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Abstract— In this study the American Iron and Steel 

Institute(AISI) 4140 steel produced by Powder Metallurgy 

route. The specimen dimensions were maintained as per the 

standard dimensions needed for conducting the wear test by 

using the pin on disc wear analysis. The hardness of the 

AISI 4140 Powder Metallurgy steels was improved by 

quenching process. The quenching process was carried out 

at the temperature of 9000 C for 1hr and 2hr respectively. 

The wear resistance model for AISI 4140 P/M steel was 

developed in terms of quenching time, applied load, sliding 

distance and sliding speed using the Taguchi method. The 

wear test was carried out and evaluated the sliding wear 

behavior such as wear rate of sintered and quenched AISI 

4140 Steels by using pin on disc wear tester. The orthogonal 

array and signal-to-noise (S/N) ratio are employed to 

investigate the optimal testing parameters. The experimental 

results demonstrate that the quenching time was the major 

parameter among the controllable factors that influence the 

weight loss of AISI 4140 P/M steel. For AISI 4140 P/M 

steel, the quenching time had the greatest effect on the wear, 

followed by applied load. The sliding distance and sliding 

speed had a much lower effect. The optimal combination of 

the testing parameters could be determined. 
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I. INTRODUCTION 

There are so many heat treatment processes are available for 

improving the hardness of the materials. In that the 

quenching process is the mostly used simplest and 

economical method. The wear resistance model for AISI 

1040 steel was developed in terms of boronizing time, 

applied load, sliding distance and sliding speed using the 

Taguchi method. AISI 1040 steel was boronized using the 

packed boronizing technique. Processes were carried out at 

the temperature of 950°C for 2 hrs and 4 hrs of treatment 

and result show that the boronized samples led to more wear 

resistance than those of unboronized samples [1]. The 

sintered AISI 4140 P/M steel was homogenized at 1050
0
C 

for various time periods such as 1hr, 2hrs, 3hrs then 

quenched. The mechanical properties such as tensile 

strength and percentage of elongation were improved 

considerable amount in the 2hrs homogenized specimen 

[1,2]. The AISI 4140 specimens were sintered at different 

temperatures and heat treated by various methods and then 

tempered at different temperatures. The Various sintering 

temperature were 1120
0
C, 1180

0
C, 1250

0
C respectively. The 

various cooling methods are annealing, normalizing, oil and 

salt water quenching. Hardness observed was found 

minimum for air cooled and maximum for brine quenched. 

In case of sample sintered at 1250°C, relatively higher 

hardness was observed [4]. The compaction of blended 

powders of AISI 4340 steel was carried out with the 

pressure of 450 Mpa by 100 tones hydraulic press. The 

Sintering temperature was 1100
0
C for 2hrs. The hot forged 

at 1050
0
C and then Homogenized at 1050

0
 c for various 

time periods such as 1hr, 2hrs and 3hrs then quenched. The 

mechanical properties such as tensile strength and 

percentage of elongation were improved considerable 

amount in the 2hrs homogenized specimen [5,6]. Then the 

wear parameters such are applied load, particle size of 

reinforcement, abrasive grain size and sliding distance were 

optimized based on the Taguchi method. The orthogonal 

array, signal-to-noise ratio and analysis of variance were 

employed to find out the optimal testing parameters. The 

test results showed that particle size of reinforcement was 

found to be the most effective factor among the other 

control parameters on abrasive wear, followed by abrasive 

grain size [7-9]. The variation of the dry sliding wear 

resistance of this alloy with porosity in different loads of 10, 

20 and 30 N was evaluated by using the pin on disc 

tribotester. The result showed that the increasing amounts of 

ultimate tensile strength and hardness are observed with 

increasing the density [10-12]. 

In the current investigation, High Strength Low 

Alloy steel such as AISI 4140 has been prepared from the 

elemental powder and subsequently sintered in hydrogen 

atmosphere. Sintered steels have been heated into 900°C for 

one hour, and two hours. The mechanical property hardness 

and the wear behaviour of AISI 4140 P/M steel have been 

studied. 

