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Abstract: Wear resistance studies for the multilayer laminate nanocomposite experimentally need a lot of time and               

money to investigate the effects of different parameters over it. Furthermore, the impact of these parameters on the surface 

occurs within a microsecond making the investigation very difficult. Statistical methods such as response surface meth-

odology can be an effective technique in this matter. In the current work, the response surface methodology and the arti-

ficial neural network were used to design and analyze the weight loss at different temperatures, sliding speeds, applied 

loads, and weight percentages of graphene nanoplatelet (GNP) for multilayers laminate composite consists of poly-

urethane resin and anhydride hardener reinforced with 30 volume fraction of random fiber-glass. It was found that 

increasing GNP content could effectively increase friction coefficient and reduce the wear rate of multilayer laminate 

nanocomposite. The predicted values from artificial neural networks and experimental methods are found very close to 

each other.
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Introduction

Wear is one of the most common problems in industrial 

applications. It is also one of the main operations occurring as 

a result of friction when two elements were mating.1 There are 

many works discussed the parameters which effect on the rate 

of wear in the material surfaces.2-5 

Materials subject to friction need wear tests to determine 

their wear resistance and to know their wear behavior. The 

complexity of processes occurring in the area of contact 

between mating elements makes it necessary to consider many 

different tribological parameters and the mechanical properties 

of materials. There are many parameters effect on the rate of 

wear, the hardness of pair elements microstructure, and mating 

condition.6 Dewan et al.7 reported that the coefficient of fric-         

tion can be increased and the wear resistance reduced by using 

the right material pair. Tabor8 reported that wear resistance and 

friction force depend on the type of material, surface rough-

ness, temperature and applied force. A polymer composite 

refers to the multi-phase material, it is prepared by reinforcing 

polymer with external fillers, to obtain synergistic properties.9

Multilayer laminate nanocomposites are referred as a multiple 

composite layers stacked together to obtain particular prop-

erties.10 These properties make it suitable in various areas, such 

as bridges, automobiles and furniture.11
 Recently, a polymer is    

increasingly used as a compounding material in multilayers 

laminate nanocomposites for its superior characteristics.

Several researchers observed that wear in polymer follows 

the same behavior as the metal.12-15 In this context, multilayer 

laminate nanocomposites are promising alternatives as a wear 

resistance material. However, severe condition such as high 

temperature requires the use of high-performance reinforce-

ment.16 Wear resistance of polymer composites is influenced 

by the amount and type of the used fillers.17 Today, composites 

based on epoxy and nanoparticles are certainly some of the 

most promising selections.18
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There are a few studies concerning with wear behavior of 

polymeric composite under dry conditions and high tempera-

tures are available.19-23 In the current work, we focus on the 

wear properties of multilayers laminate composite reinforced 

with nano filler. By using artificial neural network (ANN) 

analysis to create model to predict the values of weight loss 

(WL) and the values of friction coefficient of multilayers lam-

inate composite as a functions of important wear factors. This 

model can be used to determine the effects of different param-

eters on wear rate and on coefficient of friction. Also, the pre-

dicted model can be used to identify appropriate amount from 

graphene nanoplatelet (GNP) that resisted the wear and 

improve the friction coefficient.

Experimental

Materials. The material used in the current work is mul-         

tilayer laminate composite consist of polyurethane resin and 

anhydride hardener reinforced with 30 volume fraction of ran-

dom glass fibers. Resin Polyurethane PX-225 and hardener 

acid-anhydride were supplied from Axson Middle-East (Egypt). 

