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ABSTRACT 

The purpose of investigation is to understand the wear mechanism and dispersion of 

graphite reinforced polyamide composites. The wear test was conducted as per design of 

experiment using pin-on-disc wear tester. The results were evident to show a decrease in 

the wear rate by 0.1113 ×10-5 mm3 /N-m for the optimal wear parameter combination of 

graphite amount of 30%, load of 25N, sliding speed of 0.8m/s and sliding distance of 

3000m, which is in parallence with the confirmatory test results showing a wear rate of 

0.2053 ×10-5 mm3 /N-m. It was evident from ANOVA that the normal load (85.67%) 

and reinforcement ratio (13.87%) were the prominent parameters influencing the wear 

rate while, sliding speed and sliding distances were found to have negligible effect on 

wear rate. 
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1. INTRODUCTION 

In the last few years, polymeric materials such as PP, PE, POM, PTFE, PA, etc have been 

widely used in bearings, gears, cams, bushings, handles, pulleys, safety helmets, seals, 

artificial joints, aircraft parts applications. The above said polymers are utilized due to 

noise, friction and wear which are basic issues in these applications and due to their great 

strength-to-weight ratio, extreme load bearing capability and capacity to withstand 

environmental temperature conditions. These materials are additionally utilized in food 

industry due to their good tribological, solid lubricant properties and due to their good 

performance at non-lubricated dry conditions in journal bearing materials.  

 
Lot of researchers have studied the microscopy of polymer blends with various fillers like 

graphite, carbon fibers etc. By observing the microscopy we can understand the formation 

of transfer film formed on specimen and against which the specimen had slid, wear 

particles dispersion etc.  Researchers studied the worn surface of neat nylon6 and 

nylon6/graphite (4%)[86]. We can see that there are deep grooves in neat nylon and no 



formation of transfer film. But for nylon/graphite composite the surface is smooth [87]. 

Other researchers studied microscopy of nylon6/graphite and pure RG (reduced graphite). 

They observed a core like material in nylon6/graphite and by observing the surface of 

reduced graphite they found that the core like material was RG. [88] Someresearchers 

studied the worn surface of PA6/graphite nano composites. They blended variety of 

graphite – expandable graphite, virgin graphite and expanded graphite. 

2. EXPERIMENTAL STUDY 

Wear test was carried out to study the tribological behavior of PA66/Gr composite journal 

bearing. First the shaft is mounted on to a lathe machine, the shaft is constrained at both 

ends. Then the shaft is rotated at a certain speed (the can be varied according to the 

requirement). The bearing is then mounted on the shaft. This bearing is constrained using 

a clamp, so that only the shaft rotates and not bearing. Then a load is applied on the 

bearing as shown in the figure. The load was varied for different set of tests. Finally the 

shaft is rotated at the required speed. Before starting the test the bearing is weighed so 

this is the initial weight. The bearing is weighed again after the test. The wear rate was 

calculated using following equation: 

                    Wear rate =  x 10
3
 mm

3
/N-m 

M = Mass loss in grams 

  = Density of the composite 

L = Load applied in newton 

D = Distance in meters 

 

3. SELECTION OF PARAMETERS AND THEIR VARIABILITY LEVELS 

Four values for weight % of graphite 0, 10, 20 and 30 were taken into consideration to 

setup the test specimens. Load, speed and sliding distance of specimen were chosen on 

the basis of the wear testing conditions. The normal loads of 25N, 50N, 75N and 100N 

were put on using standard weights to invigorate different contact pressures. The sliding 

speed for disc 0.4, 0.8, 1.2 and 1.6 m/s were utilized. The sliding distance for pin 

specimen 1000, 2000, 3000 and 4000m were used. The factors and their subsequent levels 

are listed in Table 1) 

 

 

 



Table 1) Factors and their corresponding variability levels 

 

 

Table 2) Experimental layout acquired through MINITAB statistical software 

 

 

