface to be polished to low roughness [16].
After turning, the test pieces were not immediately machined by diamond
burnishing, but roughness measurements were taken beforehand to compare them
with the results of diamond burnishing to obtain a more accurate picture of the
effectiveness of diamond burnishing. The methodology of the comparison and the
roughness measurements are described in the following chapters.

The diamond burnishing was carried out using the same EU-400-01 type
EU-400-01 lathe with a clamped burnishing tool. The head of the burnishing tool
was a single-grain diamond, and the machining conditions are schematically
illustrated in Figure 4 [17]. In the figure, 1 is the workpiece, 2 the burnishing tool, 3
the burnishing insert, 4 the tool clamp and 5 the diamond tip.

124



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

—_
<
-
—_—

el Sl |

\

i A

=

_I_-I_%lL
A—A—A—H

Figure 4. Schematic diagram of diamond burnishing [17]
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During surface burnishing, the reduction of surface roughness and the
hardening of the surface layer is caused by the sliding friction between the diamond
tool and the workpiece surface, which is much harder than the material to be
machined [18].

The technological data for diamond burnishing were different for each
surface, which were the result of combinations of rate of rotation, feed rate and
burnishing force exerted by the burnishing tool. These combinations are summarised
in Table 2. The marking of the surfaces was grouped by hexadecimal using the test
pieces. Two calculated values were also added to the table, the burnishing speed —
formula (1) — and the machining power — formula (2).

v,,=d-n-n[%] Q)
P=F-uv, 2

Table 2. Technological data for diamond burnishing

Serial Nr.  f [%] n [ﬁ] v, [?] F(N) PW)

1-1 0.05 265 0.6938 120 83.25
1-2 0.05 265 0.6938 100 69.38
1-3 0.05 265 0.6938 80 55.50
1-4 0.05 265 0.6938 60 41.63
1-5 0.05 265 0.6938 40 27.75
1-6 0.05 265 0.6938 20 13.88
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2-1 0.1 265 0.6938 120 83.25
2-2 0.1 265 0.6938 100 69.38
2-3 0.1 265 0.6938 80 55.50
2-4 0.1 265 0.6938 60 41.63
2-5 0.1 265 0.6938 40 27.75
2-6 0.1 265 0.6938 20 13.88
3-1 0.05 375 0.9817 120 117.81
3-2 0.05 375 0.9817 100 98.17
3-3 0.05 375 0.9817 80 78.54
3-4 0.05 375 0.9817 60 58.90
3-5 0.05 375 0.9817 40 39.27
3-6 0.05 375 0.9817 20 19.63
4-1 0.1 375 0.9817 120 117.81
4-2 0.1 375 0.9817 100 98.17
4-3 0.1 375 0.9817 80 78.54
4-4 0.1 375 0.9817 60 58.90
4-5 0.1 375 0.9817 40 39.27
4-6 0.1 375 0.9817 20 19.63

2.4. Measurement of surface roughness

The concept of surface quality encompasses the deformations, roughness and
waviness of the machined surface [19]. In the following, the main 2D and 3D
roughness metrics are presented, so that we can then compare the individual
characteristics based on certain considerations. These are given in micrometres.
The characteristics of the Abbott-Firestone Curve (AFC) are described in ISO
13565, which divides the surface curve into peak, core and valley zones [20].
Accordingly, there are three surface roughness characteristics that provide
information on the material content of the surface. These are:

* R,: core roughness depth
* Ry reduced peak height
* R,x: reduced valley height
As shown in Figure 5, each parameter is a projection of the material
portion curve. The core roughness depth of the profile is obtained where the slope
of the barrel surface curve is the smallest. This forms the peak zone to the left and
the valley zone to the right, which have a significant slope
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Figure 5. Abbott-Fireston Curve parameters for 2D case [20]

Due to the sensitivity to outliers, and parameters R,, and R, can be
considered as reduced values of the R, and R,, characteristics. The peak zone
and the are the initial material portion values of the valley zone in percent. The small
value of the former and the large value of the latter represent the ideal load-bearing
capacity of the machined surface [20]. These characteristics provide information
about the subsequent load-bearing capacity of the machined parts [21].

The history of 3D surface characterization dates to the 1980s, when K.J.
Stout and his team at Coventry Polytechnic developed a hardware system and
supporting software that became the prototype for the first commercially available
software package by providing a wide range of surface visualization techniques. The
development of the technology did not go smoothly, as instrument manufacturers
believed 3D topography was a 'scientific curiosity' and had no place in industry [22].
After initial wing-boning, the next milestone came in 1990 when, with the support
of the European Community, a report of more than 300 pages was published by the
University of Birmingham, which proposed the use of 14 3D surface roughness
parameters describing the functional, spatial and amplitude properties of the surface.
The first touch probe manufacturer was Somicronic, which made a wide range of
parameters available on its system. The 'Birmingham 14' parameters were then
installed on Somicronic's 3D surface tester in 1996, which included a standard file
format that could be transferred to other computer systems [22]. In parallel with
European research, advances were also being made in the USA, notably in the
development of optical interferometric systems. The main instrument manufacturers
were WYKO and ZYGO, whose instruments were capable of extremely fast 3D
surface measurements for the capabilities of the time, using techniques such as
vertical scanning interferometry or extended range interferometry, while achieving
sub-nanometre resolution. At the beginning of the 2000s, instruments using
triangulation and confocal techniques began to appear, for example from a company
called Scantron [22].

The parameters of the Abbot-Firestone curve are effective for tribological
applications [23]. Here, too, the setting of the correct parameters during
measurement is crucial [24]. The characteristics of the previously described 2D
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Abbott-Firestone curve can also be investigated in the 3D case. For 3D features,
Heidari and Yan presented a similar diagram (Figure 6) [25].
These are as follows:
* S;.: core height
* Spk: reduced peak height
* S, reduced valley height

‘Z
Spkx:

Equivalent

Sk straight line

Svk

.« »ra

0 20 40 60 8  100%
Figure 6. Definition of parameters Sy, S and Sy, in a bearing area curve [25]

As in the 2D case, the S,,,-; characteristic defines the boundary between the
peak zone and the core zone, while the S,,,,, portion of material defines the boundary
between the core zone and the valley zone.

The surface roughness was measured with an AltiSurf®520 roughness
measuring device, located in the Metrology Laboratory of the Institute of
Manufacturing Sciences of the University of Miskolc. The measuring machine can
move along three perpendicular x-y-z motorised DC axes at 200 mm per axis. Its
maximum speed is 40 mm/sec, up to a scale of 0.1 um [26].

A detailed analysis of the surface topography was performed using the
AltiMap software provided with the measuring machine. Among several sensors of
the machine, the non-contact interferometric triangular laser was used.

2.5. Calculation of the improvement factors

The improvement factors are used to look for parameters of diamond
burnishing where, in addition to the machining being adequate in terms of energy
efficiency, the greatest improvement in surface quality after turning was achieved
with diamond burnishing.

The required improvement factor is calculated using equation (3), which is
a percentage value that gives the improvement in surface quality due to diamond
burnishing. This is necessary because the turning process produces surfaces of
different quality, which are the starting points for diamond burnishing. The formula
is a generalisation formula, with the 'x' replacing the letters 'R" used for 2D surface
finishes and 'S’ for 3D finishes, and the 'y' generalising the subscripts for the different
gauge types.
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IX,

X .t . -X b ishi
— Z2yiturning =4 y;burnishing | 100 [%] (3)
Xy;burnishing

2.6. Calculation of K-coefficients

The values of the individual features of the Abbott-Firestone curve do not
necessarily give an indication of the quality and properties of the surface, but their
relative values, their ratios, their percentage distribution may be of more interest in
the context of diamond burnishing. For this purpose, so-called K-coefficients are
calculated using the formulas (4)—(9) [27].

Kgy = m 4
Krpie = ,W:p% ®)
Krok = m (6)
Kg = M;ﬁ (7)
Kspr = Sk'i-;:ﬁ 8
Koo = SkJr;:ﬁ 9)

For example, formula (4) illustrates in percentage form the core roughness
depth (Ry) of the roughness profile (Ry + Ry + Ry ) With respect to the total
roughness profile.

3. The analysis of the abbott-firestone curve

3.1. Improvement factors for the surface roughness
characteristics of the abbott-firestone curve

The repeatedly mentioned Abbott-Firestone curve characteristics are plotted
as a function of feed rate, burnishing speed and burnishing force for comparison with
the improvement factors calculated in the previous chapter. To better follow the
plots, trend lines were plotted for each data point set, which resulted in mostly
similar curves.

In the graphs of the core part of the roughness profile (Figure 7), the
magnitude of the improvement factor increases steadily with increasing burnishing
force until it reaches a maximum point from which it starts to decrease. This is
consistent with our previous observations for the other surface roughness metrics.
The plots - especially the plot analysing the 3D parameter - also show that for the
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same burnishing rates (red-blue and green-yellow trend lines) the maximum position
of the curves, i.e. the burnishing force, is the same, but they differ only in the values
of the improvement factor.
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Figure 7. Improvement factor of the core roughness depth as a function of burnishing speed,
feed rate and burnishing force, a) 2D case b) 3D case

The improvement factors of the reduced peak height show a much larger
variation depending on the variation of the technological parameters (Figure 8). The
reduced peak height represents the top of the profile, proportional to the material
portion of the core zone and the valley zone. This factor is better evaluated only for
the 3D case, as the 2D data did not give a valuable picture of the subject. It can be
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observed that at the minimum feed rate and burnishing speed (blue trend line), the
improvement factor increased steadily with increasing burnishing force, whereas at
the maximum values of these parameters (green trend line), increasing burnishing
force even worsened the peak part of the roughness profile over time. On the other
hand, for the minimum-maximum combination of values (red, yellow trend lines),
the improvement factor was again at its maximum value, with a similar slight
improvement above 70-80 N of burnishing force.
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Figure 8. Improvement factor of the reduced peak height as a function of burnishing speed,
feed rate and burnishing force, a) 2D case b) 3D case
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As with the peak section, the improvement factors in the valley portion of
the Abbot-Firestone curve varied quite a bit with changes in process parameters
(Figure 9). The valley portion of the barrel surface provides feedback from the
deepest layers of the surface. As in the peak part of the profile, again relying only on
the 3D metric, it can be observed that increasing the burnishing force first has a
negative effect on the improvement factor (negative values also occur), while
reaching a minimum point, the highest burnishing forces already improve the valley
part of the barrel surface curve to a large extent. From this, therefore, we can draw
the important conclusion that the deepest "valleys" on the surface are in fact only
reduced by diamond burnishing when sufficiently high forces are applied.
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Figure 9. Improvement factor of the reduced valley height as a function of burnishing speed,
feed rate and burnishing force, a) 2D case b) 3D case

3.2. K-coefficients of the surface roughness characteristics of the
abbott-firestone curve

The K-coefficients calculated in the previous chapter are plotted as a function
of the burnishing force in the following figures. First, let us consider the core
roughness depth to the roughness profile, as shown in the 2D and 3D cases in Figure
10. In both dimensions, similar conclusions can be drawn from the plotted trend
lines, as diamond burnishing after turning has reduced the proportion of this part in
the surface profile by 10-20% except for the smallest burnishing force. It is also seen
that the ratio has a minimum at 60 and 80 [N], from where the ratio starts to increase
with further increase of the burnishing force. This suggests that too high and
burnishing force no longer improves the surface quality.
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b)
Figure 10. Percentage of the core roughness depth of the roughness profile in the Abbott-
Firestone curve as a function of the burnishing force, a) 2D case b) 3D case

And if we recall formula (2), where the power requirement for diamond
burnishing was calculated as the product of the burnishing power and the burnishing
speed, we can see that in this case, lower burnishing power not only requires better
surface quality, but also lower power, which is a clear objective in terms of
sustainability and energy efficiency. Following the core part, the reduced peak height
of the roughness profile was investigated, as shown in Figure 11, also for 2D and 3D
cases. We found, as shown in the figures, that the peak portion of the barrel surface
curve was also reduced by 8-10% by diamond burnishing, interestingly just except
for the highest burnishing force. Again, this is positive feedback, as our goal in
diamond burnishing is to reduce this portion, to "fill in" the valley portion of the
roughness profile, thus making the surface more compact. As the lower burnishing
force was also more favourable for the surface quality, the energy efficiency
principles are also satisfied, as lower power requirements resulted in better surface
quality parameters.
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Figure 11. Percentage of the reduced peak height of the roughness profile in the Abbott-
Firestone curve as a function of the burnishing force, a) 2D case b) 3D case

Finally, look at Figure 12, where the ratio of the valley portion of the
roughness profile is examined in 2D and 3D. In contrast to the previous two cases,
our aim is to increase the proportion of the valley section in diamond burnishing,
and as can be seen in the figure, this is achieved in almost all cases, in some cases
improving the proportion by 20%. It can also be seen that, again, the best results are
obtained for the 60-80 [N] burnishing forces, i.e. those where the valley section will
have the highest proportion of the roughness profile. Considering this in the context
of energy efficiency, we can also conclude that it satisfies its principles.
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Figure 12. Percentage of the reduced valley height of the roughness profile in the Abbott-
Firestone curve as a function of the burnishing force, a) 2D case b) 3D case

4. Summary

In the research we provided an overview of the context of the topic, starting
from the issues of energy efficiency, environmental awareness, and sustainable
development. We examined the positive properties of alternative machining
methods, such as diamond burnishing, and looked at the substrate surface, which is
key to the relationship between surface quality and diamond burnishing. In the first
part of the paper, we introduced the science of sustainable development, industrial
ecology, and its various systems models, and then turned to the three pillars of
sustainable development. The relationship between energy and eco-efficiency, their
characteristics and recent research results were discussed. In the next section, we
described the dimensions and material quality of the test specimens that were tested.
The technological characteristics of the turning and diamond-burnishing processes
were then presented. The characteristics and usefulness of the barrel Abbott-
Firestone curves were discussed in detail and the improvement factors and K-
coefficients were calculated. In the third part, we have presented in detail the
experimental results obtained by examining the data of the Abbott-Firestone curves.
Using the improvement factors, we could see from the diagrams of the core part of
the roughness profile that as the burnishing force is increased, the improvement
factor increases steadily until it reaches a maximum point from which it starts to
decrease. By examining the valley part of the profile, we have seen that the deepest
"valleys" in the surface are only reduced by diamond burnishing when a sufficiently
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high force is applied. However, by also looking at the K-coefficient data, we found
that lower burnishing forces often favour surface quality over higher burnishing
forces, which also reduces the power requirements of machining, creating optimal
energy efficiency during diamond burnishing. Our aim was to reduce the peak or
core fraction and increase the valley fraction in diamond burnishing, and as we have
seen in the figures, we have achieved this in almost all cases, in some cases
improving the ratios by 20%. In all cases, the best results were obtained with
burnishing forces of 60-80 [N], with both lower and higher burnishing forces
worsening the ratios. These results therefore fully satisfy the main energy efficiency
guidelines.
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AHAJII3 KPUBOI EBBOTA-®PAMEPCTOYHA HA MOJIIPOBAHIMI
AJIMA3HUM BUTJIA/UKEHHSM ITIOBEPXHI

AHoTauis. YV OocnioxcenHi mu Haoanu 02140 KOHMEKCMY meMu, NOYUHAIUU 3 NUMAHDL
eHepeoehekmueHoOCmi, eKON02IUHOI C8I0OMOCII Ma CMAn020 po3eumky. Mu poszensnyiu no3umueHi
671ACMUBOCTT ATbMEPHATNUGHUX MEMOOi8 00POOKU, MAKUX AK AIMA3HE NOJIPYEAHHS, | 36ePHYIU Y6az2y Ha
NOBEPXHIO NIOKNAOKU, KA € KNIOUOBUM PAKMOPOM Y 63AEMO36'SI3KY MIdiC AKICIMIO NOBEPXHI MA AIMAZHUM
nonipyeannam. Y nepwitl vacmuni cmammi Mu npeocmaguiu HayKy cmaio2o po3gumKy, npomMucilogy
exono2iio ma ii pisui cucmemmui MoOeni, a NOMIM 36ePHYIUCS OO MPLOX CIMOBNIE CMAL020 PO36UMKY. Byno
0062080peHO 83AEMO36'A30K MIdIC eHep2eMUYHOI0 MA eKON02IUHOI0 egheKmuBHicmio, ixHi Xapakmepucmuxu
ma OCMAHHI pe3yibmamu O0CAIONCeHb. Y HACMYNHOMY PpO30iNi MU ORUCAIU POIMIpU ma AKICMb
mamepiany OOCTIOHUX 3pa3Kig, sAKi Oyau eunpoOyeani. Ilomim Oyau npedcmasneni MmMexHono2iuHi
Xapakmepucmuku npoyecié¢ MOYIHMA MA AIMA3H020 euenaddicyeanus. [lemanvho 0062080peHoO
Xapakmepucmuku ma KopucHicms kpusux E66oma-Datipcmoyna, a maxoolc po3paxoeano xoegiyicnmu
noxpawenns ma K-xoeiyicnmu. Y mpemiti vacmuni mu 0emanbHo npeocmasuiu eKCnepumeHmansHi
pe3yrbmamu, OmpumaHi npu eugyenni Oanux kpusux E660oma-Daiipcmoyna. Buxopucmogyiouu
KoeghiyieHmu noiinuents, Mu Mo2nu bauumu 3 2pagixie 0CHOBHOI Yacmunu nPoGINI0 WOPCMKOCMI, WO
31 30IMbWEHHAM CUTU NOJIPYBAHHS KOEDIYICHM NONINUIEHHS] HEYXUTbHO 3POCMAE, NOKU He 00csecHe
MaKcumanbHoi mouku, 3 AKoi 6iH noyunae 3menuwtysamucsa. Buguarouu donunni wacmunu npoghinto, mu
nobayunu, wo Hauenuowi "0onuHu" Ha NOBEPXHI 3MEHWYIOMbCSL 3 QONOMO20I0 AIMAZHO20 NOJIPYEAHHS
BULTIAOHCEHHAM TUULE 30 YMOBU 3ACTNOCY8AHHS 00CUMb 6UcoKoi cuny. OOHaK, npoananisysagui Oami npo
Koeghiyienm K, mu euseunu, wo MeHwii 3ycuiis NONIPYSEAHH YACMO CHPUSOMb NOJINUEHHIO SKOCMI
NOBEPXHI, HINC OLIbW 3YCUNIA, WO MAKONC ZHUICYE EHEPLOCNONCUBAHHS NPU 00poOYi, CMEoprYU
ONMUMANbHY eHepeoeheKmusHicmy nio yac aimasnozo nonipysanns. Hawa wema nonazana 6 momy, wjo6
SMeHWUmy  4acmyy nikie abo cepyeuHu 1 30ibuUMU  YACMKY OOMUHU NPU  ATMAZHOMY
8ULTIAOICYBATLHOMY NONIPYSAHHI, 1, AK MU OAUUMO HA PUCYHKAX, MU OOCA2TU YbO20 Maudice y 6Cix
BUNAOKAX, 6 OeAKUX 6UNAOKAX nokpawuewiu cniggionowenns na 20%. Y ecix eunaoxax naiikpauji
pesyabmamu 6yau ompumani npu cuni npumuckarus 60-80 [H], npuuomy sx menwii, max i 6inowii cuiu
NPUMUCKAHHA NO2IpULyeant cniegionoutents. Takum YunoM, yi pe3yrbmami NOSHICHII0 3a0060NbHAIOMb
OCHOBHUM PEKOMEHOAYISAM 3 eHep2oeheKmueHOCMi.

