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OPTIMISATION METHOD FOR PARAMETERS OF ENERGY-
EFFICIENT AND HIGH-PERFORMANCE PLASMA SPRAY PROCESS

Summary

Plasma spray welding is widely used in surface engineering and remanufacturing. To
improve the efficiency of energy utilisation during the spray welding process and the
performance of repaired parts, plasma spray welding parameters are optimised from three
aspects, namely the efficiency of energy utilisation, the Vickers hardness of the repaired layer,
and the residual stress on the boundary of the heat-affected zone on the workpiece surface.
Based on the central composite design method, experiments were conducted to analyse the
relationship between specific energy, Vickers hardness, residual stress, and process parameters.
The objective functions of the energy efficiency, the Vickers hardness, and the residual stress
during plasma spray welding were established by using the response surface methodology. A
multi-objective optimisation model has been established based on the improved energy
efficiency and process performance. Finally, the relationship between the energy efficiency and
the repair process performance was discussed.

Key words: plasma spray welding, energy efficiency, process performance; multi-
objective optimisation

1. Introduction

With the rapid development of surface engineering and remanufacturing, the application of
plasma spray welding is increasingly wider. However, the spray welding process requires a large
amount of energy and resources; at the same time, waste gas, waste residue, light radiation, etc.,
adversely affect the environment.

Energy conservation is an effective means of reducing the imbalance between energy supply
and demand while being necessary for the protection of the natural environment and ecological
resources [ 1, 2]. The increased use of energy has led to serious environmental concerns, including
resource issues and global warming. The industrial sector is responsible for one third of the total
energy consumption in the United States [3]. Growing industrial activity continues to increase
energy use in the manufacturing industry, which rose by nearly 2% in 2017 [4]. Statistical data for
China show that the industry sector is extremely energy intensive and accounts for about 70% of
the total energy use. Among the total energy consumption of the industry sector, the machining
industry accounts for almost a quarter of the total. However, although the machining industry
consumes a large amount of energy, its energy efficiency is quite low.
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In recent years, a lot of research has been done on the modelling of energy consumption
in order to reduce this consumption during the manufacturing process, leading to a series of
interesting results. Wang et al. [5] proposed energy consumption model for a plasma spraying
system considering various working states and processing parameters, and verified that the
model can accurately calculate energy consumption with an error of less than 5%. Zang et al.
[6] applied computational fluid dynamics to simulate changes in the melting state of in-flight
particles. Energy consumption depends not only on spraying power but also on spraying time.
Aiming at the characteristics of high energy consumption and low energy efficiency of arc
welding, Yan et al. [7] proposed a multi-objective optimisation algorithm based on the fitness
sharing genetic algorithm (FSGA). Considering the two independent variables of welding
current and welding speed, energy consumption and thermal efficiency were selected as
optimisation objectives. Finally, E360 steel was taken as an example to verify the effectiveness
of the proposed method with respect to energy saving and thermal efficiency improvement. Liu
et al. [8] optimised the laser energy consumption and cost of the welding process using the
running time and operating state of the laser arc welding as optimised variables. Tian et al. [9]
built a multi-objective optimisation model for the injection moulding process using the Tiankou
method and the non-dominated sorting genetic algorithm. The results showed that the model
not only improved the stability of the injection moulding process but also reduced the energy
consumption during product processing. Sproesser et al. [10] evaluated the efficiency of single-
wire gas metal arc welding (SGMAW) and high-power series melting electrode gas protection
welding (TGMAW). The results showed that energy efficiency can be increased by 24%, and
welding time can be reduced by over 50% using the tandem processes. Pastras et al. [11]
analysed the laser welding technology and the welding energy efficiency. Finally, the influence
of the energy efficiency and the weld pool geometry on process parameters was studied and
discussed. Zhang et al. [12] proposed a novel energy consumption modelling and prediction
approach for a milling process from a multistage perspective. Ding et al. [13] developed an
integrated modelling methodology to quantify the energy consumption and equivalent carbon
footprint in the grinding process.