4. WEAR BEHAVIOR OF PA66 / GR COMPOSITES 

4.1 COEFFICIENT OF FRICTION 

The wear test of PA66 / Gr composite specimens were carried out on the pin on disc wear 

test machine as per ASTM G-99. Variations in the coefficient of friction (COF) with 

respect to time under different graphite reinforcements, loads (L), sliding speed (v) and 

distances (d) are shown in the Figure 1), 2), 3) and 4) 

 

 

Expt. No Wt. % of Graphite 

 (A) 

Load (B) 

in N 

Speed (C) 

in m/s 

Sliding Dist. (D) 

in m 

1 0 25 0.4 1000 

2 0 50 0.8 2000 

3 0 75 1.2 3000 

4 0 100 1.6 4000 

5 10 25 0.8 3000 

6 10 50 0.4 4000 

7 10 75 1.6 1000 

8 10 100 1.2 2000 

9 20 25 1.2 4000 

10 20 50 1.6 3000 

11 20 75 0.4 2000 

12 20 100 0.8 1000 

13 30 25 1.6 2000 

14 30 50 1.2 1000 

15 30 75 0.8 4000 

16 30 100 0.4 3000 



 

Fig. 1) variation of coefficients of friction with respect to time for pure PA66 under 

different loads, sliding speed and distances 

 

Fig. 2) variation of coefficients of friction with respect to time for PA66+10% Gr 

under different loads, sliding speed and distances 

 
Fig. 3) variation of coefficients of friction with respect to time for PA66+20%Gr 

under different loads, sliding speed and distances 



  
Fig. 4) variation of coefficients of friction with respect to time for PA66+30%Gr 

under different loads, sliding speed and distances 

 

The orthogonal array of L16 type, noticed response, standard deviation and S/N ratio were 

denoted in Table 3). This design needs sixteen experiments with four parameters at each 

of these four levels. The interactions between main factors were dismissed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The estimated individual factors influence on average wear rate of PA66/Gr composites is 

presented in Figure 5) 

Ex. 

No. 

Main factors Observed response 

Average COF, µ
 

Standard 

Deviation 

S/N Ratio 

(db) 
A B C D E 

1 1 1 1 1 1 0.2529 0.037 -16.59 

2 1 2 2 2 2 0.2483 0.027 -21.62 

3 1 3 3 3 3 0.2263 0.035 -17.72 

4 1 4 4 4 4 0.2359 0.049 -13.52 

5 2 1 2 3 4 0.2282 0.032 -17.03 

6 2 2 1 4 3 0.1184 0.053 -6.96 

7 2 3 4 1 2 0.1578 0.009 -25.85 

8 2 4 3 2 1 0.2176 0.007 -29.82 

9 3 1 3 4 2 0.1036 0.048 -6.56 

10 3 2 4 3 1 0.1511 0.053 -9.03 

11 3 3 1 2 4 0.2217 0.071 -9.82 

12 3 4 2 1 3 0.1689 0.022 -17.65 

13 4 1 4 2 3 0.2491 0.021 -21.42 

14 4 2 3 1 4 0.1689 0.025 -16.39 

15 4 3 2 4 1 0.2360 0.038 -15.84 

16 4 4 1 3 2 0.2421 0.055 -12.79 

 

Table 3): Observed response, standard deviation and S/N ratio 

 



 

 

 

 

 

 

 

 

Fig. 5) Estimated individual factors effect on average coefficient of friction of PA66 /  

Gr composites 

 

The range of average coefficient of friction at Table 3), over the four levels of each 

experimental factor, is: for graphite wt.% (A), 20%, for normal load (B), 50N, for speed 

(C), 1.2 m/s and for sliding distance (D), 4000m. in specific, factor A (3), factor B (2), 

factor C (3) and factor D (4) for minimum coefficient of friction combinations. The 

Figure f) displays the main effects plot for Average COF. 
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Fig. 6) Main effects Plot for Average coefficient of friction 

It can be observed from the Figure 6) that the COF decreased from 0.24 to 0.16 with 

increase in graphite content up to 20% but increased at 30% graphite due to activation of 

fracture in the interface of reinforcing material and PA66 material.  

