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Abstract:

Introduction/purpose: Cutting is a typical material process. However, an
appropriate  solution for simultaneous optimization of material
machinability and tool life in material cutting processes has not been
obtained yet. In this article, probabilistic multi-objective robust design
(PMORD) is expounded and the robust design problem in the
simultaneous optimization of material machinability and tool life is
analyzed by taking the machining of ferrite-bainite dual-phase steel as an
example.

Methods: According to PMORD, the arithmetic mean and its deviation of
various performance and utility indexes of alternative schemes are
evaluated as twin independent responses, which respectively contribute a
part of the partial preferable probability to the performance indexes. In the
evaluation, the arithmetic average of the utility index is taken as the
representative of the utility attribute, and the evaluation is made in
accordance with the function or preference of the utility index. However,
the deviation term is generally used as an unbeneficial type of the index
(that is, the smaller the better) to participate in the evaluation. The product
of the two parts of partial preferable probability is the actual partial
preferable probability of the corresponding performance index. The
product of the partial preferable probability of all performance utility
indexes gives the total preferable probability of the corresponding scheme,
which is the only index for each scheme to patrticipate in the competition in
robust design.

Results: The optimization result of this example is that the tool life is
1297.3333 s (standard deviation is 2.0817 s) and the surface roughness is
2.22um (standard deviation is 0.2um), while the corresponding working
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conditions are that the heat treatment temperature of the material is
790°C, the cutting speed is 150m/min, the feed speed is 0.15mm/rev, and
the cutting depth is 0.2mm.

Conclusion: The example of the parameter optimization of cutting of
ferrite-bainite dual-phase steel by means of PMORD indicates the
rationality of the appropriate solution.

Key words: multi-objective optimization, robust design, simultaneous
optimization, probability-based method, preferable probability.

Introduction

Product quality is an important issue related to the survival of
enterprises. With the increasing international competition of industrial
products, more and more attention has been paid to this problem by
governments and industries in various countries. In Japan, many new
technologies have been developed in past years, which has greatly
improved the quality and productivity of industrial products. Among them,
a decisive factor is the adoption of important technologies such as robust
design. The application of robust design technology aims not only to
improve the product quality, but also to enable enterprises to obtain
considerable economic benefits. For example, after the application of
robust design technology by Nippon Electric Co., Ltd., only one color TV
regulated power supply can increase economic benefits by 6.7 billion yen
every year due to quality improvement. In recent years, in Japan, the
United States, Canada and other developed countries, there has been
an upsurge in the research and application of robust design technology,
which has made the technology develop continuously. Compared with
developed countries in the world, the quality of many products in China is
still needed to be further improved with the reduction of cost. Therefore,
vigorously popularizing robust design technology is of great practical
significance for improving the quality of Chinese products, including the
guality and market competitiveness of petrochemical products, and
accelerating modernization.

The formation of product quality has two important links:
development design and manufacturing. Roughly speaking, product
quality is the sum of product development and design quality and product
manufacturing quality. In order to improve the quality of products, special
attention could be paid to the two important links of development - design
and manufacturing.

According to statistics, about 50% ~ 70% of all the quality problems
of products are caused by poor product development and design, so it is
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very important to improve the quality of product development and design.
Robust design is an important new technology aiming to achieve high
quality products at low cost. It makes full use of the nonlinear nature of
the system and makes the product performance least sensitive to all
kinds of interference by properly selecting the level combination of
controllable factors, so as to improve the product quality and reduce the
cost.

In general, the implementation steps of robust design include
simplification and system analysis. First, on the basis of detailed
research, the system is reasonably simplified. Then, through analysis,
specific research objects, product improvement goals and quality
characteristics reflecting these goals are determined, and the influencing
factors and their levels are listed. The factors are divided into two
categories: controllable factors and error factors. Controllable factors are
factors that researchers can strictly control, while error factors are factors
that researchers are difficult to control or need to spend a lot of money to
control. The latter is actually interference.

The main difference between robust experimental design and
traditional experimental design is that there is not only the effect of
factors on the average of response but also on its deviation of response.
Orthogonal design, factorial design, uniform design and comprehensive
error factor method can be adopted to study the effect.