In the plasma spray welding repair process, different processing parameters not only
affect the energy consumption but also have an important impact on the mechanical properties
of the repaired workpiece, such as residual stress [ 14] and the Vickers hardness [15]. In a study
on the coating residual stress, Wang et al. [16] prepared a stable zirconia (YSZ) thermal barrier
coating by plasma spraying and characterised the residual stress of the coating under different
spraying power. The results showed that the increase in spraying power increases the residual
stress of the coating and shortens the thermal shock life of the coating. Cheng et al. [17] studied
the thermodynamic response behaviour during laser directional deposition, and established a
quantitative relationship between temperature gradient, thermal strain, and residual stress by
studying the influence of process parameters (laser power and scanning speed) on thermal strain
and residual stress. The results showed that the residual stress of a sample can be effectively
reduced by optimising the process parameters. In terms of the influence of process parameters
on hardness, Raden Dadan et al. [18] conducted a study on the influence of spraying distance
on microstructure and hardness, and the results showed that when the thermal spraying distance
was 30 cm, the thermal spraying area reached the maximum hardness value. Han et al. [19]
selected different spraying distances, spraying power, and powder delivery rates for
experimental investigation on the performance of plasma-sprayed coatings and predicted the
coating performance based on a backpropagation artificial neural network model. The results
showed that the sample coating was best prepared when the spraying distance was 127 mm, the
powder delivery speed was 38 g/min, and the spraying power was 34 kW. Tao et al. [20] applied
a second-order regression model to establish the empirical relationship between process
parameters and tensile strength. The central composite design method was used to obtain the
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input-output data. The developed model was tested for its adequacy and significance. Kumar et
al. [21] used the Taguchi method and gray correlation analysis to optimise the process
parameters of the generic thermal barrier coating.

In conclusion, energy efficiency and process performance optimisation of the welding
process have been widely studied, however, separately. Less comprehensive research has been
conducted on the energy consumption of the welding process and the process performance of
the repaired parts as the optimisation target.

Therefore, this study aimed to obtain optimum spray welding process performance and
high energy efficiency, the topics that have been the focus of several multi-objective
optimisation studies. Firstly, the energy consumption characteristics and the performance of the
plasma spray welding process were analysed. Secondly, central composite design (CCD) was
used to analyse the relationship between specific energy, the Vickers hardness, residual stress,
and process parameters in the plasma spray welding process. The reliability of the model was
verified by the regression equation obtained by the response surface method. Finally, an optimal
solution set was obtained using the non-dominated sorting genetic algorithm based on the actual
constraints. The relationship between energy efficiency and process performance of the repaired
piece was also established.

2. Process optimisation target analysis

Plasma spray welding can make full use of the characteristics of materials sprayed on the
surface of metal parts, which makes it possible to obtain excellent performance under various
working conditions. This technique can reduce the production cost. However, like other
welding processes, plasma spray welding is also energy-consuming. Because of numerous
process parameters, the processability of the products varies a lot depending on these
parameters. In order to obtain high energy efficiency and high-quality repaired parts, the
parameters in the plasma spray welding process have been optimised in this paper. The specific
energy was taken as the energy consumption index of the process. In addition, the Vickers
hardness and residual stress, which have a great impact on the performance of the repair
process, were selected as the criteria.

2.1  Characterisation of the energy utilisation rate of plasma spray welding

Specific energy can be used as an index to measure energy consumption in machining
processes [22]. To explore the relationship between a parameter in the welding process and energy
consumption, specific energy consumption (SEC) was applied, which refers to the ratio of the total
energy consumed by the plasma spray welding and the material weight consumed during the
spraying process. The unit of SEC is kJ/g. It can be shown from the definition that the lower the
SEC value is, the lower the energy consumption per unit mass, and a higher energy efficiency can
be obtained. The calculated SEC function of the plasma spray welding is shown as follows:

spoo £ [P _[(Bu-P)a 0
MRM  v-t V-t
where E is the energy consumption used for spray welding in the plasma spray welding process,
Pioiar 18 the total power of the spray welding process, Py is the standby power of the plasma spray
welder, v is the powder feed speed, and  is the spray welding time.

The power curve of the plasma welding machine is shown in Figure 1. The power variation
trend under two different parameter settings can be clearly observed from the figure. The figure
takes time as the horizontal axis and power (unit: kilowatt) as the vertical axis, visually showing
the whole process from the start to the finish of the spray welding. Throughout the entire study
range, including all stages shown in the figure, the red curve consistently dominates,
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outperforming the black curve both in terms of the growth rate and the height eventually
reached. The results show that better performance can be obtained by using parameter 1. The
power of the plasma welding machine is different under different process parameters. It can be
concluded that there is a certain relationship between the electrical energy consumption in the
plasma spray welding process and the process parameters.
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Fig. 1 Power curve of plasma spray welding

2.2 Characterisation of process performance of plasma spray welding used to repair parts

There are many complicated indexes and rules to evaluate the processing property of the
parts repaired by plasma spray welding. Based on the former studies of our group, the Vickers
hardness and residual stress had a great influence on the processing property of repaired parts.
In this paper, the Vickers hardness of the sprayed coating and the residual stress in the heat-
affected zone were selected, which greatly influenced the repaired part, to measure the process
performance of the parts repaired by applying the plasma spray welding.

