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Application of immune genetic algorithm in
optimization of nanocomposite metal materials
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In order to study the application of immune genetic algorithm in the optimization of
nano-composite metal materials, a new algorithm based on immune genetic mechanism was
proposed. The problems such as precocity of genetic algorithm, low searching efficiency
and inability to maintain individual diversity were avoided, and the corresponding mate-
rial components were obtained. The optimization results show that the immune genetic
algorithm converges in the 10th generation, and the convergence speed of the immune
genetic algorithm increases by 50 %, 40 % and 37.5 %, respectively. The convergence
rate of the immune genetic algorithm is faster than that of the immune algorithm, and the
optimal component is obtained. The application of the fracture toughness in the optimiza-
tion of nanocomposite metal materials is explored, which is of great significance for
improving the efficiency of ceramic mold material design.
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i BOSMOMKHOCTY NPUMEHEHUS MMMYHOT€HETHYECKOr0 aJIrOPUTMA B ONITUMUSAIAN HAHO-
KOMIIOSHUTHBIX METAJJIMYECKHUX MATEPHAJIOB IIPEIJOMKEH HOBBIU aiaroputMm. UrHOPHUPOBAINCH
Takue IPOGJIEMBI, KaK CKOPOCIIENOCTh IeHETHUECKOro aJIlOPUTMA, HusKad s(MQPEeKTUBHOCTD
IOMCKA U HEeCHOCOOHOCTH IIOAAEP:KUBATL MHIWBHUIYAJIbHOE pasHoobpasue. IlomydueHbl cooT-
BeTCTBYIOIME KOMIIOHEHTBI. Pe3yJbTaThl OUNTHUMUBAIMUU MNOKA3LIBAIOT, UTO MMMYHOTIEHETUJEC-
Kuii anroput™m cxoxurcsi B 10-M I[IOKOJI€EHHM, CKOPOCTb KOHBEPreHIIUY HMMMYHOI€HETHIECKOTO
anropurma yeeamumbaerca Ha b0 %, 40 % u 37,5 % coorBercrBeHHO. CKOPOCTH CXOLMMOCTH
UMMYHHOI'0 MeHEeTHUYECKOr0o AJITOPUTMA BBIIE, UeM Y MMMYHHOrO ajropurMa. MCIoab3ys 1moy-
YEeHHBIH AJITOPATM, MSYYEHO IIPUMEHEHUE TPEIUHOCTONKOCTHA IIPY ONTHMHU3AINN HAHOKOMIIO-
SUTHBIX METALJINUYECKHX MATEPUAJNOB, UTO HMMeeT OOJbIIOe 3HAUEHUE [JIS IOBHIMIEHHA I(hGhek-
TUBHOCTH KOHCTPYHPOBAHUA KEPAMHUUYECKOr0 JUTEHOr0 MaTepuaa.

3acrocyBaHHA iMYHOreHETHYHOI0 AJIrOPUTMY B ONTHMIi3alii HAHOKOMHIO3NTHHX MeETa-
aesux marepiaais. K.Xian.

s MOMKJIMBOCTI 3aCTOCYBAHHA iMYHOIeHETHYHOTO AJTOPUTMY B oITMMIisanii HaHOKOM-
HO3UTHHUX METAJeBHUX MaTepialiB s3amporoHOBaHUiI HOBUII ajropuTMm. IrHopysajucs Taki
npobjeMu, SAK CKOPOCTUIVIICTP I'€HETHYHOI'O aJrOPUTMY, HU3bKA e(PeKTUBHICTh MOIIYKY i
He3JaTHiCTh HiATpuMyBaTH iHAMBiAyaibHy pisHomaHiTHicThIo. OTpHMaHOo Bigmoeizui mare-
pianpHI KomMmnoHeHnTu. PesyabraTtu onrumisamii moKasyoTb, [0 iMYHOreHETUUYHUII AJTOPUTM
cxogurhbed y 10-my moxoaimmi, i mBuakicTs KOHBepreHIil iMyHOI€HETHUYHOI'O AJITOPUTMY
s6iapmyersea Ha 50 %, 40 % i 37,5 % signosigmo. IMIBuakicTs s36isxHocTi iMyHOroremeru-
YHOIO AJrOPUTMY BHUIIE, HiK y IMYHHOro ajJropuTMy. BUKOPHUCTOBYIOUM OTPUMAHHUII aJro-
PUTM, BHBUEHO 3aCTOCYBAHHS TpPilMHOCTiHIKOCTI mpu onTmmisarii HAHOKOMIIOSUTHHX MeTa-
JeBUX Marepiaiis, 110 Mae BelMKe 3HAUEHHS IJSA MiABUINeHHSA e(EeKTUBHOCTI KOHCTPYIOBAH-
HA KepaMiuHOro JIMBAPHOTO Marepiaiy.
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1. Introduction