 

 



5. TAGUCHI ANALYSES AND OPTIMIZATION OF WEAR RATE 

The orthogonal array of L16 type, observed response, standard deviation and S/N ratio 

were represented in Table 4). This design requires sixteen experiments with four 

parameters at each of these four levels. The interactions between main factors were 

neglected.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Normal probability plots for the wear rate which is found from MINITAB V-16 are 

displayed in Fig. 7). The wear rate (×10
-5

mm
3
/N-m) is noticed to be equally spread along 

the trend line of a normal probability plot. Subsequently the process is said to be 

consistent. 

 

 

 

Table 4) : Observed response, Wear rate, Standard deviation and S/N ratio 

Ex. 

No. 

Main factors 
Observed response 

(wear rate ×10
-5

mm
3
/N-m)

 

Avg 

Wear 

rate 

Standard 

Deviation 

S/N 

Ratio 

(db) A B C D E 1 2 3 

1 1 1 1 1 1 0.8640 0.7590 0.8121 0.8117 0.052 -23.78 

2 1 2 2 2 2 1.1490 1.1229 1.1787 1.1502 0.027 -32.29 

3 1 3 3 3 3 1.2705 1.3412 1.3138 1.3085 0.035 -31.29 

4 1 4 4 4 4 1.5521 1.4798 1.5302 1.5207 0.037 -32.25 

5 2 1 2 3 4 0.7660 0.7523 0.7911 0.7698 0.019 -31.84 

6 2 2 1 4 3 1.1055 1.0959 1.1478 1.1164 0.027 -32.13 

7 2 3 4 1 2 1.2641 1.2234 1.2478 1.2451 0.020 -35.67 

8 2 4 3 2 1 1.4030 1.5330 1.4815 1.4725 0.065 -27.04 

9 3 1 3 4 2 0.6962 0.6005 0.6972 0.6613 0.052 -21.93 

10 3 2 4 3 1 1.0955 1.0395 1.0180 1.0510 0.040 -28.38 

11 3 3 1 2 4 1.2004 1.1652 1.2204 1.1940 0.027 -32.69 

12 3 4 2 1 3 1.3830 1.3562 1.3681 1.3691 0.013 -40.16 

13 4 1 4 2 3 0.4938 0.5500 0.4604 0.5014 0.045 -20.88 

14 4 2 3 1 4 1.0128 0.9602 1.0309 1.0013 0.036 -28.71 

15 4 3 2 4 1 1.0449 1.0078 1.0025 1.0184 0.023 -32.88 

16 4 4 1 3 2 1.2357 1.1709 1.1508 1.1858 0.044 -28.53 
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Fig. 7) Normal probability plot for wear rate (×10
-5

 mm
3
/N-m) 

 

In order to estimate the effect of factor A (wt. % graphite) on the average value of wear 

rate, were sum together three observed response at level 1 of factor A. Then the sum was 

divided by 4 to obtain the average response at level 1 of factor A. The average responses 

at level 2, 3 and 4 were obtained in the similar manner. The assessed individual factors 

has effect on average wear rate of PA66/Gr composites is indicated in Figure 8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8) Estimated individual factors effect on average wear rate of PA66/Gr 

composites 

 



The range of average responses at Table 4), over the four levels of each experimental 

factor, is: for graphite wt.% (A) 30%, for wear normal load (B) 25N, for wear speed (C) 

0.8 m/s and sliding distance (D) 3000 m. In particular, factor A(4), factor B(1), factor 

C(2) and factor D(3) for least wear rate blends. The wear rate diminished for addition of 

wt.% of graphite from 0 to 30%. This is for the reason that graphite which has wear 

resistance and solid lubricant qualities which is useful in building a continous transfer 

film between the two counterparts. As for the effect of sliding speed, steady state wear 

rates decreased in the range of 0.4 to 0.8 m/s but the same for range 0.8 to 1.6 m/s as seen 

from Fig.6.8 decreased as the sliding speed increased. The decrease in wear rate at high 

speed occurred because of thermal softening. The polymer did so well in terms of the 

wear resistance up to 0.8 m/s because it is a high temperature polymer. 