1) The Vickers hardness of plasma spray coating

The Vickers hardness is a standard that indicates the hardness of the material. Studies
have shown that [23] the Vickers hardness is closely related to wear resistance and fatigue life
as well as to process parameters.

2) Residual stress in the heat-affected zone of plasma spray welding

Research shows that [24] plasma spray welding process parameters also closely affect the
residual stress of the heat-affected zone in spray welding.

3. Multi-objective optimisation model of processing parameters

Compared with the Box-Benhnken (BBD) test design, the CCD requires multiple
continuous tests, and many points will exceed the original level, which is convenient for the fitting
of nonlinear equations. The response surface methodology (RSM) can use fewer experimental
data to quantitatively analyse the relationships between influencing factors and experimental
indices [25]. In this paper, the CCD was applied to test and analyse the relationship between
specific energy, the Vickers hardness, residual stress, and process parameters in the plasma spray
welding process. Based on the experimental data, the response surface regression equations of
the specific energy of plasma spray welding, the Vickers hardness and the residual stress have
been established. The specific processes are shown in Figure 2.
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Fig. 2 Modelling process

3.1 CCD-based optimisation experiment design and analysis

The influences of the process parameters on the energy consumption and the process
performance of repaired parts in the spray welding process are quite complicated because each
parameter is not only related to the other but the parameters also restrict each other. Based on
the conclusions of the previous experiments, the rated current, the spray welding speed, and the
amount of powder had a great influence on the process performance of the spray-welded
repaired parts. Therefore, these three parameters are selected as test parameters.

3.1.1 CCD test design

Table 1 Device information

Equipment Parameter

PTA-400E4-ST general purpose powder
plasma spray welding machine, spray
welding consumables for Ni60 powder

plasma spraying, substrate Q235
Plasma spray ;
welding machine

Power acquisition

instrument AWS2013 power sensor
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Vickers hardness

HVS-10Z
tester

Residual stress

iXRD portable residual stress meter
meter

In the test, a PTA-400E4-ST universal powder plasma spray welding machine developed
by the Wuhan Material Protection Institute was used. The spray welding consumable was Ni60
powder, and the test base material was Q235. The power measurement instrument used an
AWS2013 power sensor. The power detection field is shown in Table 1. The Vickers hardness
measurement instrument used an HVS-10Z automatic turret digital Vickers hardness tester. The
residual stress of the repaired part was measured with an iXRD portable residual stress
instrument.

In order to ensure the robustness of the CCD model, o is taken as 1.682 [26]. The
controllable factor levels and coding are shown in Table 2.

Table 2 Controllable factor levels and codes

Level
Symbol -« -1 0 +1 +a
Spray welding current // A 106.36 120 140 160 173.64
Spray welding speed V' / (mm-min~") 43.18 50 60 70 76.82
Amount of powder v/ (g-min~") 7.272 10 14 18 20.728

The value of SEC can be calculated by formula (1) and the total power of spray welding
in formula (1) is measured by the power acquisition instrument. When testing the Vickers
hardness and the residual stress, the measurement values are quite different because of the
different measurement positions. To reduce the experimental errors, according to the central
limit theorem, the hardness of the sprayed layer and the residual stress of the workpieces before
and after the spraying process (20 mm from the edge of the sprayed layer) were measured each
five times, and then they were averaged. The measurement results for combinations of different
process parameters of the plasma spray welding are shown in Table 3.