KumodoBi cioBa: enepeoegpexmugnicme, cmanuii po3eumox, 6U2naodlCy8aibHe aiMasHe NONpPY6aHHsA,
00pOoOKa NOBEPXHI.
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Abstract. The article is aspected to the finite element modelling of stress in subsurface layer of aluminium
alloy workpiece during diamond burnishing process. This cold forming process is a simple, cost-effective
finishing method that can be used to improve surface integrity and provide compressive residual stress.
Available with these, durability and quality enhancement of the components can be reached, but
improperly chosen burnishing parameters can distort the efficiency of the plastic deformation process. In
order to optimize this, a 2D FEM model is created including the real surface integrity of the workpiece
which was measured with AltiSurf 520 surface roughness measuring device. The method is simulated
using DEFORM-2D software, corresponding to the numerical values of burnishing parameters
implemented in practice as well, thereby allowing a comparative analysis with the results of X-ray
diffraction measurement.

Keywords: finite element modelling; diamond burnishing; surface integrity; plastic deformation.

1. Introduction

As a result of the development of engineering technology, new opportunities
and methods are constantly being developed to examine individual material structure
changes. However, most of these are impossible to implement on a low budget,
which is why it is important to study the individual procedures at a theoretical level,
for example using the finite element method, which has already been dealt with in
numerous publications in many machining fields [1-5]. Moreover, in industrial
practice, the quality requirements of parts subjected to fatigue include the value and
distribution of the residual stress near the surface, which can sometimes only be
measured by destructive testing, so FEM is also an ideal solution in this case.

Several researchers have worked on modelling surface hardening processes,
Yen et al. successfully established 2D and 3D models of roller burnishing and even
though the 3D model shown more realistic surface deformation, the refined 2D
model seems to predict the residual stresses better than the 3D model [6]. In the work
of Amini et al., the 3D model of ball burnishing process was created in ANSYS

considering the topography of the initial surface. 3D surface parameters and residual
©V. Ferencsik, 2024
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stresses (in axial and tangential directions) were analysed and the publication also
pointed out that the friction coefficient between the tool and workpiece in the
modelling is not negligible [7]. Felho and Varga also taken into account the original
surface roughness [8], such as Borysenko et al., indeed, in their examination the
diamond tool was scanned and used for the FEM simulation in Advant Edge [9]. The
study of Balland et al. shows the diversity of applicable programs as they used
ABAQUS to investigate the topology of surface with periodic irregularities stressed
by rolling contact [10]. In another work on the same topic [11], they draw attention
to the importance of meshing during the simulation, not only from the point of view
of cost in computing time.

In this paper a 2D FEM model for ball burnishing process is established to
examine the effect of it on the changing of stress conditions. The apply of this
method makes it possible to reduce some or all the high costs of experimental testing.

2. Implementation of surface burnishing

When external cylindrical surfaces are burnished, plastic deformation occurs
as a result of the interaction between the forming element, i.e. the static contact
between the tool and the workpiece, during the sliding friction (Fig. 1). No chips,
sparks or dust are produced during machining, and the need for coolant is minimal
or even eliminated, so environmentally friendly and cost-effective machining can be
realized [11-13].

Normal Force

Ball burnishing tool

Feed

Mean
roughness
(Ra)
Ball \
e, I s
Burnished % | Turned
surface | surface
Residual * i
stress Hardness l:
1
i

Cylindrical Workpiece

Rotation around X axis
Figure 1. Schematic illustration of burnishing treatment [14]

The purpose of its application is to improve the quality of the surface and increase
service life of the component, which is achieved by increasing the hardness of the
sub-surface layer and reducing surface roughness [15, 16].
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In this experiment the burnishing operation was realized on Optimum OPTIturn L-
series 440 flatbed CNC lathe with 3.5 mm radius PCD tool, applying F = 20 N
burnishing force, f = 0.001 mm/rec burnishing feed and v = 15 m/min burnishing
speed and the kinematic viscosity of the applied manual dosing oil was v =70 mm?/s.
The surface of the workpiece was pre-machined by finishing turning set at f; = 0.2
than f, = 0.15 mm/rev.

In addition, before and after burnishing, measuring process of residual stress was
implemented on an X-ray diffraction measuring machine type Stresstech Xstress
3000 G3R, which realizes non-destruction test.

3. Simulation of burnishing process

Finite element model of diamond burnishing treatment was simulated by
DEFORM FE code, creating a 2D model as it has faster runtime, smaller model sizes
and simpler boundary conditions than 3D versions.

The burnishing tool was modelled as a rigid sphere with 3.5 mm radius and the
surface of the workpiece is based on the physical surface. Before burnishing, the real
workpiece was measured on a 4 mm long distance with Altisurf 520 topography
measuring device and the surface points were imported to the code. Since the results
of the preliminary simulations show that the procedure is effective up to 0.15-0.17
mm below the surface, | have set the thickness of the workpiece to 0.2 mm to further
simplify the model.

A critical point in finite element modelling is the decomposition of the workpiece
into mesh elements, since the size distribution of these is a key determinant of the
accuracy of the simulation results. With the reduced test thickness, | was able to
achieve an edge length of 0.02 mm for the four-node mesh elements used near the
surface, with sufficient computation time. The tool and the meshed workpiece are
illustrated in Figure 2.

Figure 2. A section of 2D FEM model of burnishing

As aresult of the burnishing force exerted by the tool, small plastic deformations are
created on and near the surface of the workpiece. To describe these small
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deformations, the points of the flow curve taken experimentally must be
approximated by a function in the finite element space. In the simulations, "power
law" relation provided by the program was used to define the yield stress with
deformation, which is described by formula (1), where & is the flow stress.

g=cee™+y (1)

, Where:

C material constant, c=121,228

£ effective plastic strain,

g effective strain rate,

n strain exponent, n =0,266076

m strain rate exponent, m =1,12487

y initial value y = 50,0003 MPa

The kinematics of the tool was modelled after the real kinematics of the of
the process, according to Stockmann and Putz [17], Rodriguez et al. [18], Felho and
Varga [19]. In the simulation workpiece was fixed at the bottom and sides, firstly
the tool is moved down vertically until it reaches the precalculated indentation depth
[20], then moved to the initial position. Next, the tool is horizontally moved with the
displacement value of the burnishing feed and loads again the surface of the
workpiece. This cycle should be repeated at least 8 times [15, 17, 19], this simulation
has been built accordingly as well.

4. Results and discussion

Configuration shown in Fig. 3 was used to evaluation of the simulation,
where the first contact between the tool and the workpiece can be seen. Since, the
procedure was simplified to two-dimensions, it is not possible to interpret stress in
the tangential direction, only axial stresses (Stress — X) can be examined.
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Figure 3. Changing of stress conditions during the first contact
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As it was mentioned, the process of “loading-unloading-displacement” was repeated
for 8 times and Fig. 4. shows the distribution of the residual stress for each full
loading step according to the 0.001 mm step over distance.
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Figure 4. Changing of stress conditions during the first contact

The results of X-ray diffraction measurement showed that the burnished
surface has between (-88.6) -(-138.6) MPa compressive residual stress. Compared
these values with the FEM simulation results, where this range is between (-38.3) —
(-87.0) MPa, it can be observed that these values match only in the case of first tool
indentation. One of the possible explanations for this could be that a denser mesh
necessary to set and/or the material quality of the workpiece under test is not selected
from the FE program library (Al-6061-O, COLD), but is based on the real value by
examining the real yield strength.

The physical stress measurement does not provide information on how the
residual stress is distributed; this phenomenon can be available at the simulation.
Accordingly, as the burnishing progresses, the compressive residual stress
distribution increases, however, its value changes unfavourably, it relaxes
excessively, which leads to the conclusion that the value of the burnishing feed rate
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is too low. This is significant because by increasing this parameter setting, time and
cost can be saved both in terms of concrete machining and simulation calculation.

Based on this, my future plans definitely include the creation of a more
realistic model to study the effect of the process on the stress conditions at increased
feed rate.
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CKIHYEHHO-EJJEMEHTHHUM AHAJII3 3MIHU HAITPYKEHOI'O
CTAHY NOBEPXHI, BUKJIUKAHOI'O AJIMA3HUM
BUT'JTAJIZKKYBAHHAM

AHortanisn. Cmammio  npucesueno  CKiHUeHHO-eNeMEHMHOMY — MOOENOBAHHIO — HANPYJICEHb Y
nionogepxHesoMy Wapi 3a20MoeKu 3 aNlOMIHIEE020 CNAABY 8 NPOYeci armMa3Ho2o uenaddicyeants. Llei
npoyec Xx0n00H020 (POPMOYMEOPEHHS € NPOCHUM, eKOHOMIYHO eheKMUBHUM MemoOoM 00POOKU, KUl
MOJNCHA  BUKOPUCTNOBYSAMU Ol NOKPAWeHHS YINICHOCMI NOGepXHi ma 3abe3neveHHs 3aIuUuKOSUX
Hanpysicenb CMUcHerHs. 3 HUMU MOJACHA 00CASMU 008208IYHOCTI MA NIOBUWEHHS AKOCMT KOMNOHEHMIS,
ane HenpaguIbLHO NIOIOGPaHi Napamempu BULIAONCYBAHHI MOIHCYNb CHOMBOPUMU eeKMUBHICHb npoyecy
naacmuunoi depopmayii. /s moeo, woo onmumizyeamu ye, cmeoproecmocs 2D FEM-moodens, wjo
BKIIOYAE peanbHy YINICHICMb NOBEPXHI 3a20MOBKU, AKA Oyaa SUMIPAHA 30 OONOMO20I0 NPURady OJis
sumiprosants wopcmrocmi nosepxui AltiSUrf 520. Memoo modenoemocs 3a donomozoro npozpamuozo
sabesneuennsi DEFORM-2D, wo 6ionosidac peanizosanum HA npakmuyi YUCIOGUM 3HAYEHHIM
napamempie 6u2naodICy8anHsA, WO O00360JA€ NPOBOOUMI NOPIGHANLHUL AHANI3 3 pe3yIbmamamu
PEeHmM2eHi6CoKUX — Oupparyitinux — sumiprosanb.  Pesynomamu  penmeeniecoko2o — Ougpaxyitino2o
BUMIDIOBAHHA NOKA3AAU, WO NONIposaHa nosepxus mac 6i0 (-88,6) do (-138,6) Mlla romnpeciiine
sanuwkose Hanpyscenns. [lopisHoouu yi sHauenHs 3 pesynomamamu mooemosanna MCE, de yeil
dianazon snaxooumvcs 6 mevcax (-38,3) —(-87,0) MIla, mosicna nomimumu, wo yi 3nauenns 30i2aiomcs
uue y 6unaoxy neputo2o siocmyny incmpymenmy. OOHe 3 MOJNCIUBUX NOACHEHD YbO20 MOJiCe NOAAMU
6 momy, wo OLbw winbHA CiMKA, HeoOXiOHa Ol 6CMAHOGIeHHs ma/abo sKocmi mamepiany
6UNpob08Y6aHol 3a20moeku, He eubupacmuvcs 3 6ioniomexu npozpamu FE (Al-6061-O, COLD), a
6a3zyembcs HA PeanbHOMY 3HAYEHHI WINAXOM 6UBYEHHs pedibHOoi medxci mekyuocmi. Bumiprosanus
Qizuunozo HanpyscenHs He Oae iHhopmayii npo me, AK pO3NOOINAEMbCA 3aNUMKO8e Hanpyxcenus, Lle
Aguue Modice bymu 0ocmynne npu Mooentosanti. Bionogiono, y mipy 6uenadcysants 36i1buyemocs
PO3N00IN 3aNUUKOBUX HANPYIICEHb CMUCHEHHI, OOHAK 11020 GeNUYUNA 3MIHIOEMbCSA HeCHPUMIUBO,
HAOMIPHO 3MEHULYEMbCA, WO NPU3B0OUMb 00 GUCHOBKY NPO 3aHAOMO HU3LKY GEIUUUNY WEUOKOCH
nooaui euenadxcysanns. Le axcauso, ocKkinbku, 30iabutyiouu yeli napamemp, MOXCHA 3a0ujaoumi 4ac i
Kowmu 51K 3 MO4KU 30py MEXAHIYHOI 06pOOKU, MAK i 3 MOYKU 30PY IMIMAYILIHO20 POPAXYHKY.

KurouoBi ciioBa: ckinuenno-enemenmmne MoOen08anHA, aimasHe UIA0NCYBAHHA, YINICHICIb NOBEPXHI,
naacmuina oegpopmayisi.
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Abstract. Additive Manufacturing (AM) is a rapidly growing field in both the researching and the
industrial world, as it produces highly customized and geometrically complex objects. The most well-
known AM technology for plastics is Fused Filament Fabrication (FFF), in which a thermoplastic
filament is melted and extruded through a nozzle on the printing bed. A wide variety of printing
parameters affect the quality of the printed objects, such as printing speed, infill density, infill pattern,
build orientation, layer height, etc. In literature, there is already extended research of the impact of the
printing parameters on the mechanical properties of the most common thermoplastics, such as ABS and
PETG. However, the development of advanced thermoplastic materials, such as Nylon composites
reinforced with carbon fibers (Nylon-CF), requires a further investigation of the effect of the printing
parameters on those advanced composites. In the current study, an in-depth correlation of all the major
printing parameters (infill pattern, infill density, dual line infill and printing speed) with all the major
mechanical properties (tensile strength, compressive strength and bending strength) of Nylon-CF is
carried out.

Keywords: Fused Filament Fabrication (FFF); Nylon-Carbon Fiber (Nylon-CF); tensile strength;
compressive strength; bending strength.

1. Introduction

Additive Manufacturing (AM) has become a very popular field for both the
researching and the industrial world, due to its ability to give lightweight products
with high customization and geometrical complexity [1]. In AM, the final product is
fabricated with layer-by-layer deposition of melted material on a printing bed.
According to the printing material, different AM technologies have been developed,

such as Laser Powder Bed Fusion (LPBF) for metals and
© 1. T. Christodoulou, V. E. Alexopoulou, A. P. Markopoulos, 2024
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developed, such as Laser Powder Bed Fusion (LPBF) for metals and
Stereolithography (SLA) and Fused Filament Fabrication (FFF) for thermoplastics

[2].

Specifically, in Fused Filament Fabrication (FFF), a thermoplastic filament
is melted and then extruded through a nozzle on the printing bed [3]. In order to
control the quality of the printed object, several printing parameters should be fine-
tuned. Such parameters are printing speed, infill density, infill pattern, build
orientation, layer height, raster angle, extrusion temperature, nozzle diameter and air
gap, etc. [4].

Most of the papers in literature investigate the effect of these parameters on
the mechanical properties of the most conventional thermoplastic materials, such as
ABS and PETG. Es-Said et al. [5] printed with FFF ABS samples with different
raster angles. They observed that the highest strength is achieved for 0°, whereas 45°
and 90° lead to layers delamination. Ashtankar et al. [6] examined the effect of
building orientation on the tensile and compressive strength of FFF-produced ABS
samples. They observed that by increasing the orientation from 0° to 90°, both tensile
and compressive strength are reduced. Baich et al. [7] studied how infill density (low
density, high density and double density) affects tensile, compressive and bending
strength of FFF-printed ABS specimens. Higher strength is achieved by the high-
density samples, whereas higher compressive and bending strength is achieved by
double-density samples. Durgashyam et al. [8] fabricated with FFF PETG samples
and observed that a combination of low layer height, high infill density and medium
feed rate leads to higher tensile strength, whereas a combination of low infill density,
low layer height and medium feed rate results in the best flexural properties. Yadav
et al. [9] fabricated with FFF ABS, PETG and 50%ABS-50%PETG specimens. The
results showed that the tensile strength is, mostly, affected by the extrusion
temperature and the infill density. Srinivasan et al. [10] showed that in case of FFF-
printed PETG specimens, increased infill density, increases tensile strength and
decreases surface roughness.