Full physical properties of resin and hardener at room tem-

perature is illustrated in Table 1. The mixing ratio between 

resin and hardener was 1:0.75. The average length of selected 

fibers was 1.7 mm fabric weight was 363 g/m2, a small amount 

of GNP. It was purchased from Asbury, Inc (U.S.A) in a pow-

der form with a thickness less than 8 nm. Graphene is a two-

dimensional sheet of sp2 bonded carbon atoms, organized in a 

hexagonal lattice.24 It has unique morphology which make it 

superior in its thermal properties and mechanical.25 Three dif-

ferent wight percentages of GNP were used in the investi-

gation: 0.1, 0.3, and 0.5. The description of the laminate 

composite preparation is described in previous work.26

Experiments design for the wear properties is made by using 

response surface methodology with several parameters, Table 

2 describes the full details of each parameter. The wear tests 

were performed on the ball-on-Disc dry sliding device equipped

with heating system and actuator control to displacement con-

trol and load amount control. The ball was a Chrome Steel 

SAE 52100, with 6 mm diameter and 80 HRC hardness. It was 

contacted on the sample surface according to the conditions in 

Table 2. All tests were performed for an 80 m distance at each 

condition by using the T-01M tribometer. Samples were cut 

into ring-shaped with dimensions of outer diameter equal 46 

mm and inner hole diameter equal 25 mm, the thickness of the 

ring was 6 mm forming process of samples made by laser cut-

ting machine to shape shown in Figure 1.

All samples were cleaned with ethanol before the test. The 

results were recorded from an average of three tests for each 

condition. The values of the change in the specimen weight 

were recorded to calculate the amount of WL, on the other 

hand, the coefficients of friction were obtained from the fric-

tion force. The effect of the ball over the sample surface was 

analyzed using WL measurement and optical microscope. 

Optimization of Multi-Objective. Response Surface    

Methodology (RSM): RSM is a method for improving poly-     

nomial function to better represent experimental results to 

make the statistical inferences more beneficial.27 In current 

investigation RSM was used to model WL and friction coef-

ficient of multilayer laminate nanocomposites. There were 72 

experimental response values of different factors combination 

used in the surface response formulate (WL and friction coef-

ficient) as shown in Table S1 (see the Supporting Information). 

Design-Expert V12 software was used to create all possible 

combinations between the factors and to create the empirical 

model.

Figure 1. View of the samples used in the study.

Table 1. Properties of the Polyurethane Resins

Properties Value

Flexural modulus (MPa) 2500

Viscosity (mPa·s) 4

Density (g/cm3) 1.17

Hardness (Shore D) 80

Table 2. Experiment Detail of the Full Experiments

Name L[1] L[2] L[3] L[4]

Load (N) 7.5 10 12.5 15

Sliding velocity (RPM) 300 600 900 1200

Temperature (oC) 35 45 55 65

type (wt% of GNP) 0 0.1 0.3 0.5
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Artificial Neural Networks (ANNs). ANN is one of the        

computational tools that has used extensively to solve many 

sophisticated real world problems.28 The ANNs have a remark-

able ability in the data processing characteristics relevant to 

high parallelism, non-linearity, noise and fault tolerance, and 

deep learning.29 It is a method to simulate a wide range of 

engineering problems. In the ANN method, non-linear and 

multivariable models can be handled to obtain an accurate 

solution. The main idea of this approach is the unique con-

struction for the system of information processing, this system 

has a massive number of processing elements or neurons 

working in harmony to find the solution to the problem.30-32

Function of ANN relies upon the weight of the associations 

between each node performed in the learning and training pro-

cess according to the predefined pattern. The process of train-

ing and learning is a repeated process until the variance 

between the anticipated value and actual value is very limit,33

In Neural Networks the process of training and learning was 

developed in MATLAB according to the feed forward back 

propagation method and by the assists of obtained experi-

mental results.34 The required number of neurons for the hid-

den layer was changed by trial and error to reach minimum 

deviation for experimental results prediction; ten neurons were 

required to build the model by using RSM obtained data. Fig-

ure 2 shows a typical structure of ANN for predicting WL. In 

the structure, there are 3 numerical input parameters (Load 

(N); Sliding velocity (RPM); Temperature (oC)) and one ordi-

nal parameter that is the type of sample (D) such as Poly-

urethane composites without GNP, polyurethane composites 

with GNP (0.1 wt%), polyurethane composites with GNP (0.3 

wt%), polyurethane composites with GNP (0.5 wt%). Sample 

(D) is assigned with numerical values such as 0, 0.1, 0.3, 0.5 

referred as the wt% of GNP. Bias and weights of the network 

ware changed until the mean squared error (MSE) arrives at 

the least satisfactory value. Out of 72 experiments, 80% is used 

in training, 10% is used in testing and 10% is used in val-

idation process. Figure 3 shows the properties of network. The 

network performance was measured by using MSE function. 