Table 3. Experimental design matrix and experimental results

Standard  Running Factor SEC Vickers hardness  Residual stress
order order X, () X)) X (v SEC/(K- g™ h H/(HV) o/ (MPa)
1 18 -1 -1 -1 1.3937 788.5 179.1
2 10 1 -1 -1 1.4929 695.9 240.6
3 5 -1 1 -1 1.4132 747.6 205.6
4 7 1 1 -1 1.5114 680.8 269.4
5 4 -1 -1 1 1.6593 811.2 114.8
6 6 1 -1 1 1.9076 730.9 143.1
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Standard ~ Running Factor SEC Vickers hardness  Residual stress
order order X, () X)) Xy(v) SEC/(K- g™h H/(HV) o0/ (MPa)
7 8 -1 1 1 1.6675 740.9 135.8
8 2 1 1 1 1.9272 690.8 193.2
9 17 - 0 0 1.5248 810.8 143.0
10 11 a 0 0 1.8431 684.7 240.3
11 9 0 - 0 1.5734 730.1 168.2
12 13 0 a 0 1.6576 701.5 225.1
13 15 0 0 - 1.2349 723.7 240.2
14 3 0 0 a 1.9087 740.7 112.2
15 14 0 0 0 1.6026 772.5 175.9
16 16 0 0 0 1.6239 768.1 178.6
17 20 0 0 0 1.6107 760.4 179.6
18 19 0 0 0 1.6230 764.4 181.3
19 1 0 0 0 1.6172 765.5 180.9
20 12 0 0 0 1.6217 767.8 177.7

3.1.2 Analysis of test results

The analysis of the main effects showed that the optimal parameter combination was
1106.36 V43.81 v7.272 for the smallest specific energy of the spray welding, 1106.36 V50 v14
for the lowest Vickers hardness, and 1106.36 V43.18 v20.723 for the lowest residual stress. The
main effect analysis can directly analyse the rule of influence of each factor on the target and
the degree of impact. Overall, it is a kind of experimental method for single objective
optimisation, and some adjustments are sometimes required to get the optimal combination
from the master effect diagram with respect to the actual processing constraints. Therefore, it
is necessary to establish a mathematical model for the target values and conduct a more in-
depth study on multi-objective optimisation.

3.2 Establishment of an RSM-based regression model

To optimise the process parameters and build the optimisation objective function, the
following second-order response surface model was adopted:

Yu(X)=ﬁ0+iﬁixi+iﬂiixi2+22ﬂijxixj+g (2)

where Y, (X)(u=1,2,3) are the specific energy, the Vickers hardness, and the residual stress,
respectively; x;, x; (i, j=1,2,3) is each component of the variable parameters; ¢ is the noise or
the error term; By, B, B B are the unknown coefficients in which f3; is expressed as the linear
effect of x;; B is expressed as the second order effect of x;; and 8, is expressed as the interaction
effect between x; and x;.

The formula (3) can be written as the following matrix form:

Y (X)=D, B, +¢, A3)
where D, is the design matrix consisting of the test points, and B, is the unknown coefficient
matrix, which can be obtained by the estimation of the least square method as follows:

-1
B,=(D]-B,) DY, (4)

u
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The response surface model with each optimised index can be obtained by formula (5).
A significance test of the response surface model is carried out, the non-significant items in the
model are deleted, and the response surface models are obtained.

The response surface model equation of the specific energy is given by
SEC=2.15-1.8618%x107> X, +6.0133x107° X, +5.8843x107° X,

5
+5.8849%x107° X7 —1.0163X107° X7 +4.8531X107* X, X, ©)

where X is the spray welding current, X, is the spray welding speed, and X3 is the amount of
powder. The influence of the terms of X;, X,, X3, X,>, X,>, X,X; on the specific energy is
significant, while the rest of the terms do not have significant influence.

The response surface model equation for the Vickers hardness is given by

H =251.96—0.1936X, +15.8793.X, +30.818 LY, —1.337 X107 X

6
—0.1664X; —0.6777X; +3.5%X107° X, X, —0.17X, X, (©)

where X is the spray welding current, X, is the spray welding speed, and X; is the amount of
powder. The influence of the terms of X, X,, X3, X*, X,”, X,*, X;X3, XoX; on the Vickers
hardness is significant, while the rest of the terms do not have significant influence.

The response surface model equation of residual stress is given by

0=195.033—0.193567X, —0.922944.X, +8.10126 X,
+1.52%107° X —1.17695%x107* X; —8.10703 X 10~ (7)
—1.1122X1072 X, X, +2.1406 X 107> X, X,

where X is the spray welding current, X; is the spray welding speed, and X; is the amount of
powder. The influence of the terms of X}, X,, X3, X,*, X,”, X\ X3, X>X; on the residual stress is
significant, while the rest of the terms do not have significant influence.