Although there is, in literature, an in-depth investigation of the effect of
printing parameters to the mechanical properties of the most well-known
thermoplastic materials, such as ABS and PETG, there is a need to extent these
mechanical properties investigations and into more advanced thermoplastic
materials, which have started to gain a significant space into the industry, due to their
superior mechanical properties. Such a material is the Nylon-Carbon Fiber (Nylon-
CF). Nylon-CF is a composite filament of nylon polymer, blended with carbon fibers
and demonstrates enhanced strength, stiffness and durability properties. These
properties make Nylon-CF appropriate for multiple applications, such as prototyping,
tooling and end-use products for aerospace and automotive industries. For this
reason, researchers have started to study the mechanical properties of Nylon-CF
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FFF-printed products. De Toro et al. [11] carried out experiments with FFF-printed
Nylon-CF and showed that infill density has the most crucial role in both tensile and
bending properties, whereas infill pattern affects mainly the bending behaviour.
Leon-Becerra et al. [12] investigates the effect of build orientation on the roughness
of FFF-fabricated Onyx (short carbon-filled fiber nylon) samples. The lowest
roughness was observed in the flat print orientation. Sedlacek et al. [13] developed
with FFF and compared pure PA6 nylon and PA6 with short carbon fibers. They
showed that carbon fibers affect the strength and the heat deflection of the specimens.
The research, till now, regarding FFF-fabricated Nylon-CF is very interesting, but it
is not so extended like in other more conventional materials. So, in order to better
understand the mechanical behaviour of FFF-fabricated Nylon-CF, all the major
printing parameters should be correlated with all the major mechanical properties of
Nylon-CF.

The target of this paper is to correlate and optimize all the major printing
parameters (infill pattern, infill density, dual line infill and printing speed) with all
the major mechanical properties (tensile strength, compressive strength and bending
strength) of Nylon-CF.

2. Experimental Methods

The Nylon-CF samples were fabricated by the FFF-printer FlashForge®
Creator 3 (Zhejiang Flashforge 3D Technology Co., Ltd.). The Nylon-CF filament
was the Ultrafuse® PAHT CF15 (BASF 3D Printing Solutions BV), which is a high-
performance 3D printing filament. The samples were fabricated and tested according
to the ASTM D638-14, ASTM D695-15 and ASTM D790-15 standards for tensile
strength, compressive strength and flexural strength tests, respectively. All the
mechanical tests were carried out on an Instron® 4482 machine, which has a
maximum loading capacity of 100 [kN].

For the Design of Experiments (DOE), Taguchi method was implemented,
as shown in the Tables 1 (tensile strength) and Table 2 (compressive and flexural
strength), below:

Table 1 Design of Experiments (DOE) for the tensile strength tests.

Factor . :
Infill Pattern Infill Density ,'\;I‘f'l't'."l'.”e
RUN (%) ultiplier
1 Grid 5 1
2 Grid 15 2
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3 Grid 25
4 Lines 5
5 Lines 15
6 Lines 25
7 Triangular 5
8 Triangular 15
9 Triangular 25

Table 2 Design of Experiments (DOE) for the compressive and flexural strength tests.

or Infill Line
Infill Pattern | Infill Density | Printing Speed
Run Multiplier
1 Grid 5 25 1
2 Grid 15 50 1
3 Grid 25 75 1
4 Triangular 5 25 1
5 Triangular 15 50 1
6 Triangular 25 75 1
7 Lines 5 50 1
8 Lines 15 75 1
9 Lines 25 25 1
10 Grid 5 75 2
11 Grid 15 25 2
12 Grid 25 50 2
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13 Triangular 5 50 2
14 Triangular 15 75 2
15 Triangular 25 25 2
16 Lines 5 75 2
17 Lines 15 25 2
18 Lines 25 50 2

According to the aforementioned standards, 5 samples, for each one of the
experiments in Tables 1 and 2, were tested and the mean value of these 5 samples
was extracted as a result.

The rest printing parameters were fixed for all the experiments (Table 3):

Table 3 Fixed printing parameters.

Printing Parameter Fixed Value
Nozzle Diameter 0.6 [mm]
Layer Height 0.32 [mm]
Printing Temperature 270 [°C]
Part Orientation Horizontal
Shells 2
Build Plate Temperature 130 [°C]

3. Results and Discussion

This study systematically investigates the mechanical properties of Nylon-
Carbon Fiber composites fabricated using Fused Filament Fabrication (FFF) under
varied printing parameters. The results highlight distinct trends across tensile,
compressive, and flexural strengths, which are essential for optimizing the use of
Nylon-CF in engineering applications.
Tensile Tests:
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Main Effects Plot for Ultimate Tensile Strength [MPa]
Cata Means
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Figure 1. Main Effects Plot for Ultimate Tensile Strength
Main Effects Plot for SN ratios
Data Means
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Figure 2. SN plots for Main Effects

The analysis of the tensile strength of Nylon-Carbon Fiber composites
fabricated using Fused Filament Fabrication (FFF) reveals critical insights into the
influence of printing parameters on mechanical performance. Given Figure 1,
notably, the main effects plots indicate that the 'lines' infill pattern yields the highest
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tensile strength. This outcome is intuitive, given that the lines were aligned with the
direction of the tensile force during testing, thereby enhancing the load-bearing
capacity of the composite. Surprisingly, the optimal infill density for maximizing
tensile strength is found to be 15%, rather than the denser 25% option. This suggests
a balance between material density and structural integrity, where too much density
might introduce flaws or stress concentrations. Additionally, the infill line multiplier
of 3 emerges as the most beneficial, significantly improving strength by adding two
extra lines to the infill, thus reinforcing the composite structure. These findings
underscore the complex interplay of infill pattern, density, and line multiplier in
optimizing the tensile properties of FFF-manufactured Nylon-CF composites,
offering valuable directions for tailoring material properties through precise control
of printing parameters. The analysis of the Signal-to-Noise (S/N) ratios for the
tensile strength of the Nylon-Carbon Fiber composites further, as showed in Figure
2, corroborates the findings from the main effects plot. The S/N ratios, which
emphasize the robustness and reliability of the tensile strength under various
experimental conditions, also highlight the lines infill pattern as particularly
effective. This consistency between the S/N ratios and the main effects plot
underscores the strength stability provided by the line orientation, which aligns with
the tensile force direction. Furthermore, the optimal infill density at 15% and the
superior performance of the three-line multiplier in the S/N analysis echo the main
effects findings, demonstrating that these settings not only enhance mean strength
but also minimize variability in performance.

Main Effects Plot for Young Modulus [GPa]
Data Means

Infill Pattern Infill Density Infill Line Multiplier

Mean

0,9+

08

[

Grid Line Triangular  500% 15,00% 25,00% 1 2 3

Figure 3. Main Effects Plot for Young Modulus
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Main Effects Plot for SN ratios
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Figure 4. Main Effects Plot for SN ratios (Young modulus)

The examination of Young's Modulus for the tensile properties of Nylon-
Carbon Fiber composites fabricated via Fused Filament Fabrication (FFF) presents
intriguing results that align with trends observed in tensile strength. The main effects
plot distinctly shows that the 'lines' infill pattern is superior, achieving an impressive
modulus of 13 MPa. This pattern likely provides more continuous load-bearing paths
along the tensile test direction, effectively improving the elastic response of the
material. Furthermore, similar to the findings for tensile strength, an infill density of
15% is identified as optimal for maximizing Young's Modulus. This suggests that a
medium density facilitates a balance between flexibility and rigidity, which is crucial
for optimizing the elastic properties of the material. Additionally, the three-line
multiplier once again proves to be most effective, likely due to its enhancement of
the composite's internal structure, making it more resistant to elastic deformation.
Consistently, the Signal-to-Noise (S/N) ratios for Young's Modulus reinforce these
conclusions. The S/N plots follow the same patterns as the main effects,
demonstrating that the 'lines' infill pattern, 15% infill density, and three-line
multiplier not only maximize the mean modulus but also ensure stability and
consistency across test conditions. These findings confirm the robustness of these
parameter settings in enhancing the elastic properties of the composites, providing a
reliable basis for parameter selection in the fabrication of FFF-manufactured Nylon-
CF composites.

ANOVA Analysis:
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Table 3. Analysis of Variance for Ultimate Tensile Strength

Source Seq SS Contribution Adj S8 AdjMS  F-Value P-Value
Infill Line Multiplier 117.076 48.54 % 117.076 ~ 58.5378  119.36 0.008
Infill Patterns 82.324 34.13% 82.324 41.1622  83.93 0.012
Infill Percentage % 40.821 16.92 % 40.821 20.4104  41.62 0.023
Error 0.981 0.41 % 0.981 0.4904
Total 241.202 100.00%

Contribution: displays the percentage that each factor (Source) in the
ANOVA table contributes to the total sequential sum of squares (Seq SS). Higher
percentages indicate that the factor contributes more to the response variance. In the
ANOVA table, the contribution rate of "infill pattern™ factor is 34.13%, "infill
density” factor is 16.92% and "infill line multiplier" factor is 48.58%, the
contribution rate of "Error" factor is 0.41%.

F-value: A large F-value means that the effect of this factor is large
compared to the variance of the error. Also, the larger the value, the more important
this factor is in influencing the process response. Thus, F values can be used to
classify the factors. An F value less than one means that the effect of the factor is
less than the model error. An F value greater than two means that the factor is not
small enough, while greater than four means that the effect of the factor is quite large.
In the ANOVA table, the F values for the factors in order of ranking their effect from
largest to smallest are "infill line multiplier" with an F value of 119.36, "infill
pattern™ with 83.93 and "infill density" with 41.62 respectively.

P-value: P-value is a probability that measures the evidence against the null
hypothesis. Lower probabilities provide stronger evidence against the null
hypothesis. To determine whether the relationship between the response and each
term in the model is statistically significant, the P-value of the term is compared to
the significance level for the null hypothesis evaluation. The null hypothesis asserts
that there is no relationship between the term and the response. Typically, a
significance level of a=0.05 works well. A significance level of 0.05 indicates a 5%
risk of concluding that a relationship exists when in fact it does not.

P-value < 0.05: The relationship is statistically significant.

If the p-value is less than or equal to the significance level, we can conclude
that there is a statistically significant relationship between the response variable and
the term.

P-value > 0,05: The relationship is not statistically significant

If the p-value is greater than the significance level, we cannot conclude that
there is a statistically significant relationship between the response variable and the
term. The model can be re-fitted without the term.

In the ANOVA table the P value of the factor "infill line multiplier” is 0.008
< 0.05, the factor " infill pattern” is 0.012 < 0.05 and the factor "infill density” is
0.023 < 0.05 therefore we conclude that all the factors are statistically significant.
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Table 4. Analysis of variance for Young Modulus

Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 45352 44.00% 45352 22.6761 46.99 0.021
Infill Patterns 22,799 22.12% 22.799  11.3995 23.62 0.041
Infill Percentage % 33953 32.94% 33953 16.9763 35.18 0.028
Error 0.965 0.94% 0.965 0.4825

Total 103.069 100.00%

From Table 2, on the other hand, for maximizing the elasticity measure, the
contribution of infill density comes second after the infill line multiplier factor, while
all factors have a large effect and are statistically significant.

Compression Tests:
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Figure 5. The primary effects of the processing parameters on the compressive strength of
the produced specimens were analyzed using Taguchi's L18 array DOE. The average
compressive strength of the fabricated specimens is represented by the dashed gray line.

Main Effects Plot for SN ratios
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Figure 6. The graphs demonstrate the primary impacts of the processing factors on the
compressive strength signal-to-noise ratio. The dashed gray line indicates the average
signal-to-noise ratio of all the manufactured specimens

The study examines how different processing factors of Fused Deposition
Modeling (FDM) affect the compressive strength of the specimens. Figure 5 shows
the graphs of each processing parameter. The findings suggest that the percentage of
infill and printing speed have a minimal impact on the resultant compressive strength
of the specimens. Augmenting the infill % leads to a marginal augmentation in the
compressive strength of the specimen, in line with the anticipated linear correlation,
since it provides additional material to counteract the applied stress. Similarly, there
is a nearly direct correlation between printing speed and compression strength of the
specimens, where an increase in printing speed results in a decrease in compression
strength. This phenomenon can be explained by the potential of greater printing
speeds to diminish material deposition, leading to a subsequent decrease in adhesion
between the layers. The infill pattern is identified as the parameter that has the most
significant influence on the compression strength. More precisely, the triangle infill
design produces the greatest compression strength values, whilst the grid and linear
infill patterns produce the lowest values. The infill line multiplier has the second
highest impact on the resultant compression strength. Augmenting the infill line
multiplier leads to a proportional augmentation in the infill percentage of the
specimen, resulting in a bigger mass of the specimen. This setting enhances the
rigidity of the infill material. In order to optimize the Signal-to-Noise (S/N) ratio and
improve the consistency of compression strength measurements for the specimen, it
is advisable to utilize a double infill line, a triangle infill pattern, a 25% infill
percentage, and a printing speed of 50 mm/s. The parameters described are
anticipated to result in the greatest level of consistency in the compression strength
of the specimens, as shown in Figure 6.

For Compressive Yield Strength, the Figures 7 and 8 are presented below,

Main Effects Plot for Means
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Figure 7. Plots of the main effects of the processing parameters on the compressive yield
strength of the fabricated specimens investigated using Taguchi’s L18 array DOE, the
dashed gray line represents the average compressive yield strength of the fabricated
specimens
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Figure 8. Plots of the main effects of the processing parameters on compressive yield
strength S/N ratio, the dashed gray line represents the average S/N ratio of all the fabricated
specimens.

The findings suggest that the processing factors have a comparable effect
on the yield strength as they do on the compression strength. Infill patterns have an
equal impact on both the yield strength and compression strength, as well as on the
elastic modulus. The triangle infill pattern achieved the highest maximum yield
strength, as shown in Figure 7. The strength of the material improves proportionally
with the increase in infill percentage. However, there is no substantial further
improvement in the yield strength beyond a 15% infill percentage. In contrast,
increased printing speeds have an adverse impact on the strength of the material.
According to Figure 8, the Signal-to-Noise (S/N) ratio for yield strength is
maximized when the same processing parameters are used.

Table 5. Analysis of Variance for Compressive strength

. Source
Infill Line Multiplier
Infill Patterns
Infill Percentage %
Error
Total

Seq SS
193.120
151.497
7.334
80.103
470.601

Contribution  Adj SS

41.04%
32.19%
1.56%
17.02%
100.00%

193.120
151.497
7.334
80.103

Table 6. Analysis of variance for compressive yield strength
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AdjMS F-Value

193.120 24.11

75.748  9.46
3.667 0.46
8.010

P-Value
0.001
0.005
0.645
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Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 96.902  21.16% 96.902  96.902 15.15 0.003
Infill Patterns 213.444  46.61% 213.444 106.722 16.69 0.001
Infill Percentage % 8.870 1.94% 8.870 4.435 0.69 0.522
Error 63.943 13.96% 63.943  6.394

Total 457.919  100.00%

Contribution: This indicates the proportionate contribution, expressed as a
percentage, of each factor (source) in the ANOVA table to the overall sequential
sum of squares (Seq SS). Greater percentages indicate a higher level of contribution
from the factor to the variation in the response. The ANOVA table displays the
contribution percentages of the components as follows: "Infill line multiplier"
contributes 41.04%, “Infill patterns” contributes 32.19%, “Infill percentage”
contributes 1.56%, "Printing speed" contributes 8.19%, and the remaining 17.02%
is attributed to mistake.

The ANOVA table displays the F-values for the components, listed in
descending order of their influence: "Infill line multiplier" has the greatest F-value
of 24.11, followed by "Infill patterns” with 9.46, "Printing speed" with 2.41, and
"Infill percentage” with 0.46. The ANOVA table shows that the P-value for the
factor "Infill line multiplier" is 0.001 and for "Infill patterns™ is 0.005. Both of these
values are less than the significance level of 0.05, showing that both factors are
statistically significant. The remaining factors have P-values exceeding 0.05,
indicating that they lack statistical significance.
3-point Bending Test:

Main Effects Plot for Means
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Figure 9. Plots illustrating the impact of processing factors on the flexural strength of the
fabricated specimens were analyzed using Taguchi's L18 array Design of Experiments
(DOE). The dashed gray line indicates the average flexural strength of the fabricated
specimens.
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Figure 10. The plots illustrate the primary impacts of the processing factors on the flexural
strength signal-to-noise (S/N) ratio. The dashed gray line indicates the average S/N ratio of
all the produced specimens.

The flexural test results are presented in Figure 9, displaying the mean
values obtained from each of the five repeated specimens. The parameters examined
in this study include the flexural fracture stress and flexural strength, Flexural
Strength, and the energy required to produce the specimens. For the signal-to-noise
ratio, a bigger value is preferable. The signal-to-noise ratio (S/N ratio) is employed
to maximize these desired mechanical properties.

The study examines how different processing factors of Fused Deposition
Modeling (FDM) affect the flexural strength of the specimens. Figure 9. The charts
of each processing parameter are shown. The findings suggest that the impact of the
infill percentage and printing speed on the flexural strength of the specimens is less
significant compared to the other parameters. Higher infill percentages lead to a
proportional increase in the flexural strength of the specimen, since it introduces
additional material to withstand the applied load. Similarly, there is a nearly direct
correlation between printing speed and compression strength of the specimens,
where an increase in printing speed results in a decrease in compression strength.
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This phenomenon is ascribed to the potential that increased printing velocities could
diminish the amount of material being deposited, leading to a subsequent decline in
the bonding between the layers.

The parameter that has the greatest influence on the flexural strength is the
infill line multiplier. More precisely, the double infill line produces the highest
flexural strength numbers, whilst the infill line multiplier 1 produces the lowest
values. The infill patterns have the second highest impact on the final flexural
strength. Utilizing a lines design yields superior flexural strength, while a grid
pattern exhibits the lowest values of flexural strength. The triangle pattern is in
between these two extremes.

In order to optimize the Signal-to-Noise (S/N) ratio and improve the
consistency of flexural strength measurements, it is advisable to employ a double
infill line, a lines infill pattern, a 25% infill percentage, and a printing speed of 25
mm/s. The parameters described are anticipated to result in the greatest level of
consistency in the flexural strength of the specimens, as shown in Figure 10.

Main Effects Plot for Means
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Figure 11. The primary effects of the processing factors on the flexural break stress of the
produced specimens were analyzed using Taguchi's L18 array DOE. The average flexural
break stress of the fabricated specimens is represented by the dashed gray line.
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Main Effects Plot for SN ratios
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Figure 12. The graphs demonstrate the primary impacts of the processing parameters on the
flexural break stress S/N ratio. The dashed gray line indicates the average S/N ratio of all the
fabricated specimens.