Figure 3 illustrates a screenshot for the neural network prop-

erties in MATLAB. Figure 4 represents the neural network 

used in the investigation. 

Results and Discussion

The RSM was used to study the effect of sliding velocity; 

temperature; load and wt% of reinforcement on WL and fric-

tion coefficient of multilayers laminate nanocomposites and to 

create the empirical model for WL and friction coefficient 

based on the effects of these factors. The sequential F-test was 

used to test the significance for regression model. Table 3 

shows variances analysis of WL and friction coefficient for 

interaction effects factors. The F-value of model equal to 22.44 

which confirms the significance of the model. Interaction fac-

tors: temperature (oC); load (N), as well as sliding velocity 

(RPM) and type (wt%) also have an impact on WL value. The 

adjusted R2 value of 0.8619 is in good concurrence with the 

predicted R2 value of 0.8153 since the difference between them 

is less than 0.20. According to results of RSM, the ideal values 

of temperature, load, sliding speed, and wt% of GNP are 35, 

7.5, 300, and 0.3 respectively to obtain the minimum WL of 

multilayer laminate nanocomposites. In addition to that table 

shows load and wt% of GNP are a significant parameters as Figure 2. Typically structure of ANN for predicting wear rate.

Figure 3. Neural network properties.

Figure 4. Neural network.
 Polym. Korea, Vol. 45, No. 5, 2021
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their p-values were less than 0.05. Furthermore terms (CD), 

(BD) and (BC) are also considered as a significant parameters, 

these terms were added automatically to support hierarchy of 

the model. The optimum condition to reduce the WL and to 

increase friction coefficient will at low sliding speed, low load, 

low temperature, and a medium amount of reinforcement.