At present, in the optimization design
process of nanocomposites, continuous ex-
periments are required, adjust the composi-
tion ratio of materials and preparation proc-
ess, then obtain the best performance mate-
rials. Among the experimental process,
considering the complexity, the high cost,
the complexity of the material preparation
process and the long experimental period,
this method needs to combine advanced in-
telligent computing technology to improve
the design efficiency of nanocomposites [1].

The Artificial Immune System (AIS) is an
intelligent method that simulates the func-
tions of the natural immune system. It has an
evolutionary learning mechanism without
teacher learning, self-organization and mem-
ory, and combines systems advantages of clas-
sifiers, neural networks and machine infer-
ence [2]. The genetic algorithm is an algo-
rithm based on biological genetics and
evolutionary mechanism proposed by Profes-
sor Holland of the United States. It draws on
Darwin’s theory of evolution and Mendel’s
genetic theory [8]. Through random selection,
crossover, and mutation operations, the popu-
lation evolves and converges to the individual
that best fits the target.

Among the design and performance opti-
mization of nanocomposites, Research and
use of more computational intelligence tech-
nologies are composite algorithm of artifi-
cial neural networks, genetic algorithms
and a combination of the two, but they all
have defects, which limits their further ap-
plication development. At present, there are
many researches on immune algorithm and
its combination with genetic algorithm.
This combination algorithm can overcome
the shortcomings of the two algorithms
when used alone, such as premature conver-
gence and local optimization. The immune
algorithm and immune genetic algorithm
are applied to the optimization design of
nanocomposites, which can provide a novel
computational intelligent design method of
nanocomposites, further improve the effi-
ciency of nanocomposite optimization de-
sign, and shorten the development cycle of
ceramic mold materials [4].

In this paper, Ti(C,N)-based nanocompo-
site cermet mold materials are the object
[6], combining immune algorithm with ge-
netic algorithm to optimize nanocomposite
design, the application of immune genetic
algorithm in nanocomposite optimization is
studied. It is important to improve the opti-
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mization design efficiency of Ti(C,N)-based
nanocomposite metal nano-die materials.

2. Construction of mathematical
model for optimization design of
nanocomposite metal materials
based on immune genetic
algorithm

2.1 Mathematical model between fracture
toughness and composition of nanocomposite
cermet mold materials

The ceramic mold materials studied in
this paper are Ti(C,N)-based nanocomposite
cermet mold materials, TiC and TiN are ma-
trix, and ZrO,, WC, Mo, Ni, C and VC are
added phase [6, 7]. The mechanical proper-
ties of the ceramic mold material are deter-
mined by its microstructure, which is deter-
mined by the composition of the material
and the sintering process. In the case of the
same sintering process, the mechanical
properties of the ceramic material can be
regarded as it is determined by the content
of each component. The experimental data
of the mass percentage and mechanical
properties of Ti(C,N)-based nanocomposite
cermet materials are shown in Table 1. A
total of 12 sets of data were obtained under
the same hot pressing sintering conditions.
The molar ratio of the matrix TiC and TiN
in the mass percentage ratio is fixed at 7:3,
and the mass percentages of the added
phases Mo, Ni, C and VC are fixed [8], and
only the phase ZrO, and WC are added. The
percentage of mass is variable, that is, the
change of the two components causes the
mechanical properties of the Ti(C,N)-based
nanocomposite cermet material.

Mathematical model of stepwise regres-
sion analysis method:

Set the x, dependent variable, x{, xo, ...,
x, ; to be n—1 independent variables (fac-
tors). Then the regression equation can be
expressed as:

X, =PBo + Pyxy + e + B Xy (1)

The regression coefficient (By, By, ---, B, 1)
is determined by known experimental data,
and the F test is performed on each factor,
and the factors that do not meet the condi-
tion are eliminated, thereby finally deter-
mining the functional relationship between
the independent variable and the dependent
variable, and the features to implement
stepwise regression analysis.