The findings suggest that the flexural break stress is affected by the
processing factors in a manner that is comparable to their impact on flexural strength.
The printing speed has an equal impact on both the flexural break stress and flexural
strength, as well as on the elastic modulus. It is worth mentioning that the printing
speed of 25 mm/s achieved the highest maximum flexural break stress, as shown in
Figure 11. The flexural fracture strength rises proportionally with the increase in the
percentage of infill. The triangular infill design appears to produce superior results
in terms of flexural break stress, whilst the lines pattern exhibits nearly identical
performance. The grid infill pattern reduces the flexural break stress values. The
infill line multiplier has a comparable impact on flexural strength, but it is the least
significant factor. According to Figure 12, in order to get the highest Signal-to-Noise
(S/N) ratio for flexural break stress, the processing parameters need to remain the
same, except for the infill pattern which should be triangular.

Table 7. Analysis of Variance for Flexural Strength
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Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 12.4723  49.24% 12,4723 124723 20.01 0.001
Infill Patterns 4.3362 17.12% 43362 2.1681 348 0.071
Infill Percentage % 0.5338  2.11% 0.5338  0.2669  0.43 0.663
Printing speed mm/s 1.7562]  6.93% 1.7562  0.8781 1.41 0.289
Error 6.2335 24.61% 6.2335  0.6233

Total 253320 100.00%

Table 8. Analysis of Variance for Flexural break stress

Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 0.8326 4.23% 0.8326 0.8326 0.76 0.404
Infill Patterns 2.7621 14.03% 27621  1.3811 1.26 0.325
Infill Percentage % 2.2813 11.58% 22813  1.1406 1.04 0.389
Printing speed mm/s 2.8519 14.48% 2.8519  1.4260 1.30 0.315
Error 10.9642  55.68% 10.9642  1.0964

Total 19.6921  100.00%

The Analysis of Variance (ANOVA) for flexural strength and flexural
break stress provides significant insights into the influence of various printing
parameters on the mechanical properties of Nylon-Carbon Fiber composites. In the
flexural strength analysis, the most critical factor proved to be the infill line
multiplier, which showed a substantial contribution of 49.24% to the model with an
F-value of 20.01, indicating a highly significant effect (P-value = 0.001). This
suggests that the infill line multiplier greatly influences the composite's ability to
resist bending forces, which is crucial for applications requiring high flexural
strength. Conversely, other factors such as infill patterns, infill percentage, and
printing speed demonstrated less impact. Infill patterns and printing speed showed
some influence with F-values of 3.48 and 1.41, respectively, but their contributions
were not statistically significant at conventional levels (P-values of 0.071 and 0.289,
respectively). The infill percentage contributed minimally to flexural strength
variations, as reflected by a low F-value of 0.43 and a non-significant P-value of
0.663, indicating that changes in percentage infill do not considerably alter the
flexural strength within the tested range. For flexural break stress, the ANOVA
results indicated a more evenly distributed but generally non-significant influence
across all tested parameters. The highest contribution came from printing speed,
contributing 14.48% with an F-value of 1.30 (P-value = 0.315), followed closely by
infill patterns and infill percentage, which showed similar contributions and non-
significant P-values. The infill line multiplier, despite being a significant factor in
flexural strength, showed a minimal and non-significant effect on flexural break
stress (P-value = 0.404). These findings suggest that while certain parameters
significantly affect flexural strength, such as the infill line multiplier, their impact
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on flexural break stress is less pronounced. This differentiation in parameter
influence highlights the complexity of 3D printing settings on material properties,
underscoring the need for careful selection and optimization of parameters based on
the specific mechanical property requirements of the final product.

4. Conclusion

This study provides a detailed analysis of the mechanical properties of
Nylon-Carbon Fiber composites manufactured using Fused Filament Fabrication
(FFF). By examining tensile, compressive, and flexural strengths under various
printing parameters, significant insights were gained into the optimization of these
properties for industrial applications.

The tensile tests showed that the 'lines' infill pattern, when combined with
a 15% infill density and a three-line multiplier, produced the highest tensile strength,
enhancing the load-bearing capacity of the material. This configuration led to an
optimal tensile strength of up to 18 MPa and a Young’s modulus of 1.58 GPa,
demonstrating that precise control over the infill parameters can lead to substantial
improvements in performance. The consistency and reliability of these settings were
validated by the Signal-to-Noise ratios, ensuring that the enhancements in
mechanical properties are both significant and dependable.

In compressive strength tests, while the infill pattern and line multiplier
impacted strength, their effects were less pronounced than in tensile strength tests.
The optimal settings that favored higher infill percentages and specific infill patterns
still provided a modest increase in compressive strength, with the best configurations
achieving up to 35 MPa, indicating improved rigidity and load-bearing capacity
under compression.

Flexural strength testing highlighted the critical role of the infill line
multiplier, which substantially influenced the material's ability to resist bending
forces. The best settings, involving a double infill line and specific speeds and
patterns, led to a maximum flexural strength of 94 MPa. These parameters were
crucial in distributing stress and strain across the composite during bending tests,
thereby enhancing its structural integrity under flexural loads.

In summary, this research has systematically explored how the adjustment
of key printing parameters can manipulate the mechanical properties of Nylon-
Carbon Fiber composites in targeted ways. Each set of mechanical tests—tensile,
compressive, and flexural—has its own set of optimal print settings, highlighting the
need for a nuanced approach to the 3D printing of advanced composite materials.
Future studies could further refine these findings by exploring the interaction effects
between parameters and extending the analysis to include dynamic loading
conditions and long-term material behavior. This would provide even deeper insights
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into the practical applications of FFF technology in producing high-performance
parts for aerospace, automotive, and other demanding industrial sectors.
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loanic T. Xpucronyiy, Baciniki E. Anexcomnyiy, Anrenoc I1. Mapkomynoc,
Adinn, I'penis

EKCIIEPUMEHTAJIBHE JOCJII>KEHHSI MEXAHIMTHUX
BJACTHUBOCTEM KOMITO3UTIB HEMJIOH-BYTJIEIEBE BOJIOKHO,
BUTI'OTOBJIEHHUX I3 IIJTABKUX HUTOK

AHoTauis. Aoumuene supobrHuymeo (AM) — ye eanysv, axka wUOKO PO3BUBAEMbC 5K Y OOCTIOHUYLKOMY,
Mak i 8 NPOMUCIOBOMY CGIMi, OCKLIbKU O0360J5€ SUPOOISMU OYIHCe IHOUBIOYANbHI MA 2eOMEMPUYHO
cknaoui 06'ekmu. Hatigioomiworo mexnonociero AM ons niacmmac € 6upooHUymeo 3 niaeieHoi HumKu
(Fused Filament Fabrication, FFF), ¢ saxiu mepmonracmuuna numka po3niagiicmocs i u0aguoemscs
yepes conio Ha Opykapcwbky naacmuny. Ha skicms Haopykoseanux 06'ckmie eniugaiontv pisHOMAaHimmui
napamempu OpyKy, maki aK weuOKicmb OpYKY, WINbHICMb 3ANOGHEHHS, MATIOHOK 3ANOGHEHHS,
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opicumayiss nobyoosu, eucoma wapy mowo. Y aimepamypi 6gice iCHylomb IDYHMOGHI 00CAIOJCEHHs
6NIUBY NAPAMEMPIE OPYKY HA MEXAHIYHI 61ACMUBOCHIE HAUMOWUpeHiuux mepmonaacmie, maxux sk ABS
i PETG. Oonax po3pobka cyuacnux mepmoniacmudHux Mamepianie, maKux sx Heul0H08i KOMNO3UmL,
apmosati syzneyesumu eonroknamu (Nylon-CF), sumazae nooansuiozo 00ciiodcens 6nauey napamempis
OpyKky Ha yi Komnosumu. Y Oanomy 0ocniodxcenni npoeedeHo no2iubneny Kopenayilo 8CiX OCHOBHUX
napamempie OpyKy (MAanoHOK 3an06HEeH L, WITbHICMb 3aN08HeHHS, 080PAOKO6e 3aN0BHEHHS | WBUOKICTNb
OPYKY) 3 YCIMA OCHOGHUMU MEXAHIYHUMYU BIACIUBOCTNAMU (MIYHICMb HA PO3PUS, MIYHICIb HA CIMUCK |
Mmiynicmy Ha eueun) neinony 3 eyeneyesum eonoxiom (Nylon-CF). Bunpobyeanns na posmsenenms
nokasam, wo "niniuina" cmpykmypa 3anosuenns 6 nocomammi 3 15% winonicmio 3anoémennsa i
MPUTTHITIHUM  MYTbMUNIIKAMOpom 3a0e3neuye HAueuwy MIYyHiCmb HA PO3MASHEHHS, NIOGUUYIOUU
mpumanshy 30amuicms mamepiany. Taxa kongicypayis 003601una 00CASMU ONMUMATLHOT MiYHOCMI HA
pospus 0o 18 MIla i modyrs FOnea 1,58 I'lla, oemoncmpyiouu, wo mounuii KOHMpPOIb NAPAMEmpie
3anoenenHs Modce npussecmu 00 3HAYHO20 NONNWIEHHA eKCRIYAMAayiliHuX —Xapakmepucmux.
Ilocnioognicmy i Haditinicms Yux HAIAWNY8AaHb OYIU NIOMEEPOICEHT CNIGEIOHOUEHHIM CUSHAT/ULYM, SIKe
2apaHmye, wo NOKpAujeHHs MexXaHiyHux enacmueocmeil € 3HauHum i Haoiunum. Takum duHoMm, ye
00CNI0JICeHHA CUCMEMHO BUBHUIIO, SK Pe2YNIOBANHS KIIOYOBUX NAPAMempie OPYKY MOJice Yilecnpsamo8aHo
GNIUBAMU HA MEXAHIYHI BNACTNUBOCHIT KOMNO3UMIE 3 HEUIOH-8Y2]1e1eB020 BONOKHA. /{5 KOJICHO20 HAbOPY
MeXAHIYHUX 6UNpoOY6aHb - PO3MALYEAHHSA, CMUCHEHHA MA 32UHAHHA - € C6ill HAOIp ONMUMATLHUX
napamempie OpyKy, wjo RIOKpecioe HeoOXiOHICHb HIOaHC08an020 nioxody 0o 3D-dpyky nepedosux
KoMho3umnux mamepianie. Maidymmi 0ocniodicenHs MOICYymb YMOUHUMU Yi GUCHOBKU, GUEUUGLUU
epexmu 63a€MO0ii Midic napamempamu i po3umupuswIy aHAli3, BKIIOYUSUIU 6 Hb020 OUHAMIYHI YMOGU
HABANMAdICEHHS | 00820CMPOKOBY N0GeinKy mamepiany. Lle dano 6 we enubuie po3yMiHHsA NPpaKmuiHo20
sacmocysanns mexnonoeii FFF 'y 6upoOHuymei 6ucokonpoOykmusHux oemaneil 01 AepoKOCMIYHOI,
agmomobinbHOI ma IHWUX BI0N0GIOATLHUX 2Ay3€ll NPOMUCTOBOCHII.

Kuouosi cioBa: eupobrnuymeo nnaskux numok (FFF); ueiiion-gyeneyese eonokno (Nylon-CF);
MiYyHiCMb HA PO3PUS,; MIYHICMb HA CIMUCK, MIYHICMb HA BUSUH.
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Abstract. The quality state of grinded surface of ferro ceramic products is formed under the influence of
thermomechanical phenomena which occurs during final machining and depends on the technological
conditions for workpiece procurement. The mathematical model was formulated to regulate and optimize
thermomechanical processes during the acquisition of ferroceramic workpieces. This mathematical
model describes thermomechanical processes during workpieces sintering. Thermomechanical processes
have a direct influence on defects formation in the workpieces. Grinding can cause the appearance of
burns, cracks, tensile stresses in the surface layers of the products. These defects can significantly spoil
the quality of products during their operation. High thermal stress of diamond-abrasive processing brings
thermophysical aspects as a dominating factor for quality characteristics of processed surface. Existing
grinding methods for products made from ferrocerramic materials are not able to fully eliminate the
defects in the surface layer. Such defects are inherited from preceding machining operations, particularly
from workpiece procurement. Material structure itself is prone or defect occurrence due to micro-
heterogeneities, packaging defects, dislocations, and structural transformations. Analysis of the
thermomechanical processes that run inside the surface layer made it possible to formulate calculation
dependencies for defining technological conditions for eliminating burns and cracks during grinding of
ferrocerramic products. Device for automatic stabilization of thermomechanical characteristics that
accompany grinding of ferrocerramic products. This is achieved through the selection of optimal
technological conditions for machining of the products that have heredity inhomogeneities inside the
surface layer. Thus, this approach helps to achieve maximum efficiency within required quality citeria.
Keywords: optimization; workpiece; grinding; surface quality; thermomechanical phenomena; model;
defects; technological parameters; device.

1. Introduction

Products from ferrocerramic materials are widely used in the energetics
industry (in generators, electric drives, transformers, etc.) because of their wide
range of magnetic properties. Unique combinations of electromagnetic properties
make ferrites useful in other technical fields. The amount of their production in the
world has reached millions of tons annually and keeps growing.

© A. Usov, M. Kunitsyn, Y. Zaychyk, Y. Sikirash, 2024
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Thus, the improvement of technological processes for wastes recycling
(including flawed products) of ferrite production is rather relevant because the
amount of waste may be up to 30%. Recycling of wastes into usable half-finished
products not only helps to optimize material consumption, energy, and production
resources, but also helps to decrease the influence on the environment [1].

Technological loss is connected to loss of the material, half-finished products
and usable products due to the imperfection of technological process and
technological equipment (leakages, absence of trapping system, frequent failures,
etc.). Flaw is connected to the deviations of the parameters of half-finished-products
and usable products that overcome acceptable values. Flaw can be divided into 2
types: removable and unremovable. Recycling of the removable flaw into new
products (or semi-finished products) requires additional operations connected with
deep physical and chemical transformations. To recycle the unremovable flaw, we
need additional operations that include shredding, thermal treating, chemical treating
of the surface particles, etc. Technological wastes relate to the occurrence of side
products during various technological operations (wastes from molding compounds,
wastes from the machining operations, wastes from quality assurance stages, etc.)
(fig.1). They also can be divided into two types: utilized into usable half-finished
products; utilized into ecologically safe forms.

Attention of the researchers was paid to the process of supplying ferrites with
quality characteristics during final machining operations [2] [3].

Research showed that sticking of the suspensions is happening in the acid or
neutral environment.

Technological loss in the production of forming compounds (press-powders,
pastes, and slips) like in the case with technological loss in production of powders is
connected with leakages in technological equipment (drying-granulating, mixing,
sifting, shredding, etc.). That’s why the same methods for decreasing the loss same
methods are used as for the powders.

During the production of forming compounds the flaw can be removed using
two main approaches:

e burning of the bundle with the temperature of 400...600°C, followed
by shredding of the obtained stock and repeating the preparation of
the forming compound;

e repeated preparation of the forming compound without burning the
bundle and utilizing auxiliary amount of the bundle or its separate
components. For example, flawed press-powder can be repeatedly
treated with water inside the attritor. The obtained suspension is used
for making press-powder with vaporized drying approach.

The most widespread type of flaw during pressing of the granulated and usual
powders is delamination — lateral or diagonal cracks that break workpiece
consistency. The reasons for delamination can be the following:
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e When pushing the workpiece out of press-form matrix two opposite
processes may occur: expanding of the workpiece and squeezing of
the matrix. As a result of these deformations cracks can appear
alongside deformation borders.

e Incorrect construction of the press-form (e.g. absence of taper in the
matrix from the output side) or its skewness during pressing results in
irregular force drop which leads to additional stresses inside the
workpiece during its removal out of the matrix. Excessively slow
extraction of the workpiece (and especially stops during pressing out)
can induce cracks. Thin walls and sharp transitions in the workpiece
also contribute to crack appearance.

However, to solve this problem it is required to analyze the reasons of flaw
appearance through the complete technological cycle of product manufacturing and
formulate the recommendations for decreasing defects during each of the
technological operations.

Technological wastes during powder manufacturing are caused by sticking of
the suspension obtained through wet shredding on the walls of the technological
equipment (vaporizing dryers, reactors, tubes) and forming of firm crusts, and big
hard conglomerates during thermal treating of the stock.

Decreasing suspension sticking on the working surfaces of the technological
equipment has important practical meaning. Suspension sticking can lead to the
offset of chemical compound for ferrite powders of different series. That’s why
periodic equipment cleaning is required.

Size flaws may occur due to the increased resilient aftereffect in the workpiece
in case of high resilience limit, incorrect construction or sizes of the press-form,
unprecise powder doze or pressing modes violation (insufficient or excessive
pressure). Scratches in the matrix lead to numerous risks for the workpiece surface.
Low quality grinding of the puncheon working surface may result in the appearance
of chips on workpiece edges.

Loss during sintering occur mainly because of flawed workpieces and can
reach up to 20%. In oxide ceramic manufacturing the most common types of flaws
during sintering are hidden delamination, insufficient sintering, over-burning,
warping.

Control of the technological processes and their correction for various types of
magnets has high importance. Problem of finding optimal conditions for sintering is
rather relevant [1].

During the sintering of the ferroceramic products the process of consolidation
and recrystallization runs faster at higher temperatures. But high temperature also
contributes to defects in crystal cell. This means that ferrite crystals which are
formed in such conditions will have defective structure. Defects in the crystal cell
have significant influence on ferrite’s durability. There is the reason to think that the
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defects in the crystal cell may also have influence on magnetic properties of the
ferrites.

Powder manufacturing Technological loss

Y v

Forming compound Forming compound
manufacturing > wastes

h 4 k4

Workpiece forming Forming flaw

Y

A A Y

Sintering . Sintering flaw

Grinding flaw

A 4

A A Y

Flaw in geometry and

Flawed products sorting N masnetic properties

Fig. 1. Main types of wastes in ferrite products manufacturing.