The assessed individual factors on the standard deviation of PA66 / Gr composites are  

displayed in Fig. 9) 

 

 

 

 

 

 

 

 

 

 

 

From the Fig. 9) it can be seen that factor B and C affect the wear rate variability. In order 

to minimize variability, the normal load – level 3 (75N) and the sliding speed – level 2 

(0.8 m/s) should be used. In this work, the smaller wear rate is the indication of better 

performance. Therefore, the smaller-is-better for the wear rate was selected for obtaining 

optimum machining performance characteristics. The following S/N ratios for the larger-

is-better type could be used to calculate S/N ratio. 

 

 

Fig. 9): Estimated individual factors effect on average Standard deviation of PA66/Gr 

composites 



Fig. 10) displays the estimated individual factors effect on the average S/N ratio of PA66 

/ Gr composites. 

 

 

 

 

 

 

 

 

 

 

 

In order to maximize the S/N ratio, the following factor levels were taken: factor A (wt.% 

graphite) – level 4 (10 wt.%), factor B (load) – level 3 (75N), factor C (speed) – level 3 

(1.2 m/s), factor D (sliding distance) – level 2 (2000 m). In Fig.8), Fig.9) and Fig.10) key 

factors which are optimizing response are plotted. Some significant levels are shown in 

figures. The objective is to minimize the response average, reduce standard deviation and 

maximize the S/N ratio. 

Table 5) displays the summing up of Taguchi analysis of factors for optimized levels. For 

factor A (graphite), level 4 for minimum average response and maximizing the S/N ratio 

but level 2 for minimum the standard deviation. 

 

Table 5): Summary of Taguchi analyses of factors for optimized levels(Wear rate) 

Factors Avg. response Avg. Standard Deviation Avg. S/N ratio 

A A4 A2 A4 

B B1 B3 B1 

C C2 C2 C3 

D D3 D1 D2 

In this case, however there is no significant difference between A2 and A4 shown in Fig. 

9) (standard deviation) hence A4 can be selected as optimum values. The factor B (load) 

and factor C (sliding speed) are same as factor A, hence B1 and C2 level were selected as 

 

Fig. 10) Estimated individual factors effect on average S/N Ratio of PA66/Gr 

composites 



an optimum value. For the factor D, there is no significant difference among their levels 

shown in Fig. 8), Fig. 9) and Fig. 10) hence D3 was considered as optimum values. 

Table 6): ANOVA for wear rate of PA66 / Gr composites 

 

The last column of the above table shows the percentage of contribution (%P) of each 

factor, therefore exhibiting the level of impact on the quality characteristic. The table 

displays that the applied load, wt.% of graphite, sliding speed and sliding distance have 

percentage contributions of 85.67%, 13.87%, 0.27% and 0.18% on the friction coefficeint 

of composite respectively. 

CONCLUSIONS 

The wear behaviors of PA66 / Gr composites were studied. Taguchi and ANOVA 

methods were applied to investigate the effects of % of graphite, normal load, sliding 

speed and sliding distance on dry sliding wear behavior of PA66 / Gr composites. The 

incorporation of graphite into the PA66 matrix increases the wear resistance composite 

material. The higher the wt.% of graphite, the better is the ability of the samples to resist 

wear. The wear rate was influenced primarily by applied load (85.67%), the amount of 

reinforcement phase (13.87%). Sliding speed and sliding distance have no significant 

influence on wear rate. The optimum test condition, at which the lowest wear rate is 

obtained, has been determined to be A4B1C2D3 levels 