Functional materials, 26, 4, 2019
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Table 1. Percent content and mechanical properties of Ti(C,N)-based nanocomposite cermets

Group | WATIC, | WITIN, WtZrO2, | WIWC, | WitMo, |WiNi, % WtC, % | WtVC, | o, % H, % KIC
Y% Y% % Y% % Y%
1 54.4 24.0 0 0 7 13 0.8 0.8 980 15.57 6.14
2 51.0 22.6 0 4.8 7 13 0.8 0.8 1001 | 14.84 5.11
3 47.7 21.1 0 9.6 7 13 0.8 0.8 917 14.92 5.3
4 50.9 22.5 5 0 7 13 0.8 0.8 707 14.71 5.47
5 47.6 21.0 5 4.8 7 13 0.8 0.8 857 15.02 5.60
6 44.2 19.6 5 9.6 7 13 0.8 0.8 1014 | 15.57 7.25
7 47.4 21.0 10 0 7 13 0.8 0.8 904 14.89 6.44
8 44.1 19.5 10 4.8 7 13 0.8 0.8 706 14.62 6.48
9 40.8 18.0 10 9.6 7 13 0.8 0.8 778 15.30 6.00
10 44.0 19.4 15 0 7 13 0.8 0.8 728 18.57 7.05
11 40.6 18.0 15 4.8 7 13 0.8 0.8 779 14.30 7.01
12 37.83 16.5 15 9.6 7 13 0.8 0.8 748 13.99 5.85
Table 2. Selection of independent variables
No. 1.V. No. I.V. No. 1.V. No. 1.V.
M1 4 M22 7 (M1M2)2 10 e M1
2 M2 M1M2 Ln(1+M1) 11 e M2
M12 6 M1IM2 (M1-M2) 9 Ln(1+M2)

Determination of the objective function
of immune algorithm

Since the molar ratio of the matrix TiC
and TiN in the Ti(C,N)-based nanocomposite
cermet material composition is fixed at 7:3,
only the mass percentage of ZrO, and WC in
the additive phase is changed, and other
added phases are added. The mass percent-
age remained unchanged, so the mass per-
centages of ZrO, and WC were selected as
independent variables and set to M1 and M2,
respectively. In order to make the selection
range larger, the function fitting accuracy is
higher, and the two sets of independent vari-
ables are expanded into 11 sets of inde-
pendent variables [9], as shown in Table 2.

The fitting process first linearizes the 11
sets of nonlinear conditions as follows:

2
xl = Ml,..., xl = M%,..., xll = eM .

(2)

According to the conversion relationship
in the above formula, the mass percentages
of ZrO, and WC, that is, M1 and M2, are
transformed into 11 groups of variables.
The relationship between fracture toughness
and 11 groups of variables is as follows:

KIC = aO + alxl + ...+ anx

" (3)
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In the formula, x, corresponds to the
previous 11 sets of variables, and a is the
regression coefficient, where n = 11. Enter
the values of 11 sets of variables and frac-
ture toughness into the workspace and save
them in MATLAB software, then run the
stepwise function to obtain the regression
coefficient, bring in the equation (3) and
restore the variables, and obtain the frac-
ture toughness and ZrO, and WC. The
mathematical function relationship between
mass percentages is as follows:

+15.32In(1 + M) — 10.39¢M",

In the process of stepwise regression
analysis, the F-test coefficient of the above
formula is F = 3.71, and the corresponding
significance level is p = 0.0612. Therefore,
the mathematical model of this function can
reflect the fracture of Ti(C,N)-based nano-
composite cermet mold material. The map-
ping relationship between toughness and
components can be used as the objective
function of the immune algorithm.

Selection of parameters related to im-
mune algorithm

In the process of optimizing the fracture
toughness of Ti(C,N)-based nanocomposite
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Fig. 1. Immune algorithm optimization frac-
ture toughness fitness curve.

cermet materials by using immune algo-
rithm, the coding methods of antigens and
antibodies are binary coded [10], it is con-
venient to calculate the affinity between the
antibody and the antigen as well as the di-
versity of the antibody. The parameters of
the immune algorithm are set as follows:

Gen = 50, the maximum number of itera-
tions is 50; P = 100, the maximum popula-
tion is 100; p, = 0.05, and the mutation
probability is set to 0.05.