Ferrite sintering is held in continuous furnaces. In order to create a closed
optimal control system for sintering temperature it is required that information about
the workpiece state have to be continuously sent to the control unit. This information
consist of finite set of coordinate values of controlled object. At the same time we
may investigate the current object state by the coordinates which are available for
measuring.

The complexity of the processes occurring in the near-surface layer of a
product subject to machining, as well as during the operation of these parts, makes
it necessary to consider the influence of technological heredity both at the stage of
obtaining the workpiece and on the final processing operations.
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The most common finishing method is grinding, which ensures high precision
and high productivity in the production of products. The heat tension of this type of
processing affects the change in the thermophysical parameters of the processed
materials (tensile strength, thermal conductivity). Therefore, the study of optimal
thermomechanical characteristics in the processing zone did not take these factors
into account.

Thus, the study and control of the thermomechanical state of workpieces and
working surfaces of products made of ferro-ceramic materials during finishing
operations, taking into account previous types of processing of products, in order to
eliminate cracking and burn formation on the processed surfaces is the subject of
this work.

2. Analysis of sources and problem description

The problem of improving the quality of the surface layer of sanded products
is currently being solved using the following methods:

o selection of grinding modes that are rational for a given material and
the corresponding characteristics of the tool are carried out [4];

e grinding wheels and belts with an intermittent working surface are
used [5];

e automatic control systems for active cutting power are used [6];

e cutting fluids are recommended, which significantly reduces the heat
stress of the grinding operation and thereby the likelihood of burns
and cracks [7].

However, these methods, with the existing technology for manufacturing parts
from ferro-ceramic materials, including in connection with the advent of composite
materials, do not completely eliminate defects arising in the surface layer. This is
facilitated by: inevitable fluctuations in allowance due to errors in previous
machining operations [8]; micro-inhomogeneity of the material itself, characterized
by grain size, packing defects, dislocations and structural transformations, warping
of parts during thermal and similar processing; thermomechanical phenomena
accompanying the grinding process and as a result of which burns, microcracks,
structural transformations, residual stresses appear on the processed surfaces [9].

The high thermal intensity of diamond abrasive processing processes leads to
the fact that the thermophysics of these processes is often dominant in the formation
of the qualitative characteristics of the treated surface [10]. The lack of information
about the thermomechanical state of the working surfaces of products made of ferro-
ceramic materials during finishing operations does not allow to avoid the above-
mentioned defects on the processed surfaces.
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3. Research objectives

Study and control of the thermomechanical state of the working surfaces of
products made of ferro-ceramic materials both during the receipt of workpieces and
during finishing operations in order to eliminate cracking and burn formation on the
processed surfaces.

Achieving this goal required setting and solving the following main task:

1. To formulate a mathematical model for optimizing and controlling
thermomechanical processes when obtaining workpieces of ferro-
ceramic products during sintering, describing thermomechanical
processes in workpieces that affect the formation of defects and
determine the control of technological parameters of sintering to
eliminate these defects.

2. To Obtain calculated dependencies for determining the technological
conditions for eliminating pinching and cracking on the working
surfaces of ferro-ceramic products when processing them by grinding.

To develop a device for automatic stabilization of thermomechanical

characteristics accompanying the grinding operation of ferro-ceramic

products by selecting technological conditions for processing parts that
have hereditary heterogeneities in the surface layer, ensuring maximum
productivity while ensuring the required quality indicators.

4. Research methods

Theoretical studies were carried out using the thermophysics of mechanical and
physical-technical processing processes, theories of thermoelasticity, an integrated
approach of modern deterministic theories of fracture mechanics and methods for
optimizing systems with distributed parameters, as well as numerical methods.

Let us consider the process of sintering a workpiece, described by the following
relations [11]:

a a a

= a(A(T) a—i) x e (0, 1), t e (0, ), 1)

T(x,0) =T°=const, x € [0, 1], 2

AN E=av(®) -TALOLte[0,T,0<t<w, (3)

aT(ot) _  q -

= " €08, @)
here: T — temperature (°C); t — time; ¢ — heat capacity coefficient; p — density;
L — thermal conductivity coefficient; | — surface layer thickness; x — workpiece

movement coordinate inside continuous furnace; « — heat transfer coefficient; v(z) —
control; q — heat flow on workpiece’s surface layer.
In the range of temperature variation [T1, T2] function A(T) is positive and
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according to the thermophysical properties of the material it has a finite derivative
by T. Moreover, let’s consider that inside the working temperature range T € [Ty,
T,] values of the function A(T) are defined using the expression:

0<PB1< AT) <Py, (5)

Within the mentioned conditions system of equations (1) — (4) for each fixed
value v(z) € V has generic solution.

According to the conditions of the problem, it is unacceptable that, under the
influence of thermomechanical processes, the surface layer of the workpiece is
heated to a temperature at which the functional properties of the surface layer are
lost and thermal cracks form on the surface of the product.

Typically, workpieces use materials that break down brittlely when heated,
without any noticeable deformation, or materials that transform into a plastic state
under the influence of thermal stresses.

The problem of thermoelasticity in a quasi-static formulation and under the
assumption that ot is the coefficient of linear expansion and E - is the elastic
modulus, do not depend on temperature and is solved analytically [8] [9].

Analysis of thermal stresses shows that, under the conditions of the problem
under consideration, tensile stresses reach their greatest values in the workpiece at
depth, and compressive stresses - on the surface. Taking into account the above,
restrictions on thermal stresses in the workpiece can be written in the form:

(=T, + =2 [[T@ DS ~ 3 [,$T(§, dE) < 0, [T(0, )], (6)
(100,60 = =2 TG, dS - flmc 0d¢) < o, [T )], (7)
0,[T(0, t)] — for brittle materials _

where o:[T(0,0] = { p[T(O t)] — for flexible materials’ o.[T(0,0] =

o.[T(l,t)] — for brittle materials
{00_2 [T(l,t)] — for flexible materials

w - Poisson coefficient; oy(T), o¢(T), o02(T) — tensile, compressive and yield
strengths, respectively.

In addition to fulfilling inequalities (1) — (7), we will require fulfilling the
limitation on the maximum temperature in the surface layer of the workpiece. It
should not exceed, for example, the temperature of structural transformations Ts in
the surface layer material, i.e.

T O Ts. (8)

Let us find the control vqt) € V, t € [0, t9, which transforms, in a minimum
time t 9 0< t°<t, the thermomechanical state of the surface layer, which is described
by the system of equations (1) — (4) from the initial position (2) to a given final
thermal position T'(x) with a fixed accuracy:
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L — 42
f [T(x, t°,v°) — T(x)] dx<e €=0
0

In such way, that for all t € [¢, t 9, ¢=const>0 inequations (6) — (8) will be
fulfilled. To solve this problem we will use the approach of consecutive
approximations [12]. Taking into account the “maximum principle” we get the
following [13]:

m <T(x, t) <M, (©)]
_ maxv(t), T° . (minv(t),T° _ _ _
where M = max { te[ot] },M { t € [0.t] } Let Ti=m, T.=M, A, =

B1t+B2

The following itational process will be applied to the system of equations (1) —

(4):

a 92 7]
cp Tt — 2y T = (AT TE), (10)
i Te1(X, 0)=TC x € (0, ), L (1)
Ao 55 — alv(©) = T (01| = o= AT E| (12)
OTpqs | i ___4
ax ly =0 AT (13)

We will look for a solution to problem (1) — (4) as the limit of solutions to
problems (10) — (13). As function A(T) is positive and fulfills the expression (5) and
has a derivative bounded by T at a range [T1, T2], then for the arbitrary fixed control
value v(#) solutions Ty+1 of the systems of equations (10) — (13) converge to the
solution of system (1) — (4) when k—co.

For the sake of simplicity of further expressions let’s formulate system of
equations (10) — (13) and bounds (6) — (7) in dimensionless units:

Y o + + o X o (Xot *
a0=§,u=aT(V—T),u =a;(v —T),T‘=T,9=O.’T(T—T),‘L’=l—2,0'1
_a-wo (-
E '7? E "
o) 4 _ @ot _al 5 _ ~ o\ 4 _
Hg=aT(TCp—T),T—l%,Bi—E,B—aT(T—T),A—O—q. (14)

Then the problem of optimal nonlinear heating of the surface layer of the
workpiece with restrictions on thermal stresses and the highest temperature is
reduced to solving a system of linear ordinary differential equations:

Z—’Tc = A(™)x +B@u+ D(1),7 € [0,T],x(0) = x¢ # Ogy, (15)
with bounds for phase variables and control values:
Fi(x,u,t) <0,i = 1,5, (16)

where x = x(7) = (x1(7), ... ,xn(t)) — N-dimensional vector, A(z), B(z), D(r) — known
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matrices with the dimensions (NxN), (Nx1), (Nx1) correspondingly with piecewise
continuous coefficients, u = u(t) € U — control.

The proposed approach to solving the nonlinear problem of thermal
conductivity with restrictions was tested when checking for the adequacy of
controlling the thermomechanical state of the working surfaces of products made of
ferroceramic materials at the sintering stage.

A plate of MnFe;O4 alloy with a thickness of 21 = 0.2 m was sintered with an
initial temperature To = 200°C in modes in which sintering zone temperature has
reached 11000°C. The maximum permissible temperature in the sintering zone at
the furnace outlet should not exceed 7200°C for the minimum time, taking into
account restrictions on thermal stress and temperature of the treated surface. The
material MnFe,O, is brittle. The temperature in the processing zone varied in the
range [7200°C — 11500°C]. The dependence of the ultimate strength on temperature
was specified in a table [14]:

Table 1. Tensile strength dependence from the temperature.

Temperature, °C 20 720 1050 1100 1150
Tensile strength, | Compression | 1500 850 470 310 210
MPa Extension 980 540 370 200 140

This dependence after the transition to dimensionless gquantities, was
approximated using the least squares method by nonlinear relations.

The dependence of the thermal conductivity coefficient on temperature was
also specified in a table:

Table 2. The dependence of the thermal conductivity coefficient on temperature
Temperature,°C 20 200 500 600 700 800 900 1000
MT), Wm°C 10.05 | 15.07 18.84 20.5 22.1 24.2 26.3 28.05

For this dependance the same was applied: transition to dimensionless
quantities, and approximation using the least squares method by nonlinear relations.

Figure 2 shows graphs of the dependences on the time of optimal control,
surface temperatures and the main material of the workpiece after 6 iterations. The
response time was 3.98 minutes, the optimal control has 135 switchings. Figures 3
and 4 show, respectively, graphs of the dependence of compressive and tensile
strengths, as well as compressive and tensile thermal stresses on time under the
optimal processing mode. As can be seen from fig. 3, the rate of temperature growth
in the sintering zone is limited not only by tensile, but also by compressive thermal
stresses. Traditionally, only tensile thermal stresses and restrictions on the sintering
temperature of the workpiece were considered active.
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Fig. 2. Graphs of optimal control versus time: 1 — surface temperature, 2 — center
temperature, 3 — temperature after 6™ iteration.
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Fig. 3. Graphs of compressive (1) and tensile (2) strength versus time under optimal

heating conditions.

As can be seen from Fig. 2, the heating rate limits not only tensile, but also
compressive thermal stresses. Traditionally, only tensile thermal stresses and
restrictions on the contact temperature of the workpiece surface were considered
active.

Implementation of a model for optimizing and controlling thermomechanical
processes when obtaining workpieces of ferro-ceramic products during sintering,
which describes thermomechanical processes in workpieces, makes it possible to
reduce the formation of defects and determine the control of technological
parameters of sintering to increase the strength of ferrites.

The process of grinding ferroceramic products is accompanied by both thermal
and mechanical phenomena, which, interacting with each other, determine the
quality of the surface layer. A quantitative description of these phenomena requires
the selection of certain models. Due to the interrelation and interdependence of
phenomena and processes during the processing of ferro-ceramic products by
grinding, it becomes obvious that the stress-strain state of the surface layer is
determined mainly by temperature. If you use a model of a thermoelastic body that
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reflects the relationship between mechanical and thermal phenomena at finite heat
flows, you can make significant progress in research on the thermomechanics of
phenomena accompanying the grinding process.

A
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Flg 4. Graphs of compresswe (1) and tensile (2) thermal stresses versus time under

optimal heating conditions.

For further studies of the kinetics of the formation of thermomechanical
processes, we will use the following system of differential equations [15], which
describes the interaction of the deformation field and the temperature field, as the
main theoretical premise.

- d 2 _).
GAU; + O + ) graddiv; - 2+ B = a,fgrad, (17)
AT -2 g2 dmu_—/1 cngj, (18)

where: A, G - Lame constants; Bt = 3\« + 2G; p - density of the processed material:
ot - temperature coefficient of linear expansion of the metal; a = A / Cy — thermal
diffusivity coefficient; A — thermal conductivity coefficient; Cy - volumetric heat

capacity; U(®, t) — the total vector of displacements of the internal temperature ®
(x, y) of the surface layer under the influence of thermomechanical forces
accompanying the grinding process: | = 1 + 1, 8/5 (t - relaxation time); n =oufB:T(®,
1) I A; W — power of the heat source; Cq is the speed of heat propagation in the
processed material; T — time; P; - cutting forceS'
gradT (x, y,Z) ——L + ] + k
dwU = % + 2y %.
ady 0z
The system of equations that determlne the thermal and stress-strain state of
the machined surface of parts during grinding includes [13]:
a) equation of unsteady thermal conductivity:
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ar _ 42 (9T 97T
Br_a (x2+y2) (19)
b) Lamé elasticity equations in displacements
26 T ar, _ v
™ —+AU—b =5 V < (20)
Ly bT"’T pT = 2t oy (21)
By 1-2u 1-2u
c) initial conditions:
T(x,y,0) =0; (22)
d) bounding conditions for temperature and deformation fields:
aT
T=-Thl<a (23)
—‘;—Z+1T=O,|y| > q; (24)
o, (x,y,t) X : 0= Tyy (X Y. 1) . : 0= 0; (25)
e) conditions for discontinuity of the solution: for inclusions: for

crack-like defects:
<U>=0<0,>#0; <o0,>=0;<uU>+0;
SV>=0;< Ty >#0; <Tyy >=0; <V >#0; (26)
Taking into account the design features of wheels used for grinding the surfaces
of ferro-ceramic products can be realized by satisfying the following boundary
conditions:

VT
q,t) = =7 [H) — H(y = 2a)] SRz 0 (v + kl = vjp7) , (27)
where H(y) is the Heaviside function; a(y) is the Dirac delta function; n is the number
of grains passing through the contact zone during the time t = VZZ“" ; A is the
P

thermal conductivity of the product material; ¢z — heat flow from a single grain;
Vg, Vikp, tgr grinding modes, 2a* — the length of the circle contact arc with the part;
I* is the distance between the cutting grains. The maximum values of the
instantaneous temperature Tw, from single grains to the constant component — Tk,
were obtained theoretically and confirmed experimentally, which were used later as
criteria for predicting the conditions for the formation of defects of the burn type and
their depth.

The solution of the task made it possible to develop technological criteria for
controlling the process of defect-free grinding of ferro-ceramic products on the basis
of the established functional relationships between the properties of ferro-ceramic
materials and the main technological parameters [16].

The quality of the processed surfaces will be ensured if, with the help of the
controlling technological parameters we can select such processing modes, cutting
fluids, and tool characteristics in a way that the current values of the grinding
temperature T(x,y,t) and heat flow q(y,t), stress o(M) and grinding forces Py, P,, and
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the coefficient of crack resistance Kic will not exceed their limit values.
Realization of the system of limiting inequalities in terms of the values of the
temperature itself and the depth of its distribution in the form:
C kl L+kl T N N
T(x,y,7) = 2 S H (r - Tp> H ( )f Fx,y,7,0)dT < [Ty (28)

vkp

c Kl L+kl N g
TR0, = 5 o H (v = H (5) 2wy e)de < [Ty 29
2
_ Cvgp 7T (L Aln,)e*(T= 1 y2(t-t)
Tk(oy Y, T) 71:/1\/17_9 fa f—l 2\/7-;(1—{;) {\/T[(T—l) + ve [1 +
D(yyT = t)]} dndt < [T] (30)
Cvppa Vg, Dtgr

This allows to avoid the violation of the functional properties of products made
of ferroceramics due to the elimination of structural changes from grinding burns
and can serve as a basis for designing grinding cycles according to thermal criteria.

Processing of ferro-ceramic products without grinding cracks can be ensured

if the stresses formed in the zone of intensive cooling are limited to limit values [17]:
1+v

Omax (6, T) = 2G —, @ Tierf (zxﬁ) < [o3c] (32)

In the case of the dominant influence of hereditary inhomogeneity in ferro-
ceramic products on the intensity of formation of grinding cracks, it is necessary to
use criteria, the structure of which includes determinate connections of technological
parameters and the properties of the inhomogeneities themselves. As such, it is
possible to use the limits of the stress intensity coefficient:

K=— L (S fonoy)dt < K, (33)

or providing, with the help of controlling technological parameters, the limiting
value of the heat flow, at which the balance of structural defects is preserved:

x _ Pzvgpas \/EAKH:
/Dty = Hivalo' (34)

Conditions for flawless grinding can be realized using information about the
structure of the processed material. Thus, in the case of the prevailing character of
structural imperfections along the length of 21, their regular arrangement relative to
the contact zone of the tool with the part, it is possible to use as a criterion ratio the
condition of equilibrium of the defect in the form:

K&
X[GTr(1+v)a]C (35)

In this formula, the technological part is contained in the connection between
the contact temperature Tk and the grinding conditions.

The given inequalities link the limiting characteristics of the temperature and
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force fields with the controlling, technological parameters. They specify the area of
a combination of these parameters that satisfy the obtained thermomechanical
criteria. At the same time, the properties of the processed material are taken into
account and the required product quality is guaranteed.

Based on the obtained criterion ratios, a device for stabilizing
thermomechanical characteristics was developed to ensure the quality of the surface
layer of ferrite parts during grinding, taking into account the maximum processing
productivity (fig. 5). The device that controls the grinding machine 1 contains
sensors 2 temperatures Ty and T;, radial grinding force and thermoelastic stresses 3,
intermediate amplifiers 4, 5 and 6, 10 integrating block 7, differentiating blocks 8
and 9, comparison body 10, setting device 11, block 12 of the control law, logical
blocks 13 and 14 for selecting the control parameter and executive bodies, arithmetic
blocks 15 and 16 for monitoring the current values of the burn depth depending on
the time of thermal exposure and the current values of temperatures T; and Tk and
voltages, as well as executive bodies 20 17, 18 and 19.