Historically, experimental design originated from the research of Prof.
Fisher, a scientist who studied breeding in the 1920s. Dr. Fisher is
universally recognized as the founder of this method and strategy. Early
in 1925 and 1935, Ronald Aylmer Fisher published the books entitled
“Statistical Methods for Research Workers” (Edinburgh: Oliver and Boyd)
and “The Design of Experiments. Edinburgh” (Edinburgh: Oliver and
Boyd), respectively, which laid the foundation for experimental design.

In 1950s, Genichi Taguchi realized that it was significant to improve
product quality by reducing the influence of uncertain or uncontrollable
factors on product performance (Mori & Tsai, 2011; Roy, 2010), and put
forward the Taguchi method. Taguchi suggested that the influence of
controllable and uncontrollable factors on the responses of a product can
be studied and analyzed by designing experiments. Taguchi called
uncontrollable factors “noises” (Mori & Tsai, 2011; Roy, 2010). The basic
idea of robust design is to seek a set of controllable factors to make the
product quality insensitive to noise or minimally sensitive to noise (Mori &
Tsai, 2011; Roy, 2010). In addition, Taguchi adopted the term of Signal-
to-Noise Ratio (SNR) to implement his robust design. It is assumed that
at an optimal setting, controllable factors are selected to maximize the
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signal-to-noise ratio. He further proposed three types of the signal-to-
noise ratio, i.e.,
1) The expected value is optimal,

SNR, =10Iog[’u2j

SZ
: (1)
2) The smaller the better,
SNR = —10|og(iz yﬁj
m 5= , )

3) The bigger the better,

1341
SNR. :—1OIog(—Z—2j
m = yi . (3)

In Egs. (1) to (3) above, m represents the test times of each
experiment, p represents the arithmetic average of the test results of m
experiments, and s represents its standard deviation.

However, in general, the average value p and the standard deviation
s of the test results should be an independent set of responses
individually (Box, 1988; Box & Meyer, 1986; Welch et al, 1990; Welch et
al, 1992; Nair et al, 1992). However, in Eqg. (1), it is unreasonable to
attribute the two responses p and s into a sole performance SNRyt. The
optimization of the maximum SNRt does not mean that s takes the
minimum value and p tends to its expected value at the same time!
More seriously, for the cases of "the smaller the better" and "the bigger
the better", Eqgs. (2) and (3) above even exclude the role of the factor of
the standard deviation s.

Statisticians, such as Box, Welch, Nair, et al, have clearly criticized
Taguchi's Signal-to-Noise Ratio (SNR) robust design, and they
suggested that two independent models should be considered to deal
with the response of the mean p and the variance s (Box, 1988; Box &
Meyer, 1986; Welch et al, 1990; Welch et al, 1992; Nair et al, 1992).
Therefore, the minimum value of s and the optimization of u tending to its
expected value should be treated simultaneously with separate models
to ensure the rationality of robust optimization.

In fact, robust design can be considered as a problem of a bi-
objective optimization with p tending to its target and s minimization,
while a mutil-objective optimization is an optimization within a system
consisting of multiple objectives.
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According to the system theory, the integrity, purpose, openness,
stability, hierarchy, mutation, self-organization and similarity are the eight
basic characteristics of a system. In accordance with the integrity
principle of the system, the system is an integral body with certain new
functions, composed of several elements. As a sub-unit of the system,
once the elements form the whole system, they have properties and
functions that individual systems do not have, thus showing that the
properties and functions of the integral system are not equal to a simple
sum of its elements. The reason why a system becomes a system is that
it must have integrity first.

Furthermore, the optimization of a system is not the superposition of
each particle’s optimization, but an optimization of a system as a whole.
The system has integrity, which determines that system optimization can
only be its overall optimization, that is, the whole system obtains the best
organizational structure and function.

For a determined goal, the relationship between the integrity and the
part should be handled well under the principle of an optimal overall
benefit. On the premise of overall optimization, give consideration to
local interests. If the overall benefit is good, it will promote the local
development and benefit local elements. For overall optimization, even if
there are local defects, overall optimization can be realized through
coordination.