The M file is built in the MATLAB soft-
ware, and the program of each part of the
immune algorithm is compiled according to
the algorithm flow chart in Fig. 1, then the
formula (4) is used as the objective function
of the immune algorithm, and the related
parameters such as the mutation probability
and the maximum number of iterations are
set. After the debugging procedure is cor-
rect, the running program obtains the opti-
mum value of the fracture toughness and
obtains the corresponding mass percentage
of ZrO, and WC.

2.2 Mathematical model between hard-
ness and flexural strength and composition
of nano-composite cermet mold materials

The mathematical relationship between
hardness and flexural strength and composi-
tion of Ti(C,N)-based nanocomposite cermets
is also based on stepwise regression analysis
[11], which is the same as the process of
establishing the relationship between frac-
ture toughness and the obtained function.
The relationship is as follows:

H =15.31 - 66.86M3 + (5)
+1067.93M M o(M, — M),

6 =1157.39- 18408.5M7 + (6)
+ 18243.6M, M, — 3124.31In(1 + M,).
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Fig. 2. The fitness curve of the optimized
hardness of the immune algorithm.

While using stepwise regression analysis
to establish a functional relationship be-
tween hardness and flexural strength and
composition, F test is also performed on
equations (5) and (6), respectively, and the
F-test quantities are F = 6.63 and F=12.26,
respectively, the corresponding significance
levels are p = 0.017 and p = 0.0023, respec-
tively, so the functional relations of equa-
tions (5) and (6) can reflect the hardness
and resistance of Ti(C,N)-based nanocompo-
site cermet materials. The mapping relation-
ship between bending strength and compo-
nents can be used as an objective function
of the immune algorithm. The main pro-
gram of the immune algorithm is the same
as the optimized fracture toughness. The
same parameters are also used for each pa-
rameter. Equations (5) and (6) are used as
the objective functions of the immune algo-
rithm, and the Ti(C,N)-based nanocomposite
cermet mold is applied. The hardness and
flexural strength of the material were opti-
mized by an immune algorithm to obtain
the optimum values of hardness and
flexural strength, and the corresponding
mass percentages of ZrO, and WC.

The immune genetic algorithm was ap-
plied to the optimization design of Ti(C,N)-
based nanocomposite cermet mold compo-
nents. Since the composition of the materi-
als is the same, the mechanical properties
(fracture toughness, flexural strength and
hardness) and the mathematical model be-
tween the components are the same in the
algorithm optimization process. The objec-
tive function of the algorithm is also step-
wisely regressed in Chapter 2. The analyti-
cal method is the same.

Create M files in MATLAB software and
program the sub-functions of the immune
genetic algorithm. The antigen and antibody

Functional materials, 26, 4, 2019
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Fig. 3. The fitness curve of the immune algo-
rithm to optimize the flexural strength.

in the algorithm are also binary coded [12],
and the parameters are set as follows:

P =100, the maximum population is
100;

Gen = 50, the maximum number of itera-
tions is 50;

P, = 0.5, the crossover probability is set
to 0.5;

P, =0.01, the mutation probability is
set to 0.01.

The functional relationship between frac-
ture toughness, flexural strength and hard-
ness in formula (4), formula (5) and for-
mula (6) and Ti(C,N)-based nanocomposite
metal nanomaterials is used as immune ge-
netic algorithm. The objective function, after
running the program respectively, obtains the
optimal values of fracture toughness, flexural
strength and hardness, and at the same time
obtains the group distribution ratio corre-
sponding to each optimal value.

3. Result analysis

3.1 Immunization optimization results

The optimization results of the immune
algorithm are shown in Fig. 8 to Fig. 5. The
optimum value of fracture toughness is
7.7 MPa-m1/2, and the corresponding mass
percentages of ZrO, and WC are 10.67 %
and 20 %. The optimum hardness value is
15.31 GPa, and the corresponding mass per-
centages of ZrO, and WC are 0 and 15.10 %.
The optimum value of the flexural strength is
1057.39 MPa, and the corresponding mass
percentages of ZrO, and WC are 6.75 %
and 11.38 %.