When controlling the grinding process by burn depth, the current values of
contact and pulse surface temperatures and stresses in the grinding zone, coming
from the output of sensor 2 to the input of the integrating unit 7, which integrates
discrete temperature values, forming a continuous signal at the output, are amplified
by auxiliary amplifiers 4, 5 and 6. After amplification, the signals arrive at the input
of arithmetic blocks 15 and 16. In these blocks, the current value of the burn depth
of the ground surface is determined depending on the temperatures T, T; and
voltages during the time of their thermal effect on the surface being processed, which
is supplied to the inputs of the logical block 14 for selecting a control parameter,
selecting the controlled parameter: surface temperature Ty, pulse temperature T, or
burn depth. and a differentiating block 9, which generates a signal at the output
corresponding to the first or second time derivative of the signal from the output of
block 16, allowing for control and prediction. After appropriate processing, the
signals from the input of block 14 are compared by the comparison body 10 with the
specified values from the device 11. The mismatch signals are sent to the input of
block 12 of the control law, which takes into account the nonlinear dependence of
temperatures T; and T, burn depth on grinding factors, thermomechanical stresses
omax (X,7 ) and from its output through the intermediate power amplifier 4 - to the
logical block 14 for selecting executive bodies, which selects executive bodies 17,
18 and 19 of the machine.

Stabilization of the burn depth and mechanical stresses allows you to control
the quality of parts made of ferrites when processing them by grinding, significantly
increasing their performance properties.

A device for automatic stabilization of thermomechanical stresses and quality
characteristics of grinded parts, containing sensors for contact and pulse
temperatures and radial grinding force, stresses, a power amplifier, a logical block
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for selecting actuators, a control unit with intermediate amplifiers, a comparison
body and a master device, characterized in that that, in order to stabilize the burn
depth, it is equipped with arithmetic blocks connected in series to the outputs of the
sensors for determining the current values of the burn depth from pulse and contact
temperatures and a logical block for enabling a control parameter, the output of
which is connected to the input of the comparison body, differentiating blocks, the
inputs of which are connected to the outputs an arithmetic block for determining the
burn depth from the contact temperature and an intermediate amplifier, and the
output is connected to the input of the logical block for enabling the control
parameter, an integrating block connected between the contact and pulse temperature
sensors and an intermediate amplifier, the output of which is connected to the input
of the logical block for enabling the parameter control, and a control law block
whose inputs are connected to the comparison body and the master device, and the
output is connected to the power amplifier.

Controlled object
1

e e =

15 16 —L

12

19 -~

Fig. 5. A device for stabilizing thermomechanical characteristics to ensure the stability
of the surface ball of ferroceramic parts when grinding to ensure maximum processing
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productivity.

The initial data of the control object (grinding technological process) are [18]:

e Physical and mechanical characteristics of the processed material;

e Technical characteristics of processing equipment;

e Processing modes: depth of cut, speed of the workpiece, transverse
feed, the purpose of which is determined from the conditions of
limiting the grinding temperature and heat flow, stresses and grinding
forces, crack resistance coefficient, which will not exceed their limit
values.

e Characteristics of the selected tool (wheel), affecting the heat
intensity of the processing process;

e The machining process is described by equations (1) — (6), a system
of control relations (7) — (9) and thermoelastic stresses formed in the
processing zone (15) — (16);

e Quality criteria for processed surfaces of products are the fulfillment
of inequalities (20) — (23) — absence of functional changes in the
properties of ferroceramics; inequalities (24) — (26) -- Processing of
materials and alloys without grinding cracks.

5. Research results

As a result of the research carried out, a scientific and technical problem was
solved consisting of establishing calculated dependencies to determine the influence
of hereditary defects formed during the operation of obtaining a workpiece on the
crack resistance of the surface layer during grinding and creating control over the
thermomechanical state of the working surfaces of products made of ferro-ceramic
materials during finishing operations, optimal technological processing conditions
taking into account the accumulated damage and inhomogeneities of materials and
alloys that are especially prone to crack formation during the grinding process, which
is of great national economic importance for reducing defects in finishing operations
and increasing the performance properties of ferroceramic parts [19].

6. Conclusions

The scientific novelty of the presented research lies in the establishment of
calculated dependencies to determine the influence of hereditary defects formed
during the production of workpieces from ferro-ceramic materials on the crack
resistance of the surface layer during grinding and the creation of optimal
technological processing conditions, taking into account the accumulated damage
during sintering of workpieces and inhomogeneities in them, which create the
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prerequisites to structural changes and cracking during the grinding process.

1. Ananalysis of the thermomechanical state of the surface layer of products
made of ferro-ceramic materials of heterogeneous structure was carried out
when obtaining workpieces. An optimal control of the thermomechanical
state of the working surfaces of the workpieces was constructed, taking into
account the nonlinearity of heat stress in the sintering zone, which made it
possible to minimize defects in this operation and reduce the presence of
structural defects affecting the strength of ferrites.

2. Technological criteria have been developed to control the process of defect-
free grinding of ferro-ceramic products, which are implemented on the
basis of established functional connections between the thermomechanical
state of the processed materials and the main technological parameters.

3. Adevice for stabilizing thermomechanical characteristics was developed to
ensure the quality of the surface layer of ferroceramic parts during grinding,
taking into account the maximum processing productivity.
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Amnaromniii YcoB, IOpiit 3aitunk, Makcum Kywninus, FOmis Cikipamr, Opeca,
VYkpaina

HNIABUINMEHHA EOEKTUBHOCTI BUPOBHUIITBA
OEPPOKEPAMIYHUX BUPOBIB HA ®IHIINMHUX OINEPANIAX 3
YPAXYBAHHSAM TEXHOJIOI'TYHOI CITAZIKOEMHOCTI

AuoTtauis. Cman sxocmi wnigposanoi nosepxmi gepokepamivnux eupoobie Gopmyemvcs nio enaugoM
MEPMOMEXAHIUHUX SBULY, WO CYNPOBOOICYIOMb QIHIUHY ONEPayiio i 3a1edCUms 6i0 MexXHON0IYHUX YMO8
00epoicanna  3acomieku. Po3pobreno  mamemamuuny MoOenb — ONMUMIzayii  ma  ynpasniHua
MEPMOMEXAHIYHUMU NPOYECAMU NPU OMPUMAHHI 3A20MOBOK (hepo KepaMiuHuX 6upobie npu CRIKAHHI, Wo
OnuUCye MepMOMEXaHiuni npoyecu y 3ae0mMo6KAax, Wjo 6NIUGAIOMb HA POpMyeaHHs Oeghekmis ma
BU3HAYEHO YNPAGIIIHHA MEXHONOLTYHUMU NAPAMEMPAMU CNIKAHHA ONA YCYHEHHA 3a3HAYEHUX Oehekmis.
13 3acmocysanHsamM Wiy8aHHs NOB'sI3aHa Nos6a 6 NOBEPXHeBUX WAapax oemaneti NPUNIKie, MpiwuH, wo
pOo3mAZyI0mb HAnpyau, Wo 3HAYHO 6NIUBAE HA SKICMb Yux demarnet, 8 npoyeci ix excnayamayii. Bucoka
Meniosa HANPYJiCEeHICMb  NpoYecié  aimMasHo-abpasuenoi 06podKu npu3eooums 00 MmMo20, WO
meniogizuka yux npoyecis yacmo € OOMIHYI040I0 Y POPMYSAHHI AKICHUX XapaKmepucmuk oopoobreHoi
nogepxui. Icnyroui memoou 06pobku winighysannsm Oemaneil i3 ¢hepoxkepamiunux mamepianie e
003601510Mb NOGHICTIO BUKTIOYUMU OeheKmil, Wo BUHUKAIOMb Y No8epxHeeomy wapi. Llbomy cnpusaoms
Ccnaokosi deghexmu 810 nonepeoHix onepayitl, 30Kpema npu OMPUMAHHI 3a20Mi6i; MIKPOHeOOHOPIOHicMb
camoz2o mamepiany, wo XapaxmepusyemvCs 6eIUNUHOIO 3epHa, OeeKmamu ynakosku, OUCIOKAYIAMU Ma
CMPYKMYPHUMU ~ NepemeopenHsamMy. Ananiz mepMoMexaHiuHux npoyecie, wo Npomikaromo y
Nn0BePXHEeBOMY wapi 00360118 OMPUMAMU PO3PAXYHKOGI 3ANeIHCHOCI OISl BUSHAUEHHS MEXHONO0TUHUX
YMOB YCYHeHH s NPUNIKo — ma mpiuuHOYMeopenHts Ha pOOOYUX NOGEPXHAX (epoKepamiuHux eupobis npu
06pobyi ix wrigyysannam. Pospobreno npucmpiil 0ns agmomamuynoi cmabinizayii mepmomexaniynux
Xapakmepucmuk, wo CYNpO80OANCYIOMb onepayilo wnigpysanus gepo-kepamivnux eupobie eubopom
MEXHONOIYHUX YMO8 0OpOOKU demainell, Wo MAaloms y NOGEPXHEGOMY wapi cnaoKkogi HeOOHOPIOHOCMI,
wo 3abe3neyyoms MaKCUManibHy NPOOYKMUGHICMb npu 3abe3neyeHni HeoOXIOHUX NOKA3HUKIE AKOCMI.
KuouoBi ciioBa: onmumizayis, 3a20moeka; winipyeanHs, aKicnmv NOBEPXHi; MmepMOMexaniuni seuwa,
Mooens; deghexmit; MEXHONOLIUHI napamempu,; Kpumepii; npucmpiil.
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Abstract. The field of production engineering is constantly expanding, as novel manufacturing
procedures are being introduced and spread in the industrial environment. The creation of complex parts
by the application of some kind of printing process is a relatively new method compared to the other
traditional chip-removal processes. It can be applied in various fields, where the greatest advantage can
be utilized, which is the lower restrictions on the geometry of finished parts. In this paper, the surfaces
on 3D printed parts are being studied. The effect of the printing speed, layer height and nozzle
temperature are analysed on the surface roughness of the experimental workpieces. The experimental
setup plan is designed according to the full factorial design method. The results of this preliminary study
are the general determination of the affecting factors on the surface roughness.

Keywords: 3D printing; full factorial design; PLA; roughness height.

1. Introduction

Additive Manufacturing (AM), also known as 3D printing (rapid prototyping)
is mainly preferable technology in last decades because of it allowing the production
of complex geometries with easier ways. The technology build parts by using layer-
by-layer method that gets data from digital designs (stereolithography files), offering
flexibility, customization, and cost-effectiveness in comparation with traditional
methods [1-3]. In analysing materials used in 3D printing, Polylactic Acid (PLA)
has high demand especially in desktop and hobbyist settings, as well as in industrial
applications. PLA is a renewable, biodegradable thermoplastic made from natural
resources such as corn starch or sugarcane. Its environmentally friendly properties
combined with its low cost and ease of use, have made it a popular choice for AM.
Because of its strong mechanical properties, PLA can be used for many types of
purposes, such as tooling, end-use parts, and prototyping. On another side, PLA is a
popular choice based on its compatibility with different 3D printing technologies,
including Fused Deposition Modeling (FDM), Stereolithography (SLA), and
Selective Laser Sintering (SLS). Its relatively low melting temperature minimal
distortion during printing process, makes it an attractive option for both beginner

and expert users [4-7]. In this
© I. Sztankovics, Z. Mehdiyev, 2024
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situation, understanding and controlling the surface quality of printed parts is an
important factor. Surface roughness plays an important role in determining the
practical and aesthetic properties of printed polymer materials. To achieve a better
surface finish is critical for applications where smoothness, precision, and visual
appeal are required. The optimized surface roughness in polymer printing is essential
factor to ensure the success of printed parts in different applications such as rapid
prototyping, product development, medical devices and consumer goods. By
optimizing printing parameters and applying different post-processing techniques,
manufacturers and designers can improve surface quality, and reduce defects, which
unlock new possibilities for additive manufacturing [8—-11].

There are numerous studies in the literature that explored the factors
influencing surface roughness in 3D-printed polymers [12]. The performed research
works help to shed light on the limitations and complexities of this critical aspect of
AM. For instance, the research work [13] investigated that how different layer
thickness values in 3D printing affect the surface qualities of wood flour/PLA
filament. This research work investigated that how different layer thickness values
in 3D printing affect the surface qualities of wood flour/PLA filament. Reducing
layer thickness value improved surface roughness, while increasing it improves
wettability. The results suggested that a layer thickness — 0.2mm is ideal for
balancing surface quality and production time in 3D printed wood/PLA examples.
In the next article [14], the impact of layer thickness parameter on the surface
properties of 3D printed materials was analysed specifically for wood flour/PLA
filament composites. In realized investigations, three circular textures were printed
and tested under dry and lubricated conditions. The findings showed that texture size
has a substantial impact on the coefficient of friction which texture T2 (texture
diameter 1.5 mm) had the lowest friction under dry conditions, while T3 (texture
diameter 2 mm) performed best under lubricated conditions at low speeds. Similar
to the previous one, the paper [15] explored the influence of layer thickness on the
surface properties of printed materials which were produced from wood flour/PLA
filament. It highlighted the importance of surface coatings in improving mechanical
properties and also discussed the applications of coated 3D printed parts in several
industries. The study also shows the importance of understanding surface
characterization, especially in the case of printed polymeric parts. The next work
[11] analysed how the layer thickness parameter affects the surface qualities of
printed parts. The study seeks to optimize printing conditions by modifying process
parameters such as layer thickness, nozzle temperature, and infill density in order to
improve surface quality, tensile strength, and hardness of printed specimens. The
final results demonstrated the need for parameter adjustment to get the necessary
mechanical and surface properties in mass production. With the similar purpose —
the article [16] investigated the impact of layer thickness parameter on the surface
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quality of polymer materials. In this research study, samples were printed with
different layer height values (from 0.05 to 0.25) by using the "Creality Ender 3"
printer. The obtained results showed that optimal parameters found at 0.15 mm and
0.20 mm for surface roughness and printing time. In addition, the paper [17]
analysed the influence of different printing parameters on the surface properties of
3D printed denture base resins. And the study found that although printing
orientation and post-curing time have little effect on the surface roughness, they have
considerable effect on the hardness. 3D-printed denture base resins have reduced
hardness than conventional heat-polymerized resins, however post-curing increases
their hardness values. The placement of the parts to be printed also has an important
factor in the result [18]. The geometry of the product significantly affects the
resulting efficiency of the joint solution of the considered problems of technological
process planning for additive manufacturing [19]. The following study [20] focused
into the surface treatment of printed polymers using different coatings, focusing on
visual aesthetics as well as environmental protection. Results showed that the
characteristics of the substrate and the properties of the coatings have highly effect
on the surface properties such as hydrophobicity, colour, gloss, and adhesion. In
addition, understanding the relationship between substrate chemistry and coating
composition is critical to achieve good surface finishes in additive manufacturing.
The article [21] researched the influence of different fused filament fabrication 3D
printing parameters on the printed surface of PLA polymers. The investigations were
specifically focused on curved surfaces resembling hip prosthesis components.
Performed ANFIS modelling demonstrated that layer height and nozzle diameter had
a major impact on roughness, where smaller layer heights resulted in smoother
surfaces. This study offered knowledge on optimizing 3D printing parameters to
reduce surface roughness in complex, curved structures. The following study [22]
compared the surface qualities of interim indirect resin restorations produced using
CAD-CAM, 3D printing, and traditional methods. The observed results showed that
3D-printed resin restorations had similar flexural strength and micro-hardness to
CAD-CAM-fabricated specimens, but much higher surface roughness. Studies
suggested that 3D rapid prototyping technology is an appropriate option for the
clinical production of provisional resin restorations. Additionally, the surface
properties of ABS material printed by using fused deposition modelling were
analysed in research work [23]. According to the gathered results, increased infill
density and lower layer height parameters led to better surface roughness while
increasing layer height results in rougher surface. Furthermore, a 0.06mm layer
height and 100% infill density result in an optimum surface finish.

The main purpose of this study is to investigate the effect of different printing
parameters, on the topography of FDM printed PLA parts. With analysing the results
on the roughness, this research aims to provide a better understanding to optimize
printing parameters to realize better surface quality for PLA parts.
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2. Experimental conditions and methods

For the current research, all experiments were printed by using the "Qidi Tech
X-CF Pro" 3D printer which is known for its high temperature and precise printing
capabilities. The Qidi Tech X-CF Pro has a build volume of 300x250x300mm,
which provides wide space for printing several complex geometries. With a heated
build plate and a dual extrusion mechanism, this printer has the capability to print a
wide range of filament types while providing optimal layer adhesion.

The printing material used in the production of all samples was PLA
(biodegradable thermoplastic) which is known for its environmental friendliness and
ease of use. This included nozzle temperature, printing speed, layer height, infill
density, and etc which were set to get uniform printing results. Furthermore, the
slicing software of the printer was used carefully to ensure that digital designs (in
stereolithography file format) were accurately converted into physical items.

The experimental setup for this research work involved systematically
changing printing parameters to investigate their impact on the surface roughness of
printed PLA parts. Additionally, it should be also noted that the same PLA filament
was used for all prints to eliminate material-related factors.

Table 1 illustrates the eight different experimental setups, where each of them
is characterized by unique combinations of layer height (hi), nozzle temperature (T,),
and printing speed (vp).

The parameter combinations were selected based on their common use in 3D
printing applications and their ability to affect surface roughness. By systematically
changing the mentioned parameters and keeping other printing conditions constant,
the main purpose was to analyse their individual effects on surface quality. The
printed workpiece was designed to have a 6 mm x 6 mm flat surface. Each
experimental setup was carried out two times, where the orientation of this flat
surface changed: the to be studied surface was parallel to the base plate of the
machine in the first case (hence this will be called “Horizontal” position) and it was
perpendicular to the base plate in the second case (thus this will be called “Vertical”
position). This resulted in 16 experimental setups overall.