3.3 Verifying the response surface model

To verify the generalisation capability of the model, nine groups of schemes were selected
as test samples. The regression model was used to predict the energy, the Vickers hardness, and
the residual stress of the products. At the same time, the schemes were tested to obtain the three
indexes of the products. The comparison between the predicted values and the measured values
of the test is shown in Figure 3. It can be found that the predicted values can fit well with the
experimental data, which represents a good predictive ability of the regression. Although there
are still some points, they are all within the allowed error.

— Actual values — Actual values
19 — Predicted values — Predicted values

= N N
B 8 R
3 S S

SEC values (KJ/g)
&5
3

Residual stress (MPa)

6 a
Specific energy consumption test sample Residual stress test samples

(a) (b)
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Vickers hardness test sample

(©)

Fig. 3 Comparison between the predicted values (black line) and the measured values (red line)

At the same time, to further verify the reliability of the model, the multiple correlation
coefficient R? is used to evaluate [27] the response surface model. The similarities between the
calculated values and the actual values are indicated by the R? value, which reflects the fitting
degree of the response surface model and the test data. The R? value ranges from 0 to 1. A good
fitting degree of the approximation model can be indicated only if R? > 0.9. The reliability
verification of each model is shown in Table 4.

Table 4 Model reliability verification results

SEC h o
R? 0.9883 0.9528 0.960

Table 3 shows that R? is greater than 0.9000, indicating that the relationship between the
response value and the independent variable is significant. Also, the model can better reflect
the data law, and the relationship between the factors can be fully expressed by the model.

3.4 Analysis of interaction between factors of the response surface model

The response surface models of specific energy, the Vickers hardness, the residual stress,
and the interaction between various factors can be seen in Figures 4-6. As shown in Figure 4
(a)-(c), the interaction between multiple parameters influence the response value of the specific
energy to some extent. From the change of the amplitude of the graph, it is clear that the spray
welding current and the powder feeding amount have a more significant influence on the
response surface than the spray welding speed. Besides, the specific energy increases with the
rise in the spray welding current and the powder feeding amount. The relationship between the
specific energy consumption and the spray welding current, the spray welding speed, and the
powder feeding amount is monotonically increasing or decreasing.

Figure 5 (a)-(c) shows that the influence of the current and the speed of spray welding on
the Vickers hardness of the response surface is more significant. With the increase in the spray
welding current, the Vickers hardness decreases. Besides, the Vickers hardness decreases first
and then increases with the rise in the spray welding speed. According to Figure 5 (c), when the
spray welding current is 140 A, the spraying speed is 55-65 mm/min, and the powder feeding
amount is 13-16 g/min, the Vickers hardness increases to the maximum value. Figure 6 (a)-(c)
shows that the influence of the spray welding speed on the residual stress response surface is
relatively small. The residual stress decreases with the increase in the rotor height or the rise in
the powder feeding amount.
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4. Model solution based on the NSGA-II algorithm
4.1 Constraint conditions

The parameters of the plasma spray welding process were selected based on whether they
satisfied the demands of the processing techniques and conditions of the equipment, after which
the constraint conditions were built. The optimised results were more suitable for the actual
processing requirements.

The multi-objective optimisation model of the plasma spray welding process parameters
is given as follows:

min SEC(Iv Vv V) Imin = [ = [max
maxH (1,V,v) st V., <V=V__ )
mino(1,V,v) Vo, SVSv

4.2  Model solution

The optimisation of the parameters of the plasma spray welding is much more difficult
because of the combination of high dimensions, multiple constraints, and linear and nonlinear
intersection. The traditional optimisation algorithm, such as linear programming, can hardly solve
that problem. At the same time, the common genetic algorithm itself is prone to premature
convergence and falls into the local optimum easily. Therefore, this paper adopted the non-
dominated sorting genetic algorithm II (NSGA-II) with a preserving strategy to solve the problem.

The calculation flow chart of the NSGA-II [28] with an elite-preserving strategy and
removing repetitive individual procedures is shown in Figure 7.

Evolutional generation
Gen=1,population initialisation

R;non-dominated sorting forms a non-
dominated set Z
[«

Put Z; into new parent population —
P;.(Elitist Strategy) i=i+1
2
The offspring merge

with the parent to v
form a population R; W Z;*++Z;y; sorting congestion, choose a
of 2N large degree of congestion
N

A

Y

‘ Crossover, mutation

] <z

New offspring population
O

Gen=maximum
generation?