Recently, probabilistic multi-objective optimization methodology
(PMOO) was proposed to perform the overall optimization of a system
and to solve the inherent problems of "addition" operation with subjective
factors in traditional multi-objective optimization (Zheng et al, 2022a;
Zheng et al, 2022b; Zheng et al, 2023). A new concept, preferable
probability, is introduced to reflect the preference degree of performance
and utility indicators of candidate schemes in the optimization process. In
this new methodology, the performance and utility indexes of all
schemes can be preliminarily divided into two basic types in accordance
with their functions in optimization or pre-required preferences, namely,
beneficial type and unbeneficial type. Each performance utility index of
the alternative scheme can quantitatively contribute its partial preferable
probability. In addition, according to probability theory, the total
preferable probability of alternatives is equal to the product of the patrtial
preferable probabilities of all performance and utility indexes, which is
the only decisive index in the optimization process of alternatives. This
treatment thus transforms a multi-objective optimization problem into a
single-objective optimization problem.
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The specific advantage of probabilistic multi-objective optimization is
that a clear goal of multi-objective optimization is the integral optimum
point of the system in the viewpoint of the system theory, which has both
the viewpoint and the method, while other previous approaches have
only methods but without any viewpoint on "the intrinsic meaning and
definition of multi-objective optimization”.

This paper aims to provide the detail of probabilistic multi-objective
robust design for material cutting, showing the general procedures of the
integral combination of probabilistic multi-objective optimization with
Taguchi's for experimental design in utilization of robust design.
Specifically, the cutting process of ferrite-bainite dual-phase steel is
taken as a typical example to conduct the simultaneous robust design of
tool life and surface roughness of the sample by means of probability-
based multi-objective optimization. The input parameters to be optimized
include heating temperature, cutting speed, feed speed, and cutting
depth. Through this study, the general principle and procedure of robust
design of industrial processing could be provided so as to improve the
quality of products in industrial production.

Robust design process of probabilistic multi-objective
optimization

Basis of probability-based multi-objective optimization

In  probability-based multi-objective optimization methodology
(Zheng et al, 2022a; Zheng et al, 2022b; Zheng et al, 2023), a brand-new
concept of preferable probability is introduced to represent the preferable
degree of performance utility indicators in optimization. The performance
utility indicators of all alternatives can be preliminarily divided into two
basic types in accordance with their roles in optimization or pre-required
preferences, namely, beneficial type or nonbeneficial type. Each
performance utility index of the alternative scheme quantitatively
contributes to the partial preferable probability. In addition, from the
viewpoint of probability theory, the total preferable probability of
alternatives is equal to the product of partial preferable probabilities of all
performance and utility indicators, which can reflect the essence of
simultaneous optimization. The total preferable probability of the scheme
is the only decisive index in the optimization process, and through it, a
simultaneous optimization problem of multiple objectives is transformed
into a single objective optimization problem. Figure 1 shows the
operation process of the probabilistic multi-objective optimization method.
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The meanings of the parameters and coefficients in Figure 1 are as
follows: Pj represents the partial preferable probability of the j-th
performance utility index Yj of the i-th alternative; n represents the total
number of alternatives; m reflects the total number of target utility;
represents the arithmetic value of the j-th target utility index; Yjmax and
Yimin represent the maximum and minimum values of the j-th performance
utility index, respectively; 7 and 4; represent the normalization factor of
the j-th utility index Yj; of the beneficial and unbeneficial indicators,
respectively; the classification of the j-th utility index Yj is determined in
accordance with its specific role or preference in the discussed problem;
and P; represents the total preferable probability of the i-th alternative
(Zheng et al, 2022a; Zheng et al, 2022b; Zheng et al, 2023).

Probability -
based evaluation of
multi-objective
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Figure 1 — Probability-based multi-objective optimization process
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New robust design process based on probabilistic multi-
objective optimization

According to the statisticians’ suggestion and the probabilistic multi-
objective optimization method, two separate models should be used to
consider the response of the mean value p and the variance s at the
same time (Zheng et al, 2022a; Zheng et al, 2022b; Zheng et al, 2023).
The process of robust design using probabilistic multi-objective
optimization is described as follows:

A) The arithmetic average and its deviation of the performance
indexes of alternatives can be used as two independent responses of
alternatives for robust design. In the robust design process, each of the
above two responses contributes a part of partial preferable probability to
the corresponding performance index of the alternative scheme;

B) The arithmetic average of the utility index, as the representative
of its effect index, is evaluated by probability of partial preferable in
accordance with its function and preference, while deviation is generally
evaluated as an unbeneficial index;

C) The product of the partial preferable probability of the arithmetic
mean and the partial preferable probability of the deviation of the
performance index constitutes the actual partial preferable probability of
the performance utility index;

D) The product of the partial preferable probability of all performance
utility indicators is equal to the total preferable probability of alternatives,
which is the overall and unique final evaluation index of each alternative
in the robust optimal scheme;

E) Take the total preferable probability of each scheme as the
decisive index in robust design to perform competition.