After completing all the printing processes, all the samples were tested using a
profilometry surface roughness test to evaluate their surface roughness. The
necessary measurements were carried out after the experiments with an AltiSurf 520
three-dimensional topography measuring instrument using a triangulated laser probe.

Table 1 — Experimental setups
Setup 1 2 3 4 5 6 7 8

[n?lln] 0.2 0.3 0.2 0.3 0.2 0.3 0.2 0.3

189



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

[;ré] 210 210 230 230 210 210 230 230
[m\rlrz /s] 60 60 60 60 90 90 90 90

In this study, the following roughness parameters are measured and studied
(1S025178-2:2012):

e Sio; — Ten-point height [um], the average value of the heights of the five
peaks with the largest global peak height added to the average value of the heights
of the five pits with the largest global pit height.

» Ssp — Five-point peak height [um], the average value of the heights of the
five peaks with the largest global peak height.

» Ssy— Five-point pit height [pum], the average value of the heights of the five
pits with the largest global pit height.

Equations were worked out for the analysis using the form in Equation 1
according to the 23 full factorial design method. The y is the dependent value and ki
are the coefficients describing the effect of the different factors on the dependent
value. O represents the orientation of the specimen. The independent variables are
the layer height (h;), nozzle temperature (T») and printing speed (vp).

y(hi, Tn, Vp)© = Ko + kahi + KoTn + KaVp + K12hi T + Kishivp + KosTaVp + KizshiTavp (1)

3. Experimental results

The workpieces were printed out and the surface topography are measured for
each setup. The resulted profiles were evaluated, and the studied parameters were
recorded. These values are shown in Table 2 and 3.

Table 2 — Measurement results of horizontally printed specimens

Setup 1 2 3 4 5 6 7 8
S| 395 | 956 | 558 | 1659 | 625 | 1331 | 45.0 | 1509
[um]

Ssp 24.2 37.9 30.8 54.6 24.2 52.6 22.9 37.4
[um]

Ssu 15.3 57.8 25.1 | 1113 | 38.3 80.4 22.1 | 1225
[pm]

Table 3 — Measurement results of vertically printed specimens

Setup 1 2 3 4 5 6 7 8
[ilr;z] 102.5 | 225.6 | 107.6 | 400.0 | 53.7 | 160.1 | 70.9 | 240.3
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S | 428 | 825 | 502 | 1636 | 27.5 | 795 | 289 | 12656
[um]
Ssv | 597 | 1430 | 574 | 2364 | 262 | 806 | 41.9 | 1137
[um]

The formulas in the form of Equation 1 are determined for the calculation of
the ten-point height of the roughness. Equation 2 shows the result for horizontally
printed specimens and Equation 3 presents the formula, which determines the
vertically printed parts.

During the study of the surface roughness, the peak height and pit height
parameters are analysed by the application of their ratios with the total height of the
roughness profile. In this way the structure of the produced surface can be
characterized in 3D printing as well.

SlOZ(hh Tn, Vp)H = 5955 - 7422h| - 3132Tn + 4879Vp + 3664h|Tn + 3857h|Vp -

- 002417Tan - 01608h|Tan (2)
S10z(h1, Tn, Vp)¥ = 8102 - 38530h; - 39.13T, - 79.11v, + 190.9h T, + 366.2hv, + 3)
+ 03742Tan - 1.77h|Tan
Table 4 — Calculated ratios of the roughness parameters (horizontally printed specimens)
Setup 1 2 3 4 5 6 7 8
S5p
1S10 0.61 | 040 | 055 | 0.33 | 0.39 | 040 | 051 | 0.23
[-]
SSV
1S10 0.39 | 0.60 | 045 | 0.67 | 0.61 | 0.60 | 0.49 | 0.77
[-]
Table 5 — Calculated ratios of the roughness parameters (vertically printed specimens)
Setup 1 2 3 4 5 6 7 8
SSp
/S102 042 | 0.37 | 047 | 041 | 051 | 050 | 0.41 | 0.53
[-]
S5V
1S10 058 | 0.63 | 053 | 059 | 0.49 | 050 | 0.59 | 047
[-]
Ssp / S10z (hi, T, Vp)H = 18.54 - 64.82h, - 0.07686Ty, - 0.2821v, + 0.2768h T, + 4
+ 1.051hyv, + 0.001236Tnv, - 0.004647hThvy
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Ssv / S10z (Wi, Tn, V) = - 17.54 + 64.82h, + 0.07686 T, + 0.2821v, - 0.276h T, - ©)
-1.051hvp - 0.001236Tqvp + 0.004647h Trv,

SSp / 8102 (hl, Tn, Vp)v = - 9212 + 2865h| + 004614Tn + 01518Vp - 0142h|Tn - (6)
- 0.4761h, - 0.000719T,V, + 0.002325h Tovp

SSV / 8102 (hl, Tn, Vp)v = 1021 - 2865h| - 004614Tn - 01518Vp + 01423h|Tn + (7)
+0.4761hivp + 0.000719T v, - 0.002325h TV,

The ratios of the peak and total heights and the ratios of the pit and total heights
are shown in Table 4 for horizontally printed specimens by the application of the
data in Table 2. Equation 4 and 5 show the worked-out formulas for the calculation
of these. Table 5 contain the beforementioned ratios for vertically printed parts based
on the values of Table 3. Equation 6-7 presents the deducted equations in form of
Equation 1, which will be further used in the analysis.

4. Discussion

The analysis of the effect of the setup parameters on the studied roughness
parameters started with the evaluation of the total height (S10,). Figure 1 shows the
results of the parts which were printed horizontally, while Figure 2 presents the
outcomes on vertically printed parts. The first observation, which can be confirmed,
is the high impact on the printing direction. The roughness values of the horizontally
printed parts are almost half of the result of vertically printed parts at 60 mm/s
printing speed, and also lower (but with a lesser extent) at 90 mm/s.

2100.2 2100.2 h [mm]
1 1

vp =60 mm/s vp =90 mm/s
Figure 1 — Alteration of the Sio; on horizontally printed surfaces
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210 0.2

h’ [mm]

Vp = 60 mm/s Vp = 90 mm/s
Figure 2 — Alteration of the S0, on vertically printed surfaces

We identify based on the 16 setups, that increasing the layer height has a higher
effect in vertical printing, while its have a lower increasing effect in horizontal
printing. The previous statement can be easily seen, since the layer height means the
periodicity of the profile in vertical printing, thus it has an increasing effect on the
roughness. In horizontal printing, the layer hight should not have a direct effect on
the roughness height, however its increasing effect can be observed here as well.
Higher layer height alters the mechanism of the layering of the different material
levels, which leads to a rougher surface. The nozzle temperature has also an
increasing effect, because of the secondary plastic deformations, which occur in the
before layered materials. Increasing the printing speed has no clear effect in
horizontal printing, while it has a noticeable lowering effect in vertical printing. As
we saw earlier, the contact characteristics between the previously layered sections
and the recently printed material is important factor. If we increase the printing speed,
we lower the contact time, which changes the secondary plastic deformations.

n 2100.2

h [mm] ! 21002 p (mm)
1 1

vp =60 mm/s vp =90 mm/s
Figure 3 — Change of the peak to total height ratio on horizontally printed surfaces
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2107¢ 2 h, [mm] 2100 h [mm]

Vp = 60 mm/s Vp = 90 mm/s
Figure 4 — Change of the peak to total height ratio on vertically printed surfaces

The study continued with the analysis of the beforementioned ratio parameters.
Figure 3 and 4 shows the results of the ratios of the peak height and the total height
in horizontally and vertically printed parts, while Figure 5 and 6 presents the pit
height to total height ratios. Here we can also state that the printing direction has a
significant effect on the composition of the total roughness height. The horizontally
printed parts has higher pit heights while they have lower peak heights. This
observation corresponds with the previously stated fact, that the horizontal printing
has a lowering effect on the surface roughness. The characteristic of the surface
profile changes as we alter the printing direction, which change leads to lower
surface roughness. Among the analysed setup parameters, the layer height had the
highest impact, which is followed by the printing speed in the point of view of the
studied ratio parameters. It can be determined for a given application, which
parameter setting would benefit more, if the task is to modify the surface topography
characteristics. Higher peaks or higher pits can be achieved with the choice of the
proper parameters.

s 0.75
2 (um)
Sl()z 0.5€
0.25
230"
T C]
21072 hl [mm) 210702 hl [mm]
vp =60 mm/s vp =90 mm/s

Figure 5 — Change of the pit to total height ratio on horizontally printed surfaces
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E i 0.75
0.75 S 5v [1m]
0.50 0z s
S,
S'DL [um]0.25 0.25
“10z
230 230
0.3 0.3
T 6] 5 aligh oy
100.2 h[ [mm] 210702 h[[mm]
vp =60 mm/s vp =90 mm/s

Figure 6 — Change of the pit to total height ratio on vertically printed surfaces
5. Conclusions

In this paper, 3D printing experiments were carried out to study the surface
roughness of differently orientated parts, which values play an important role in the
quality of the products. The nozzle temperature, the printing speed and the layer
height is changed to analyse their effect. In the study of the results the following
observations can be highlighted:

o The roughness values of the horizontally printed parts are almost half of the result
of vertically printed parts.

o Increasing the layer height has a higher effect in vertical printing, while its have a
lower increasing effect in horizontal printing.

o Increasing the printing speed has no clear effect in horizontal printing, while it has
a noticeable lowering effect in vertical printing.
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ImrrBan CrankoBud, 3is MexnieB, MilkombIl, YTopIinHa

MONEPEJHE JOCIIXEHHS TAPAMETPIB IIOPCTKOCTI
IHOBEPXHI ITPHU 3D-IPYKY 3AI'OTOBOK 3 MATEPIAJIY PLA

Anotauis. Coepa eupobnuuoi indcenepii nOCMIlHO  POMUPIOEMCA, OCKIIbKU HOGI  6UPOOHUYI
npoyeoypu 8npoeadICcyiomvCs i NOWUPIOIOMbCS 8 NPOMUCI080MY cepedosuuyi. CmeopenHs CKIaOHUxX
Oemanell WIAXOM 3ACIMOCYBAHHS NEBHO20 Npoyecy OPYKy € GIOHOCHO HOBUM MemOOOM Y NODIGHAHHI 3
THWUMU MPAOUYIIHUMU NPOYECamu 6USOMOGIEHHS, NO6 A3AHUMU 3 BUOANEHHAM CMpYyxcKu. Bin moowce
3aCcmMoco8yBaAMUCs 8 PI3HUX 2ATY3AX, Oe HAUOLILULIOI0 Nepedazoio € MeHWi 0OMedICenHs. Ha 2e0Mempiio
eomoeux Odemaneu. YV wyiii pobomi Oocniodxcyiomecs noeepxni na 3D-Opykosanux Oemansix.
Ilpoananizosano enaue wieuokocmi OpyKy, GUCOMU wapy i memnepamypu conia HA WOPCMKICMb
NOGEPXHI  eKCnepuMenmanbHux 3a2omoeok. Ilnan excnepumenmanbHoi ycmamosKu pospoobneHuil
8IONOGIOHO 00 Memoody NO6HO20 (pakmopHo2o nianyeéanns. Peszymbmamom yvoeo nonepednvoco
00CTIONHCEHHS € 3a2anbHe BUSHAYEHHs (QAKMOpI6, Wo 6NnIUBalomy HA WOPCMKICMb nosepxui. Y yiil
cmammi  nposedeHo  excnepumenmu 3 3D-OpyKy 0ns  OOCHOMNCEHHS WOPCMKOCMI  NOBEPXHI
PI3HOOpIEHMOBanUX Oemarnel, 3HAYeHHs SAKOI 8idipalomyb 6axciugy poiv y axocmi npodykyii. Tym
MOJICHO KOHCMAmMY8amu, w0 HANPAMOK OpYKY MAE€ 3HAYHUL 6NIUE HA CKIAO 3a2anbHOi eucomu
wopcmrocmi. ['oOpusoHmaibHo HAOPYKOBAHI Oemai Maroms OiibULy 2IUOURY SMOK, MOJi K 60HU MAIOMb
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Menuty eucomy nikie. Lle cnocmepeowcenns y3200cyemybes 3 pauiule 8CMAHOGNEHUM PAKMOM, WO
20pU30HMANbHULL OPYK MAE SHUNCYSATbHULL BNIUE HA WOPCMKICMb nosepxHi. Xapakmepucmuka npoghinio
NOBEPXHI SMIHIOEMbCS NPU 3MIHI HANPSAMKY OPYKY, WO NPU3600UNsb 00 3HUMHCEHHS WOPCMKOCI NOBEPXHI.
Ceped npoananizoeanux napamempie HAIAWIMYBAHHA HAUOLTLULUL BNIUE MAE 8UCOMA WIAPY, 3 SKOIO 3
MOUKU 30PY OOCTIOANCYBAHUX NAPAMEMPIE CRIGEIOHOUIEHHS CTIOYE WEUOKICMb OPYKY. [l KOHKpemHo2o
3aCmMOoCy8antsa MOJICHA BUSHAYUMU, SIKe HANAWIMYSAHHA NAPAMEmpie npunece Oiibuie KOPUCH, AKUJO
3A80AHHAM € 3MIHA XAPAKMEPUCTIUK PeNbEDY noepxHi. [l ananizy ix 6niugy sMiHIO6aIU MeMnepamypy
conna, weuokicms OpyKy ma eucomy wapy. Ilpu euguenni pe3yabmamie MOXCHA SUOIIUMU HACHYNHI
Ccnocmepesicents: 3HAUeH s WOPCMKOCMI 20pU30HMANLHO HAOPYKOBAHUX Oemaell Matidice 80614l MeHL,
HIJC Y 6ePMUKANLHO HAOPYKOBAHUX Oemanell; 30iTbWeHHs GUCOMU wapy Mae Oinvuull egpekm npu
8ePMUKANLHOMY OpYYi, MOOI AK NPU 20PUSOHMATLHOMY — MEHUIUIL; 30ITbUeH s WBUOKOCII OPYKY He MA€E
uimKo2o eghexmy 0Jist 20pU30OHMATLHOZ0 OPYKY, MOOI SIK 0I5l BEPMUKATLHO2O OPYKY MAE ROMIMHULL eqhexm
3HUDICEHH.

Kuarouosi cnoBa: 3D-0pyk; nosnuii pakmopnuii nnan; PLA; eucoma wopcmrocmi.
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Abstract. It is noted that the process of vibration processing of parts is carried out by the relative
movement and mutual pressure of granules of the medium and the parts being processed circulating in
the oscillating reservoir. It is noted that the removal of defects from the surface of a part is carried out
by the processes of microcutting and elastoplastic deformation. It is indicated that despite the
effectiveness of vibration processing, its capabilities are limited to performing simple operations and
have not been sufficiently studied. The effectiveness of vibration processing depends on a number of
factors, among which the size of the medium granules and the size of the machine reservoir play a
significant role. To determine these factors, the kinematics of the finishing and grinding process was
considered, and the joint movement of the medium granule and the part was taken into account. The
removal of microchips along the entire length of the machined surface during one period of oscillation of
the machine reservoir and the damping properties of the material of the working medium used were also
taken into account. It has been established that, depending on the shape of the part, its position and
direction of movement in the reservoir, the angle of contact with the granules can vary from 0 to 90°. In
this regard, cases of encounters between granules and parts are considered. It has been established that
the unfavorable case of a meeting occurs at the right angle of their collision. It is concluded that the
removal of microchips from the surface of parts is theoretically inversely proportional to the size of the
medium granules. It has been determined that the increase in damping of the medium caused by a
decrease in the size of the granules can be compensated by increasing the amplitude of the oscillations
of the reservoir and the use of granules with a large specific gravity. The choice of granule size is also
limited by the conditions of their access to the surfaces being treated, while the conditions for eliminating
the possibility of granules jamming are met. It has been experimentally confirmed that the reservoir with
a “U” — shaped cross-section turned out to be the best, due to the absence of stagnant zones in it. It has
been established that as the cross-section of the reservoir increases, the productivity of the machine will
decrease. Intensifying the process by increasing the amplitude is unacceptable, since this causes the
appearance of deep defects on the treated surfaces. To increase processing efficiency, it is necessary to
increase the volume of the reservoir by lengthening it, rather than increasing its cross-section.
Keywords: vibration treatment; granular medium; physical and technological parameters; contact
angle; reservoir; productivity of vibration processing.
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1. Introduction

The process of vibration processing is accompanied by microcutting and
elastoplastic deformation and is carried out due to the relative movement and mutual
pressure of the granules of the working medium and the parts during their circulation
movement in an oscillating reservoir [1].

Despite the effectiveness of vibration processing, its use until recently was
limited to performing such simple operations as cleaning parts, removing burrs, and
rounding sharp edges. The underestimation of the capabilities of this technological
process is explained by the lack of knowledge about it [2].

The research carried out so far has involved solving particular problems of
identifying the influence of one or a small number of factors on the efficiency of
vibration processing. At the same time, ongoing comprehensive studies have shown
that the effectiveness of vibration processing depends on many factors, the main ones
of which include the size of the granules of the abrasive medium and the size of the
reservoirs of machines for vibration finishing and grinding.

2. Features of the kinematics of the finishing and grinding process

To determine the above factors, it is necessary to consider the features of the
kinematics of the process of vibration finishing and grinding, represented by the joint
movement of a granule of the abrasive medium and the part. When considering the
kinematics of the process, it is necessary to take into account the removal of
microchips along the entire length of the machined surface during one period of
oscillation and the damping properties of the material of the abrasive medium used
[3, 4].

Granules of an abrasive medium with a mass of m; (Fig. 1, a), moving at a

speed of V,

can be either in a state of relative rest, or have counter or parallel movement at the
speed of V, part. At certain moments, the velocity vectors Vgr and V), can make a

encounter a part with a mass of M on their way. In this case, the part

certain angle.