Product green design
scheme

Fig. 7 The calculation process of NSGA-II
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Three solutions x; x, x5 of the parent population are selected, and each solution y;, for
the intermediate population y = (y4,¥5,...,¥,) 1s expressed after the DE cross operation as
follows:

X, +F(x2 —x3) ifp. <CR
Vi )

X, ifp. >CR

In the formula, F" and CR are two control parameters.

The mutation operation of the algorithm adopts a polynomial mutation operator, and each
solution in the population after the mutation operation can be described as:

+o0, b — if p <
J_/kz{yk k( k ak) ‘ pm a (10)
Vi ifa<p, <l
1
(2 X rank )p+ —1 if rank < 0.5
o, (11)

1
1-2x(2Xrank)s+  if rank > 0.5

where rank is the random number between 0~1, S is the distribution index, p,, is the mutation
probability of the algorithm, and a;, and b;, are the lower and the upper limit of the optimisation
variable, respectively.

The programming was conducted in Matlab2016a, and four NSGA-II operating
parameters were set as follows: the initial population size was 2,000, the number of iterations
was 100, the cross probability was 90%, and the mutation probability was 10%. With optimised
computation, the optimal value of each objective function was gradually optimised. Variation
conditions of each target value during the evolutionary process are given in Figure 8. It can be
seen from the figure that the trends of the specific energy consumption, the Vickers hardness,
and the residual stress all show good convergence with the increase in iteration times.

®

az:

®

optimal value of  in the population
¥

optimal value of SEC in the population.
ptimal value of H in the populati

#

3

E3 0 r E3 E3
number of iterations

a b c

Fig. 8 Multi-object evolution process: a) optional value of H in the population
b) optional value of SEC in the population c) optional value of ¢ in the population

The obtained Pareto solution is shown in Figure 9a, where the X axis corresponds to the
Vickers hardness, the Y axis corresponds to the specific energy consumption, and the Z axis
corresponds to the residual stress. It can be seen from the figure that when the Vickers
hardness increases, the residual stress increases, and the specific energy consumption
decreases, which makes the optimisation goal game-like. The front edge of the three-
dimensional Pareto solution is projected to the coordinate plane to obtain a two-dimensional
Pareto solution, shown in Figure 9b-d. Based on the analysis of Figure 9, the optimal process
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parameters for each single objective are summarised in Table 5. It can be seen from the table
that, within a specific range of values, the residual stress is higher when the process
combination of the low energy consumption is selected, and the energy consumption is more
significant when the process combination of the minor residual stress is selected. The residual
stress and the energy consumption are in the middle range when the process combination of
the large Vickers hardness is selected. Therefore, there is a group of better process
combinations that make the Vickers hardness, the specific energy consumption, and the
residual stress have the optimal value.

Pareto solution 250

0 L L L L L d L L L
550 600 650 700 750 800 850 6 8 10 12 14 16 18

Fig. 9 Pareto value of NSGA-II and its two-dimensional projection:
a) Three-dimensional Pareto solution front, b) Projection on the surface,
c) Projection on the surface, d) Projection on the surface

Table 5 Single objective optimisation results

Low SEC is the optimal High Vickers hardness is  Low residual stress is the
objective. the optimal objective. optimal objective.

SEC /(KJ/g) 7.161 8.226 13.308
H/(HV) 751.617 803.828 669.307
o/ (MPa) 230.486 147.626 74.058
I1/A 106.362 111.921 147.477

V' / (mm/min) 43.181 54.295 73.505
v/ (g/min) 7.272 20.726 20.728
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Table 6 Pareto front of optimum combinations

No SEC /(KJ/g) H/(HV) o/ (MPa) 1/ A V'/ (mm/min) v/ (g/min)
1 10.418 780.617 121.589 128.677 52.358 20.728
2 12.972 743.471 92.909 145.603 56.363 20.728
3 13.301 669.307 74.058 147.477 73.505 20.728
4 9.165 769.918 137.385 119.442 50.129 20.727
5 8.313 802.251 146.265 110.257 54.659 20.725
6 7.459 759.341 174.331 106.360 71.538 14.446
7 10.565 777.791 119.602 129.707 53.474 20.703
8 12.456 745.906 96.364 143.322 58.753 20.728
9 11.124 767.217 111.750 133.552 56.220 20.514
10 15.120 710.131 71.431 158.381 59.424 20.728
11 9.130 795.974 136.736 119.148 52.626 20.727
12 12.023 757.998 103.365 139.572 54.458 20.728
13 8.226 803.828 147.626 111.921 54.295 20.726
14 9.847 700.918 110.621 124.520 73.173 20.701
15 7.264 793.309 212.076 106.361 58.136 9.2643
16 14.018 728.359 82.585 151.970 57.294 20.728
17 8.891 743.840 131.023 117.158 68.632 20.213
18 9.491 700.713 114.622 121.655 73.507 20.726