F-value magnitude can be used to order the influencing fac-

tors according to F-value. The highest value was obtained for 

D-type (9.22) followed by a-load (3.26) and B-sliding velocity 

(1.4) and C-temperature (0.0083), which reveals that the GNP 

wt% has greater effect on WL value than a-load, B-sliding 

velocity and C-temperature factors. Figure 5 presents the plot 

perturbation of the WL and friction coefficient data at mid val-

ues of the experimented process parameters. Perturbation plot 

used to study the effects of the four parameters at specific loca-

tion inside the range of the design. In Figure 5(a), (b) the 

selected points ware in the central of design range (a=11.1 N, 

B=759, C=50.3 and D=0.4), X-axis showed the position of 

parameters level as a coded scale. It is clear from the figures 

that all factors have significant influence on the WL and coef-

ficient friction values. On the otherward there are proportional 

effects for the parameters on the values of WL and coefficient 

Table 3. Analysis of Variance (ANOVA) Summary for the WL 

and Coefficient of Friction

WL

Source Term df F-value p-value

Subplot 19 22.44 < 0.0001 Significant

a-load 1 3.26 0.0015 Significant

B-sliding velocity 1 1.4 0.2422

C-temperature 1 0.0083 0.9278

D-type 3 9.22 < 0.0001 Significant

aB 1 4.2 0.0459 Significant

aC 1 3.61 0.0634

aD 3 0.9878 0.4065

BC 1 10.54 0.0021 Significant

BD 3 4.63 0.0063 Significant

CD 3 3.32 0.0274 Significant

B² 1 0.0984 0.7551

C² 1 0.0876 0.7686

Std. Dev. 0.8356 C.V.% 22.8

R² 0.9066 Adjusted R² 0.8619

Mean 3.66

Coefficient of friction

Source Term df F-value p-value

Model 19 16.14 < 0.0001 Significant

a-load 1 2.6 0.0036

B-sliding velocity 1 2.59 0.1138

C-temperature 1 0.0505 0.8231

D-type 3 7.34 0.0004

aB 1 6.47 0.0142

aC 1 4.81 0.0331

aD 3 0.7904 0.5052

BC 1 4.21 0.0455

BD 3 5.33 0.003

CD 3 1.87 0.1468

B² 1 0.8691 0.3558

C² 1 0.0565 0.8131

Std. Dev. 0.6589 R² 0.8752

Mean 2.36 Adjusted R² 0.8153

C.V.% 27.89

Figure 5. Perturbation plot of the factors wt% of GNP, applied load, 

sliding speed and temperature on (a) WL; (b) coefficient of friction.
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friction, the plot shows that wt% of GNP has the maximum 

inverse proportion this due to the negative slope on the WL 

and coefficient friction. While load, sliding speed and tem-

perature has a lower effect than wt% of GNP this due to pos-

itive slope of lines. In summary increasing the wt% of GNP 

leads to decrease WL and coefficient friction while the oppo-

site can be obtained when sliding speed, applied load and tem-

perature were increased. Figure 6 represents the variance of 

actual and predicted values; it is clear from the plot that there 

is a linear relationship between the actual and predicted values. 

The linear relationship referrers to that the model can provide 

a good fit for weight loss and friction coefficient. The inter-

active of all factors on coefficient of friction and on WL was 

represented in Figure 7 as a 3D contour. The contour rep-

resents combinations of the two factors that will predict a con-

stant WL and coefficient of friction values. It is clear from the 

Figure 7 that GNP content decrease the WL and friction coef-

ficient decreases. By using a combination of low load and low 

sliding speed, the lost WL and coefficient of friction values 

were founded, while holding wt% of GNP constant at 0.4. This 

is due to tribological performance of polymer composites is 

influenced by many parameters such as viscoelastic properties, 

normal load, sliding speed, and temperature.35 At high load, the 

reinforcement breakage possibility is increased,36 also at high-

temperature polymer becomes softer, for this reason, the poly-

mer may remove easily which increases wear rate.37 Increasing 

in load and speed generates heat leads to plastic deformation 

and changes polymer properties.38,39 High content of nanopar-

ticles can produce a hard layer that works as surface protection 

at a friction state.

The resulting WL or the empirical models within the ranges 

of all parameters can be modeled by the eq. (1), and resulting 

friction coefficient within the ranges of all parameters can be 

modeled by the eq. (2):

WL = 5.28596 + 1.15740 a + 0.002662 B + 0.009671 C 

+ 4.05550 D[1] + 1.98049 D[2]  3.86546 D[3] 

 0.000188 aB+0.005430 aC+0.024478 aD[1]0.103463 aD[2] 

+ 0.066976 aD[3] + 0.000065 BC  0.001544 BD[1] 

+ 0.000290 BD[2] + 0.000979 BD[3]  0.025377 CD[1] 

 0.019719 CD[2] + 0.033420 CD[3]  0.046048 a2 

 3.50562 E-07B2 + 0.000290 C2  (1)

Figure 7. Relationship between all factors and (a) WL; (b) coeffi-

cient of friction.

Figure 6. Actual versus predicted data points: (a) WL; (b) coeffi-

cient of friction. 
 Polym. Korea, Vol. 45, No. 5, 2021
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Coefficient of friction = 3.31858+0.751927 a + 0.003004 B 

 0.019470 C + 2.91718 D[1] + 1.45614 D[2]  2.68579 D[3] 

 0.000188 aB + 0.005120 aC + 0.012779 aD[1] 

 0.077124 aD[2] + 0.036979 aD[3]  0.000033 BC 

 0.001250 BD[1] + 0.000024 BD[2] + 0.000958 BD[3] 

 0.015617 CD[1]  0.011111 CD[2] + 0.021219 CD[3] 

 0.030456 a2  8.77952 E-07 B2 + 0.000192 C2 (2)