Industrial application of probabilistic multi-objective
optimization robust design

Taking the robust design of dual-phase steel cutting as an example,
the specific application of this new method is explained in detail. Hegde
et al. (2022) once designed the machining of ferrite-bainite dual-phase
steel (AISI1040 F-B) robustly. Through experiments, the tool life and the
sample surface roughness were taken as their simultaneous optimization
goals, and the heating temperature, cutting speed, feed speed and
cutting depth of ferrite-bainite dual-phase steel (AISI1040 F-B) were
taken as the input parameters. The four control factors, heating
temperature, cutting speed, feed speed and cutting depth, are marked as
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the factors A, B, C and D, respectively. Each factor has three levels, and
three samples were tested under each experimental condition (Hegde et
al, 2022). Hegde et al. adopted Taguchi Lg(3%) for experimental design,
and the arithmetic value and the standard deviation of the experimental
results are listed in Table 1.

In experimental design, the tool life and the sample surface
roughness are taken as the simultaneous optimization objectives. In
Table 1, Tia and oT, respectively represent the arithmetic mean and the
standard deviation of the tool life, while Sga and 5Sr reflect the arithmetic
mean and the standard deviation of the sample surface roughness, and
their marks are E, F, G and H, respectively.

Table 2 gives the evaluation results of the preferable probability and
the ranking of this problem. In the evaluation, in accordance with the
requirements of robust optimization, only quantity T.a(E) belongs to the
beneficial type, while all other responses are attributed with the
characteristics of the unbeneficial type.

Table 1 — Design and experimental results of the cutting parameters of dual-phase steel

with Lo(3%)
Exp. | Input parameter Optimization goals
No.
Mean Deviation | Mean Deviation
value of of life value of of
life roughness | roughness
No A B C D Tia, E(S) | 8TL, F(s) | Sra, G 8Sr, H
(°C) | (m/min) | (mm/rev) | (mm) (um) (um)
1 750 | 80 0.13 0.2 2646 29.4618 | 4.2633 0.0416
2 750 | 115 0.15 0.4 1907 1.7321 4.0833 0.1589
3 750 | 150 0.18 0.6 994 3.6056 2.6233 0.0551
4 770 | 80 0.15 0.6 1464 6.9282 4.07 0.0458
5 770 | 115 0.18 0.2 2168.333 | 16.0728 | 3.11 0.0854
6 770 | 150 0.13 0.4 1172 19 2.5567 0.0551
7 790 | 80 0.18 0.4 1528.333 | 2.0817 3.1067 0.0902
8 790 | 115 0.13 0.6 700 4.3589 2.42 0.0889
9 790 | 150 0.15 0.2 1297.333 | 2.0817 2.22 0.02
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Table 2 — Evaluation results of the preferable probability and the ranking of the dual-
phase steel cutting experiments

Exp. Partial preferable probability Total
No. preferable
probability
No. Pe Pr Pc PH Pix104 Ranking
1 0.1907 0.0089 0.0743 0.1417 0.1778 9
2 0.1374 0.1508 0.0803 0.0206 0.3432 8
3 0.0716 0.1412 0.1291 0.1277 1.6679 3
4 0.1055 0.1242 0.0807 0.1373 1.4523 4
5 0.1563 0.0774 0.1128 0.0965 1.3162 5
6 0.0845 0.0624 0.1313 0.1277 0.8842 6
7 0.1101 0.1490 0.1129 0.0915 1.6961 2
8 0.0504 0.1373 0.1359 0.0929 0.8743 7
9 0.0935 0.1490 0.1426 0.1640 3.2564 1

The evaluation results in Table 2 show that experimental scheme No
9 has the highest total preferable probability value of P;. Therefore, the
configuration of robust design is near the parameters of experimental
scheme No 9.

In addition, Table 3 shows the results of the range analysis of the
total preferable probability of each group of the schemes shown in
Table 2.

Table 3 shows that the order of the impact intensity of the input
variables is A > B > C > D, which reveals that the optimal configuration is
AsB3C2D1, which is experimental scheme No 9 exactly. Hegde and others
used ANOVA technology to statistically analyze the relative contributions
of various factors to T, and Sg, and their optimization results were close
to experimental scheme No 2 (Hegde et al, 2022).