It can be seen from the variation curve
of the fitness value in the optimization
process of the immune algorithm in Fig. 3,
Fig. 4 and Fig. 5 that the immune algo-
rithm is running in the optimization process

Functional materials, 26, 4, 2019
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Fig. 4. Immune genetic algorithm to optimize
fracture toughness fitness curve.

of the mechanical properties of the Ti(C,N)
based nanoccomposite cermet material. It
converges around 20 generations and gets
the global optimal value. Although the algo-
rithm will have an inflection point during
the convergence process, as shown in Fig. 3,
running to the 8th generation, Fi. 4 run-
ning to the 5th generation, and Fig. 5 run-
ning to the 6th generation, these inflection
points are local minimum points, but the
algorithm is not in these The inflection
point converges, but skips these local best
points, converges to a larger global best,
without premature convergence. It is indi-
cated that the immune algorithm is feasible
for the optimization design of Ti(C,N)-based
nanocomposite cermet material components.

3.2 Results of immune genetic algorithm
optimization

Figures 4, 5 and 6 correspond to the
change trend of the fitness curve in the
process of optimizing the fracture tough-
ness, hardness and flexural strength of the
immune genetic algorithm. When the fit-
ness is not changing, the algorithm con-
verges to the global optimum. It can be seen
from the fitness change graph that the algo-
rithm has a partial inflection point in the
convergence process, but the algorithm does
not converge to these local optimal values,
but converges to the global optimal value.
According to the optimization results of im-
mune genetic algorithm, the optimal value
of fracture toughness is 7.7 MPa-ml/2, and
the corresponding mass percentages of ZrO,
and WC are 10.63 % and 20 %; the opti-
mum hardness is 15.31 GPa. The corre-
sponding mass percentages of ZrO, and WC
are 0 and 14.86 %; the optimum value of
flexural strength is 1057.39 MPa, and the
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Fig. 5. Fitness curve of immune genetic algo-
rithm to optimize hardness.

corresponding mass percentages of ZrO, and
WC are 5.86 % and 10.59 %.

Immune genetic algorithm and immune
algorithm converge to the same global opti-
mal value in the optimization process, and
neither of the two methods have local con-
vergence and premature convergence, but in
the optimization process of fracture tough-
ness, hardness and flexural strength, immu-
nity The number of iterations of the genetic
algorithm is significantly reduced compared
to the single immune algorithm. In Fig. 4,
the immune algorithm converges in the
12th generation, and the immune genetic
algorithm converges in the 8th generation.
In Fig. 5, the immune algorithm converges
in the 10th generation, and the immune ge-
netic algorithm In the sixth generation con-
vergence; in Fig. 6, the immune algorithm
converges in the 16th generation, the im-
mune genetic algorithm converges in the
10th generation, and the convergence speed
of the immune genetic algorithm increases
by 50 %, 40 %, and 37.5 %, thereby fur-
ther improving Ti(C,N) based nanocomposite
metal nano-mold material composition opti-
mization design efficiency.

3. Conclusions

The mechanical properties of Ti(C,N)-
based nanocomposite cermets were opti-
mized by immunogenetic algorithm, and the
corresponding material components were ob-
tained. The optimization results are: the op-
timal value of fracture toughness is
7.7 MPa-m1/2, the corresponding mass per-
centages of ZrO, and WC are 10.67 % and
20 %; the optimum hardness is 15.31 GPa,
corresponding to ZrO, The mass percentages
of WC and WC are 0 and 14.86 % the
optimum value of flexural strength is

828
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Fig. 6. Fitness curve of immune genetic algo-
rithm optimizes bending strength.

1057.39 MPa, and the corresponding mass
percentages of ZrO, and WC are 5.86 % and
10.59 %. The algorithm converges to the
same global optimal value in the optimiza-
tion process, and there is no problem of
premature convergence and local conver-
gence. However, in the optimization process
of fracture toughness, hardness and
flexural strength, the number of iterations
of immune genetic algorithm is signifi-
cantly reduced. Comparing the optimization
results of immune algorithm and immune
genetic algorithm, The convergence rate of
immune genetic algorithm is faster than im-
mune algorithm, and the optimal composi-
tion is obtained, which improves the effi-
ciency of ceramic mold material design.
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