The vector difference Vgr —V p represents the relative speed Vgr with which
the interaction of granules and parts occurs. Depending on the shape of the part, its
position in space and the direction of movement, the angle of contact with abrasive

granules can vary from zero to 90°. Let's consider the most typical cases of abrasive
granules meeting parts (Fig. 1).
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Fig. 1.7. Diagram of the meeting of the part and the granules of the abrasive medium: (a)
—at aright angle; (b) — at an acute angle

The most unfavorable case of granules meeting the surface being treated occurs
at a right angle to their collision (Fig. 1, a). The wall of the machine's reservoir
imparts movement to the granules at a speed of Vgr .The granules, when compacted,

strike the surface of the part at a right angle. The average value of the force Fimp
acting on the part during the collision with the granule can be expressed by the
following formula:

MViq (1 +k )

I:imp = I @

where M — is the mass of the part; V| — relative speed of granules and parts at the

moment of impact; k — recovery coefficient, depending on the elastic properties of
the part and the granule; t — impact time.

The use of this formula is permissible, since the masses of the reservoir and
granules after compaction, located between the wall and the surface, are large
compared to the mass of the part.

3. Efficiency of vibration processing at different angles of impact of
granules with the processed surface

The effectiveness of vibration processing when granules collide at right angles
with the surfaces being processed is relatively low, since the abrasive granules are
not so much removed as they are crushed by this surface, leaving micro-nicks on it.
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This removal of metal from surface B occurs under unsatisfactory conditions.
Abrasive granules slide along it with a small interaction force, which is determined
only by the static pressure of the overlying layers of granules and parts. It is many
times less than the forces arising at the surface 4.

Other processing conditions occur at an impact angle other than 90° (Fig. 1, b).
In this case, the impact on surface 4 has less elasticity. Surface B, which had not
previously experienced impacts, also receives an oblique impact. During such a
collision, the granules slide over both surfaces, removing chips.

The greatest destruction of the surfaces of the parts will occur in weakened
areas of their perimeter, namely at the corners and edges (Fig. 1). In this position,
corresponding to maximum destruction, there is rib C of the part.

4. Study of changes in the granule size of an abrasive medium and the
effectiveness of its impact on the treated surface

With an increase in the mass of m abrasive granule, its kinetic energy
increases, and consequently, the force that causes destruction and removal of surface
layers of metal increases. However, an increase in the size of the granule, beyond
certain limits, reduces the effectiveness of its impact on the part surface, as can be
seen from the following.

Let us denote the size of the granule by d , the length of the surface of the part
in contact with the granules by |, and the length of the granule sliding along the
surface being processed by one oscillation by a.

To simplify the discussion, we represent the shape of the part in the form of a
rectangular parallelepiped. Then the total length of the surface from which
microchips will be removed during one oscillation of the reservoir can be expressed
as

lL=a ! (2)
1=y

For one of the part surfaces, with its linear dimension L perpendicular to the
drawing plane, the surface from which chips will be removed is equal to:

(I
I, =a——=. 3
2780 ©))
From the resulting expression it follows that the dimensions of the processed
surface for one relative movement of the granules, that is, for one period of

oscillation of the machine reservoir, are inversely proportional to d 2,
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You can choose the size of the granule so that it is equal to the value «a, that
is, d; =a. Then

al
L =—=I, 4
15, (4)
that is, microchips are removed along the entire length of the surface. For the plane,
we correspondingly find

LI
1, a, ®)

Thus, the removal of microchips from the surface of the part is theoretically
inversely proportional to the size of the granules of the working medium.

As the granule size decreases, the damping properties of the entire medium
change. Therefore, with small sizes of abrasive granules, the length of the surface
from which microchips can be removed during one period of oscillation of the
reservoir will be significantly less than the calculated one.

An increase in the damping of the medium caused by a decrease in the size of
abrasive granules can be compensated by increasing the amplitude of vibrations of
the reservoir and using granules with the highest possible specific gravity [5].

From the practice of vibration processing it follows that the most suitable for
processing complex-profile parts with internal planes, pockets, holes are granules of
the working medium made of mineral ceramics TsM-332, the specific gravity of
which is 3.93...3.95 g/cm?®. The choice of the size of such granules will be limited by
the conditions of their access to the treated surfaces. In this case, the size of the
granules should be selected to exclude the possibility of their jamming in the listed
surface elements of the part.

Abrasive granules made from the TsM-332 material have a dense structure,
high hardness and have shown great wear resistance, so they are most suitable for
finishing operations. At the same time, they have a small grain size (1...3 um),
which, when used in grinding operations, leads to an increase in processing time, to
speed up which it is advisable to add grinding powders of various grain sizes to the
reservoir with an appropriate amount of a chemically active solution [6, 7].

When choosing materials for abrasive granules, abrasive granules from broken
abrasive wheels, crushed granite and porcelain chips, as well as from mineral
ceramics TsM-332 were studied. During the experiments, cylindrical samples made
of steel 45 weighing up to 100 grams were processed. They had original purity
classes of Ra=2.5 ymto Ra=0.16 um.
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The processing was carried out under constant vibration modes, amplitude
A=2.0 mm, frequency «=2200 oscil/min, ellipse coefficient K, =1.5+0.15.

The ratio of the volume of processed parts to the volume of abrasive granules was
taken to be 1:3.

Experiments have established that grinding media made from broken abrasive
wheels, crushed granite and porcelain chips are unacceptable for obtaining surfaces
of high cleanliness classes. Therefore, for finishing processing, the use of TsM-332
mineral ceramics was proposed as an abrasive medium. It showed high durability:
plates measuring 18x15x8 mm worked effectively for 700...800 hours. Their low
wear made it possible to maintain the cleanliness of the environment in the reservoir
and reduce the number of washes. A small amount of waste ensured higher grades
of surface cleanliness. This was also facilitated by the small size of the grains from
which the plates are made, — 1...4 um.

When studying the influence of the weight and shape of abrasive granules and
the amplitude of vibrations on the cleanliness of the surface, mineral-ceramic
granules from the material TsM-332 were used, cylindrical in shape weighing
20...30 grams, rectangular in shape weighing 10, 7, 5 grams, respectively, and
spherical in shape weighing 2...3 grams.

Before the experiments, all abrasive granules, with the exception of the
spherical one, had their sharp corners and edges rounded. When processing steel
samples 45 (eq. C45 DIN 10277) with mineral-ceramic granules, an alkaline
chemically active solution was used.

Five samples from each batch of parts were measured and the average value
Ra was calculated.

After the first tests, abrasive granules weighing 20...30 grams were excluded
from further research, since they caused the appearance of a large number of micro-
holes, the depth of which did not meet the requirements for cleanliness of processing.

Based on the research results, graphical dependencies were constructed
(Fig. 2). It is clear from the dependencies that processing at all amplitudes gives a
sharp decrease in roughness in the first hours of operation. Each amplitude
corresponds to a certain achievable surface frequency. During further processing,
the achieved value for a given amplitude remains constant.

A decrease in the vertical amplitude to Ay, =05 mm causes a sharp drop in

the speed of rotational motion of the medium, which worsens the mixing of parts in
the oscillating reservoir. Increasing the rotational effect in the reservoir is possible
by increasing the oscillation frequency, for example, up to 2550 oscil/min. As a
result, value Ra can be reduced to 0.5 pm.
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To determine the possibilities of further reducing processing time, grinding and
polishing experiments were carried out with the addition of various grinding
powders. The material for them was normal electrocorundum with a grain size of 25,
8, 5, 3 and white electrocorundum with a grain size of M20. The amount of grinding
powder in all experiments was 3 % of the reservoir volume.

S
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Fig. 2 Dependence of roughness Ra on amplitude 4 and processing time

In this series of experiments, plates made of mineral ceramics TsM-332
weighing 5...10 grams also served as abrasive granules. The volume ratio of parts
and abrasive granules was taken to be close to that used to obtain high cleanliness
classes, namely 1:4. The oscillation frequency for all experiments remained constant
— 2140 oscil/min. The ellipse coefficient was taken to be 1.5, except when fine-
grained M20 powders were used. The amplitude during the experiments varied
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within 1..4 mm. The amount of alkaline solution was 3...3.5 % of the reservoir
volume.

The solution and grinding powder were replaced every hour of operation of the
vibrating machine. During the studies, the roughness of the processed surface was
measured on a batch of samples every hour of processing. The dependence of the
height of the roughness of the processed surface on the granularity of the powder,
amplitude and processing time was obtained (Fig. 3).
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Fig. 3 Dependence of surface roughness Ra on the grain size of the grinding
powder, amplitude and processing time

5. Research on Reservoir Sizing

The optimal dimensions of the reservoir have been experimentally determined.
The “U” — shaped reservoir turned out to be the best in view of the absence of
stagnant zones in it, as well as the possibility of installation in the internal space,
intensifying the process of moving abrasive granules and machined parts, deflectors
of the working medium of various shapes and sizes [8, 9].

The same conditions indicate that as the distance of granules and parts from the
bottom and walls of the reservoir increases, their relative speeds decrease; layers of
granules and parts, as they approach the center of the reservoir, are partially or
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completely excluded from the zone of vibration influence of its walls. Processing of
parts located in these layers stops.

To determine the optimal cross-sectional dimensions of the reservoir, a series
of experiments were carried out.

The studies were carried out for three weight groups of abrasive granules:
2.5...3; 10; 30 grams. The velocity determination for each of them was carried out at
amplitudes of 4 — 1, 2, 4mm. The oscillation frequency for all experiments
remained constant — 2140 oscil/min with an ellipse coefficient of K, =1.5.

Together with measuring the speed of the sensor-part, the speed of the reservoir
was measured. Based on the ratio of these speeds, the damping of the medium was
determined, that is, the degree of vibration damping. Graphic dependencies were
constructed (Fig. 4), showing the change in the speeds of the sensors — parts at
different distances from the reservoir wall.
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Fig. 4 Change in the speed of the sensor-part depending on its distance from the
walls of the reservoir, the weight of the part, the amplitude and weight of the abrasive
granule

The speed of heavy parts decreases more intensely than that of light ones.
Under the same processing conditions, a heavy part has a lower speed than a lighter
one. As the speed of the abrasive granules remains constant, the relative speed
between them and heavier parts increases. The decrease in speed of a weighted part
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occurs more slowly than the increase in its weight. This causes an increase in the
mutual specific pressure of the granules and parts. This explains the faster processing
of heavy parts compared to lighter ones.

Increasing the weight of abrasive granules also increases the efficiency of the
processing process. This is explained by an increase in specific pressure due to an
increase in the mass of the granule and a decrease in damping.

At the same time, it is noted that an increase in specific pressure can create
conditions for the appearance of various defects on the surfaces being processed. At
the same time, obtaining high frequency classes is difficult.

As the oscillation amplitude increases, the degree of damping of the medium
decreases and the damping coefficients increase. For an amplitude of Ay =1 mm,

its smallest value is 0.11, and for an amplitude of Ay =4 mm - 0.32. For the above

processing conditions, the damping coefficient values ranged from 0.89 to 0.11.
When the frequency increased from 2040 oscil/min to 2500 oscil/min, the
speed of movement of the sensors changed in the medium as follows (Table 1).

Table 1. Changing the speed of the sensor in an abrasive environment

Distance of the Sensor speed, m/s at oscillation .
sensor from the frequency, min Speed increase,
wall, mm 2140 2500 m/s
50 0.14 0.16 0.02
150 0.04 0.05 0.01

With large sections of the reservoir, the productivity of the machines will
decrease despite the number of simultaneously processed parts. Intensifying the
process by increasing the amplitude for finishing operations is not acceptable due to
a significant increase in specific pressures in the layers of the medium close to the
wall, as this causes the appearance of deep defects of great depth on the treated
surfaces.

Measurements of the speed of the sensor placed in a reservoir with an
increasing cross-section showed that its speed at a distance of 200 mm from the
bottom is practically zero.

Thus, to increase processing productivity, it is necessary to increase the volume
of the reservoir by lengthening it, rather than increasing its cross-section. This
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explains the appearance of vibrating machines with two or more small-section
reservoirs mounted on one vibrating platform.

Based on the conducted research, the following main conclusions can be
drawn:

— a decrease in the degree of damping of the medium can be achieved by
increasing the amplitude of oscillations of the reservoir;

— for vibrating machines intended for finishing operations, and therefore
operating at small amplitudes, the most acceptable, as experiments have shown,
should be considered reservoirs with a bottom radius of no more than 200 mm.

6. Conclusions

All the described experimental studies and their results form the basis for
calculating the design parameters of vibration machines and designing technological
processes for grinding and polishing operations for vibration finishing and grinding
of parts of various types of metalworking industries.

Also, over the decades, the described developments have been successfully
implemented at enterprises in various branches of mechanical engineering and
instrument making, which indicates their high scientific level and practical
relevance, which ensured the expansion of the fleet of modern metalworking
machines and finishing and grinding technologies aimed at the process of effective
mechanization of manual labor.
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Anppiit Minuk, Bonomgumup ®@enoposmd, Haramnis Ko3zakosa, Xapkis,
Ykpaina

BU3HAUEHHSI PO3MIPIB 'PAHY.JI CEPEJIOBUILIA Y TEXHOJIOT'TI
OBPOBKH BIJIbHUMHU AEPABUBAMMU TA PO3MIPIB PE3EPBYAPA
BEPCTATA JJ151 BIBPALIIMHOI OBPOBKHU JETAJIEN

AHoTauis. Biosumaueno, wo npoyec 6ibpayiiiHoi 0bpobKu Odemaneil 30IUCHIOEMbCA  BIOHOCHUM
nepemiuerHaM i 63AEMHUM MUCKOM YUPKYIIOIOUUX 6 Pe3epayapi, WO KOIUBAEMbCS, SPAMYIl ceped0sud
ma 0bpobosanux demaneil. 3a3HAUAEMbCs, WO BUOANEHHS OeheKmis 3 NOBEPXHI 0emaii 30IUCHIOEMbCSL
npoyecamu Mikpopi3aHHs ma nPyHCHONAACMUYHO20 0eqhopmy6ants. Brkasano, wjo nonpu egpexmusnicme
6ibpayitinoi  06pobKu ii  ModxcIUeOCMI  0OMedCceHl  BUKOHAHHAM HAUnpocmiwux onepayii ma
Hedocmammubo usueHi. Egexmusnicms ibpayitinoi 06pobxu 3anexncums 6i0 HU3KU gaxmopis, ceped
SAKUX 3HAYHY POb 2PAOMb DOSMIDU 2DAHYN cepedosuwja ma posmipu pesepgyapa eepcmama. [is
BUSHAYEHHS 3A3HAYEHUX PAKMOPIE PO3LNAHYMO KIHEMAMUKY Npoyecy 030001106a1bHO-3A4UWYEATbHOT
06pobKu, 6panocs 0o yeazu chinbhe nepemiwents epanyau cepedosuwa ma oopoobosanoi demani. Tax
camo 8paxo8yeascs 3UoM MIKpOCWPYIUCKU N0 CIl Q08CUni 06poOMI08anoi nogepxui 3a 00UH nepioo
KONUBAHHS pesepgyapa eepcmama i OeMn@yloui e1acmueocmi mamepiany pob6ouo2o cepedosuuya.
Bcmanosneno, wo 3anexcno 6i0 gopmu 06pobmosanoi oemani, ii NOIOJNCEHHA MA HANPAMKU PYXY 6
pesepsyapi Kym 3ycmpidi 3 epanyaamu modice sminiogamucs 6i0 0 00 90°. 'V 36 ’a3xy 3 yum poszensmymi
8UNAaOKuU 3ycmpidi epanyn 3 0opobuosaHumu demanimu. Bemanosneno, wo mecnpusmiusuii 6unaoox
3ycmpiui 6i00y6acmvcs. IO NPAMUM  KYMOM  iXHb0O20 3imKHeHHs. 3pobneno 6ucHO80K, Wo 3iom
MIKPOCIMPYJHCKU 3 NOGEPXHI  Oemaneti MeopemuiHo 360PONHO  NPONOPYIUHULL  POIMIPY  Spamyl
cepedosuya. Busnaueno, wo niosuueHHs 0eMn@yeants cepedosuiyd, BUKIUKAHE SMEHUEHHAM PO3MIDI8
2pamyi, MONCHA KOMNEHCYBAMU 30I1bIeHHAM AMNIINYOU KOIUSAHb Pe3epeyapa i 3acmoCy8antam Spamy
3 6eIUKOI0 NUMOMOIO 8a2010. Bubip posmipy epanyn makosc obmedncyemves ymosamu ix oocmyny 00
NOBEPXOHb, WO O0OPOONAIOMbCS, NPU  YbOMY OOMPUMYIOMbCS YMOBU  GUKIIOUEHHS MONCIUBOC
3aKAUHIOBAHHSA 2panyl. Excnepumenmansho niomeepodiceo, wjo HauKpauum eussuscs pesepsyap « Uy —
nooibHol popmu nonepeunoco nepepizy uepes 6I0CYMHICNb Yy HbOMY 3ACMIUHUX 30H. J[aHO MemoouKy
00CIONHCEHb  BUSHAUEHHS ONMUMAIBHUX PO3MIPI6  nepepizy pesepeyapa. Bcmanosneno, wo 3i
30LIbUWEHHAM nepepizie pe3epeyapa npooyKmueHICb 6epcmama 3HudICysamumemsvcs. lnmencugixayis
npoyecy 30inbUeHHAM aMNAIMYyOU HeNnpUUHAMHA, OCKITbKU Ye SUKIUKAE NOABY HA 00POONO8AHUX
nosepxHax 2auboxkux oegpexmis. [ns niosuwjenHs egekmusHocmi 0OpoOKU HeoOXIOHO 30inbulyeamu
00°’eM pe3epeyapa wisaxom 1020 noO008IHCeHH s, a He 30LTbIEeHHs. nepepizy.

Kuodosi ciioBa: 6i6poo6pobka; epanynvosane cepedosuue; Qisuko - mexnonoziuni napamempu; Kym
3IMKHEHHS; pe3epayap; NPOOYKMUGHICmb 8i6poo6podKu.
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