Obviously, from the point of view of probability theory, the result of

experimental scheme No 2 is worse than that of experimental scheme
No 9.
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Table 3 — Analysis results of the total preferable probability range for the two-phase steel
cutting experiments

Factors

Level A B C D

1 0.7296 1.1087 0.6454 1.5835

2 1.2176 0.8446 1.6840 0.9745

3 1.9423 1.9362 1.5600 1.3315

Range 1.2126 1.0916 1.0386 0.6090

Impact order | 1 2 3 4

Optimal

configuration As Ba Ca D1
Conclusion

The above discussion shows that the robust design of probabilistic
multi-objective optimization is a reasonable design method. The
arithmetic mean and its deviation of the performance index of the
scheme are regarded as two independent responses of the scheme in
processing, and each contributes a part of partial preferable probability to
the scheme. As the representative of the utility index, the arithmetic
average of the utility index is evaluated in accordance with its function
and preference, and the deviation is that the utility index is the
unbeneficial type of the index. The total preferable probability of each
scheme is the only final index parameter in robust optimization design.

The algorithm of the present probabilistic multi-objective objective
robust design accepts the idea that the arithmetic mean and its deviation
of the performance index of the scheme can be regarded as two
independent responses of the scheme; the agorithm is rational,
adequately overcoming the puzzling problem of previous robust design
approaches. The application of the model to more diverse real-life
problems needs to be conducted in future.
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Resumen:

Introduccidn/objetivo: El corte es un proceso material tipico. Sin embargo,
aun no se ha obtenido una solucion adecuada para la optimizacién
simultdnea de la maquinabilidad del material y la vida atil de la
herramienta en los procesos de corte de materiales. En este articulo, se
expone el disefio robusto probabilistico multiobjetivo (PMORD) y se
analiza el problema del disefio robusto en la optimizacion simultanea de
la magquinabilidad del material y la vida atil de la herramienta tomando
como ejemplo el mecanizado de acero de doble fase ferrita-bainita.

Métodos: Segin PMORD, la media aritmética y su desviacién de varios
indices de desempefio y utilidad de esquemas alternativos se evallian
como respuestas gemelas independientes, que contribuyen
respectivamente con una parte de la probabilidad parcial preferible a los
indices de desempefio. En la evaluacion se toma como representante del
atributo de utilidad la media aritmética del indice de utilidad, y la
evaluacion se realiza de acuerdo con la funcién o preferencia del indice
de utilidad. Sin embargo, el término de desviacion se utiliza generalmente
como un tipo de indice no beneficioso (es decir, cuanto mas pequefio,
mejor) para participar en la evaluacion. El producto de las dos partes de la
probabilidad parcial preferible es la probabilidad parcial preferible real del
indice de desempefio correspondiente. El producto de la probabilidad
preferible parcial de todos los indices de utilidad de desempefio da la
probabilidad preferible total del esquema correspondiente, que es el Unico
indice para que cada esquema participe en la competencia en disefio
robusto.

Resultados: El resultado de la optimizacion de este ejemplo es que la vida
util de la herramienta es 1297,3333 s (la desviacién estandar es 2,0817 s)
y la rugosidad de la superficie es 2,22 um (la desviacién estandar es 0,2
Um), mientras que las condiciones de trabajo correspondientes son que la
temperatura de tratamiento térmico del material es 790°C, la velocidad de
corte es 150 m/min, la velocidad de avance es 0,15 mm/rev y la
profundidad de corte es 0,2 mm.

Conclusién: El ejemplo de optimizacién de parametros de corte de acero
bifasico ferrita-bainita mediante PMORD indica la racionalidad de la
solucién adecuada.