The ANN output and the target linear regression chart based 

on the Levenberg-Marquardt (LM) algorithms are shown in 

Figure 8. The figure reveals the superior relationship between 

the target and network output that is due to the correlation 

coefficients is 0.95329 for WL. The network performance plot 

developed based on the LM algorithm is illustrated in Figure 

9. The good correlation found between normalized and pre-

dicted values reveals that RSM is able to produce accurate WL 

and friction coefficient predictions for the multilayers laminate 

nanocomposites under investigation conditions, and can be 

used confidently as a replacement source to generate the 

required data to train ANN model. Best validation perfor-

mance values of WL are 0.15759×10-6 g which fund at the 

beginning of WL and 0.16782×10-6 g in case of the coefficient 

of friction. MSE between the experimental and ANN predicted 

results for WL is found to be 0.37×10-6 g and 0.41×10-6 g for 

friction coefficient results. Figures 10 and 11 show the rela-

tionship between normalized and predicted values of WL and 

coefficient friction values at some of selected runs. It is clear 

Figure 8. Plot of regression based on LM algorithm: (a) WL; (b) coefficient of friction. 

Figure 9. Performance plot based on LM algorithm: (a) WL; (b) 

coefficient of friction.
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Figure 10. Comparison between normalized and predicted WL values at some selected runs.

Figure 11. Comparison between normalized and predicted coefficient of friction values at some selected runs.

Figure 12. Error % in WL between normalized and predicted values 

at each run.

Figure 13. Error % in coefficient of friction between normalized 

and predicted values at each run.

Figure 14. Optical photo for the surface after wear test: (a) at T=35 oC, Rotation speed=300 RPM, Load=12.5 N and 0.1 wt% of GNP; (b) 

at T=55 oC, Rotation speed=900 RPM, Load=12.5 N and 0.5 wt% of GNP; (c) at T=55 oC, Rotation speed=900 RPM, Load=7.5 N and 0.5 

wt% of GNP; (d) at T=65 oC, Rotation speed=1200 RPM, Load=7.5 N and 0 wt% of GNP; (e) at T=35 oC, Rotation speed=300 RPM, 

Load=10 N and 0.1 wt% of GNP; (f) at T=45 oC, Rotation speed=300 RPM, Load=10 N and 0.3 wt% of GNP; (g) at T=55 oC, Rotation 

speed=900 RPM, Load=12.5 N and 0.1 wt% of GNP; (h) at T=35 oC, Rotation speed=900 RPM, Load=12.5 N and 0.1 wt% of GNP.
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from the figure that the ANN prediction model success in pre-

dicting the values of both WL and friction coefficient. As 

observed in Figures 12 and 13, values of error % for the ANN 

prediction model did not exceed the 18% for the WL values 

and 20% for the coefficient of friction values. It is clear from 

optical microscope photos in Figure 14 for some of selected 

samples, that the outer layers resist the wear and fibres did not 

delamination from the matrix. This improvement is due to the 

role of reinforcement particles, which prevented the wear 

development and reduce the friction coefficient.40,41

Conclusions

In this work, the wear rate was tested for multilayer laminate 

nanocomposites by tribometer. Results showed that GNP can 

be improve the wear resistance and increase the friction coef-

ficient. On the other hand, increasing value of applied load and 

sliding distance leads to increase the wear rate and decrease the 

friction coefficient. The minimum wear rate was obtained in 

the presence of GnP as reinforcement and at minimum load 

and temperature. Both RSM and ANN models were suc-

cessfully created, these models can predict values for WL and 

friction coefficient with high accuracy. The optimum values to 

multilayers laminate nanocomposites according to the devel-

oped models were at temperature (35 °C), load (7.5 N), sliding 

speed (300 RPM), and wt% of GNP (0.3), at these values WL 

was 0.0404×10-6 g.

In the design space, the empirical models can be a predictive 

tool to represent the wear resistance performance of multi-

layers laminate nanocomposites in a short time and with low 

costs. Also, multilayers laminate nanocomposites can be used 

successfully in applications that need an excellent wear resis-

tance.

Supporting Information: Information is available regarding     

the multilayer laminate composite, graphene nanoplatelet 

GNP, composite preparation and Parameters used in mathe-

matical models. The materials are available via the Internet at 

http://journal.polymer-korea.or.kr.
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