When single processing properties or the specific energy have the optimal value, the
combination properties of the workpieces are usually not optimal, so parts of the optimal
solutions were selected through this solution set, as shown in Table 6. To acquire an optimal
solution from the Pareto solution set, the decision maker can select the optimal solution from
the Pareto solutions acquired through the analytic hierarchy process. The weighted value w
of each object was acquired through the judgment matrix calculation, which is shown in Table
7. For each solution of the optimal solution set given in Table 8, the corresponding D; is
calculated as

S =8, H_ —H, R —R

+w +w, —= : 12
S _S i " Hmax _Hmin ® Rmax _Rmin ( )

where ws, wh, wr are the weights of the target SEC, Vickers hardness, and residual stress,
respectively. Spar and Syin are the maximum and minimum of the target SEC. Hypax and Hpin are
the maximum and minimum of the target Vickers hardness. Rua and Ry, are the maximum and
minimum of the target residual stress.

The optimal Pareto solution acquired through all obtained D; is shown in Table 7.

Table 7 Weights of evaluation criteria

Evaluation criterion Weight
SEC 0.421
Vickers hardness 0.317
residual stress 0.262

Table 8 Results of Pareto optimisation

Energy efficiency Process performance Process parameters
SEC /(KJ/g) H/(HV) o/ (MPa) 1/ A V' / (mm/min) v/ (g/min)
12.456 754.906 96.364 143.322 58.753 20.728
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5. Results and discussion

Based on the above results, some important conclusions of this study are discussed:

1.

The results show that the response surface model we established is effective and
reasonable.

The acquired Pareto optimality of this problem consists of some points in the three-
dimensional space, which are shown in Figure 9 a. All points in this figure represent
optimal combinations of the technological parameters, which did not have a mutual
effect on each other. Thus, the decision maker can select an optimal machining
parameter through an analytic hierarchy process based on expected processing
properties and specific energy during the actual processing of workpieces.

To make it easier to understand, we used three two-dimensional figures to present
the optimisation results. It can be seen from Figure 9 (b-d) that the specific energy
increased with a decrease in the residual stress and decreased with an increase in the
Vickers hardness, and the residual stress increased with an increase in the Vickers
hardness. So, the specific energy and the Vickers hardness could be optimised at the
same time.

The method put forward in this study can be a useful tool to improve energy
efficiency and processing properties of the plasma spray repairing technique.

6. Conclusion

Some conclusions can be drawn from this study.

(1

2

3)

“

)

In this paper, a multi-objective optimisation method was proposed,
comprehensively considering specific energy, Vickers hardness, and residual stress.
Experimental design was carried out based on CCD to reveal the correlation
between various process parameters and optimisation goals through the main effect
analysis.

The response surface methodology was used to establish an optimised model using
spray welding current, spray welding speed, and powder feed rate as optimised
variables. The optimised model was built to achieve the highest energy efficiency
and the best process performance of the sprayed welds. The reliability of the model
was verified, and the relationship between various factors and goals was fully
expressed.

The NSGA-II was used to calculate the optimisation model. Using the three-
dimensional Pareto solution, a good balance of the three goals could be found.
Through the two-dimensional Pareto solution, we could see that the objective
functions were coupled to each other.

According to the method proposed in this paper, within a certain range of process
parameters, the optimal combination of process parameters is with the spray
welding current being 143.322A, the spray welding speed 58.753 mm/min, and the
powder flow rate 20.728 g/min. The energy utilisation rate of the equipment, the
Vickers hardness of the repaired layer, and the residual stress of the heat-affected
zone can be significantly improved under the preparation of the parameter
combination.

For the multi-objective optimisation, it was impossible to get each parameter
optimised at the same time. The coordination and compromise among all the
parameters must be made to let each parameter be as optimal as possible. From the
obtained Pareto solutions, decision makers can select the suitable solutions
depending on the actual processing demands.
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