Palabras claves: optimizaciébn multiobjetivo, disefio robusto,
optimizacién simultdnea, método basado en probabilidad, probabilidad
preferible.
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5 CeBepo-3anagHblil MOMMTEXHUYECKUI YHUBEPCUTET, akynbTeT XMMUYECKOM
nHxeHepun, r. CnaHnb, HapogHasa Pecnybnuka Kntan, koppecnogeHT

PYBPUKA TPHTW: 81.09.00 MaTepuanoseaeHue
BWO CTATbW: opuruHansHas Hay4Has ctaTbs

Pestome:

BeedeHue/uernb: Peska siensemcsi munuyHbIM ripoyeccom obpabomku
mamepuarnos. OdHako rnodxodsiuieao peuwieHUss 0rsi 0OHOBPEMEHHOU
onmumu3sayuu obpabambigaemMocmu Mamepuana U cpoka Criyx6bl
UHCMpyMeHma 8 rpouyeccax pe3ku Mamepuasios rnoka He HalideHo. B
OaHHOU cmambe npedcmassieHo 6epPOsIMHOCMHOE MHO20UEIe8oe
pobacmHoe npoekmuposarue (PMORD) u npoaHanu3uposaH 80rpoc
pobacmHo20 npoekmuposaHusi npu O0OHOBPEMEHHOU onmumu3ayuu
obpabambigaemocmu mMamepuasia U CmoUuKocmu UHCMpPyMeHma Ha
npumepe  MexaHudeckol — obpabomku  ¢heppumHo-b6eliHUMHOU
0syxcghbasHoul cmaru.

Memoodbi: CoenacHo BMPI1 cpedHee apughmemuyeckoe U ee0
OMKIIOHEHUe  pasfnuyHbIX  rokazamenel  aghchekmusHocmu U
rofie3HocmMu  anbmepHamueHbIX CXeM oueHusarmcsi Kak 0ea
He3asUCUMbIX  OMKJ/IUKA,  KOmMOpble  CBOUMU  roKa3amessimu
aghghbekmusHocmu 4acmuy4yHo criocobcmeyrom yacmuyHou
npednoymumesnibHoli  gepossmHocmu.  [lpu  oueHke  cpedHee
apugpmemuyeckoe uHOekca mnone3Hocmu bepemcs KaK rpu3sHakK
nonesHocmu ampubyma, a oueHKka rpou3sooumcsi 8 coomeemcmeuu
Cc ¢yHkyuel unu npedrnodymeHuem uHOekca rionesHocmu. OOHaKko
MEePMUH «OMK/IOHEHUE» O0bbIYHO UCMOMb3yemcsi Kak 6ecrnone3Hbil
mun uHOekca (UHbIMU crio8amu, MO MPUHUUMY: «4eM MeHbWe, mem
nyyqwe») npu oueHke. [poussedeHue ds8yx yvacmeli eeposimHocmu
Yacmu4Hoz2o npednoymeHusi npedcmasnsem coboll hakmuyeckyro
8EPOSIMHOCMb  YacMmUYHO20 pednoYymeHusi coomeemcmesyowezo
uHOekca npoussodumernbHocmu. [IpouszsedeHue 8eposimHocmel
Yacmu4Ho20 rnpednoymeHuUsi 8cex UHOeKkcos aghghekmusHocmuU
rnonesHocmu Oaem obwyro npednoYymumersibHyr0 8€epOSIMHOCMb
coomeemcmeyowell cxeMbl, Komopasi sensemcss eOUHCMBEHHbIM
UHOekcoMm KaxOoli cxembl, ydacmeyrouieli 8 cocmsizaHuu pobacmHbix
rpoeKkmos.

Pesynbmamei: Pe3ynbmambl onmumu3dauyuu 8 3mOM rpumepe
credyrouue; cpok cryx6bbl uHcmpymeHma cocmassnsem 1297,3333 ¢
(cmaHdapmHoe omkrnoHeHue - 2,0817 c¢), a wepoxoeamocmb
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rnosepxHocmu - 2,22 um (cmaHdapmHoe omkrioHeHue - 0,2 um), rnpu
coomeemcmesyruwUX  YC/I08USIX  3KCr/lyamayuu:  memrepamypa
mepmoobpabomku mamepuasa cocmasnsem 790°C, ckopocmb pe3sKu
cocmaensgem 150 wm/c./MuH, ckopocmb noda4yu - 0,15 mm/06, a
enybuHa pesku — 0,2 mMm.

Bbigodbl:  llpumep onmumu3ayuu napamempos pesku heppumHo-
beliHumHou dsyxghasHoli cmanu ¢ nomowibto BMPI ceudemernscmeyem
0 payuoHaribHOCMU cooMeemcmeayu,ego PellieHUsl.

Krouesble  crioga:  MHO20Ueriegas  ormumusayusi,  pobacmHoe
rpoekmupogaHue, O0OHOBPEMEHHasi OonMMmuMU3auyuUsi, 8epPOSIMHOCMIHBbIU
Memo0, npednoYymumeribHasi 86pOSIMHOCTIb.

Mpo6abunncTnykmn BULLEKPUTEPUjYMCKN PpOBYCTHM AM3ajH U HeroBa
NpUMeHa y ceyeny MeTana

Bu Jy?, Maowetrz XeH®
a¥YHusepauteT CeBeposanag, akynTeT NPUPOAHNX Hayka 1 TeXHomoruja,
CwjaH, HapogHa Penybnuka Kuna

5 YHueepauteT CeBeposanag, ®akynTeT XeMujCKOr UHXeHepCTea,
CujaH, HapogHa Peny6nuka KnHa, ayTop 3a npenucky

OBJIACT: obpaga maTepujana, ontummnsauuja
KATEFOPWUJA (TWIM) YNAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: Pesarbe je murnudHU ripouec obpade mamepujana. o cada
jow Huje npoHaheHo o00zo08apajyhe pewere 3a UCMOBPEMEHY
onmumu3auyujy obpadueocmu mamepujana U XUeOmMHO2 8eKka anama
npunukom obpade mamepujana pesareM. Y uiiaHKy je npedcmasrbeH
npobabunucmuyku suwexkpumepujymcku pobycmHu dOusajH (MMOP/L —
PMORD). AnanusupaH je npobrem pobycmHoz du3ajHa y ucmospeMeHo)
onmumu3ayuju obpadueocmu Mamepujarna U XXU8OmMHO2 8eKa anama Ha
npumepy mMawuHcke obpade chepumHo-bauHUMHoO2 080¢hasHo:2 HYeriuka.

Memode: lNpema NMMOPL, cpedra apummemuyka 8pedHOCM U HEeHO
odcmynarse pasnudumux uHoekca repghopMaHcu U KOpUCHOCMU wema
anmepHamuea rpoueryjy ce Kao 0ea He3asucHa 00z2080pa Koju
doripuHoce, jeOHUM OesioM napyujanHe roxesrbHe e8eposamHohe,
uHOekcuma nepghopmaHcu. [lpu npoueHu, cpeda apummemuydka
8pedHocm uHOeKca KopucHoOCmu y3uma ce Kao rnpedcmasHuK ampubyma
KOpucHocmu, a rpouyeHa ce epwu y ckrnady ca QyHKUuUjoM umu
npeghepeHyujom uHOekca KopucHocmu. MeRymum, mepmuH oOcmynara
ce 2eHepaslHO Kopucmu Kao HEeKopucHU mur uHOekca (no npuHyuny
Marse je borbe) rpu npoueHu. Npou3sod dsa dena napyujasHe rnoxesrbHe
eeposamHohe je cmeapHa napuujaniHa roxerbHa e6eposamHoha
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o0zoeapajyhez uHOekca nepgopmaHcu. [lpoussod napuyujasHux
noxxesbHUX eeposamHoha ceux uHOekca repghopmaHcu KopucHocmu daje
YKYrHy — roxerbHy  eeposamHohy  odeosapajyhe  weme,  wmo
npedcmassba jeduHU UHOEKC c8aKe WeMe Koju ydecmayje y makmuderby
y pobycmHom Ou3ajHy.

Pesynmamu: Pesaynmam onmumusayuje y ogom rpumepy je credehu:
JKUBOMHU 8ek anama je 1297,3333 ¢ (cmaHdapdHa desujayuja je 2,0817
C), Xparnasocm rospwuHe je 2,22 um (cmaHOapOHa desujayuja je 0,2
um), a odzoeapajyhu palHuU ycriosu cy: memrepamypa mepMuyKe
0bpade mamepujana je 790°C, 6p3uHa pesara 150 M/MUH, ocMu4yHa
6p3uHa 0,.15 Mm/06 u dybuHa pesarsa 0,2 MM.

Bakrbyyak: lNpumep onmumusayuje napamemapa pe3arba hepumHo-
bauHumHoz 0eoghaszHoe 4yenuka romohy [IMOP/L yka3yje Ha
pauyuoHariHocm olzosapajyhez pewersa.

Krby4He peyu: suwekpumepujyMmcka onmumu3sayuja, pobycmHu ou3sajH,
ucmospeMeHa ornmumu3auyuja, Memod 3acHosaH Ha eeposamHohu,
roxesbHa geposamHoha.
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