II. MATERIALS AND METHOD 

The essential requirements to conduct the experiment were 

the various powders such as Atomized iron powder, 

chromium, manganese and carbon and silicon powders. The 

pre alloyed powders were supplied by Hoganes India Ltd., 

Pune, India. In Table-1, the chemical composition of the 

AISI 4140 powder is shown. 

%C % Mn % Cr % Si %Mo % Fe 

0.4 0.72 0.78 0.3 0.25 Balance 

Table.1 Chemical composition of AISI4140 steel 

The blended powder mass was then compacted into 

cylindrical billets of 34mm Height and 11mm Diamete. 

Then it was machined as per the size requirement for 

conducting the wear test. Universal Testing Machine of 50 

tonnes capacity employed to make the compacts. The 

pressure level of 450 MPa was applied during compaction. 

The various frictions between the punch, die and powder 

particles can be avoided by using Zinc Lubricant. Then the 

Sintering was carried out in a tubular furnace with protective 

atmosphere such as hydrogen at a temperature of 1120
0
 C 

for a period of 60 minutes. The flow rate of the reducing gas 

is 250 ml per minute. Then the specimens after sintered 

subjected to heat treatment process. The specimens were 

heated up to 900
0
 C for 1hr and 2hr respectively. Then the 

heated specimens were quenched in oil. In Fig.1, the 
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specimens of sintered, one hour quenched and two hours 

quenched are shown. 

 
Fig. 1 Specimens of sintered, one hour quenched and two 

hours quenched 

After quenching process the hardened AISI 4140 

P/M steel was subjected into the hardness test for predict the 

hardness. The Rockwell hardness tester used to test the 

hardness of the sintered, 1hr hardened and 2hr hardened 

specimens. The diamond ball intender was used and the load 

of 150 kg applied. Figure 2 shows the hardness values for 

sintered and quenched AISI 4140 P/M steel. The figure 

shows that the hardness value increases with the quenching 

time. 

III. WEAR TEST 

Then the dry sliding wear tests were conducted using a pin-

on-disc apparatus at room temperature regarding the ASTM 

G99-95 standards. The details of the wear test conditions are 

given in Table 2. 

The counter body is a disc made of EN32steel, 

hardness about 63HRC. The specimen is held stationary and 

the disc is rotated while a normal force is applied through a 

lever mechanism. Three sliding velocities of 5.024, 6.2 and 

7.536 m/s under three different normal loading of 20, 30 

and, 40N are used for conducting wear tests. Electronic 

balance with accuracy ±0.001 mg is used to find the material 

loss from the specimen surface during sliding wear test. 

After the test, the specimen was removed, cleaned with 

acetone and weighed to determine the weight loss. The 

difference in weight gives the wear of the specimen. In 

Table-3 the control factors and their levels are given. 

IV. EXPERIMENTAL DESIGN 

The experiments were carried out to analyze the influence of 

testing parameters on weight loss of sintered and Hardened 

steels. The levels of control parameters were shown in Table 

3. This table shows that the experimental plan had three 

levels. A standard Taguchi experimental plan with notation 

L9 was chosen (Table 4). In the Taguchi method, the 

experimental results are transformed into a signal-to-noise 

(S/N) ratio.  

 
Fig. 2: Hardness values of the AISI 4140 P/M steel with 

sintered and various quenching time. 

Pin material AISI 4140 P/M steel 

Disc material EN31 steel with a hardness of 63HRC 

Pin dimensions 
Cylinder with diameter 10mm and 

height 30mm 

Sliding 

speeds(m/s) 
5.024,6.28,7.536 

Normal loads (N) 20,30,40 

Sliding 

distance(m) 
3000,4000,5000 

Table.2 Details of the wear test conditions used in this 

study. 

This method recommends the use of S/N ratio to 

measure the quality characteristics deviating from the 

desired values. There are three categories of quality 

characteristic in the analysis of the S/N ratio. Those are the-

lower-the-better, the higher-the-better, and the-nominal-the-

better. To obtain optimal testing parameters, the-lower-the-

better quality characteristic for weight loss was taken. The 

S/N ratio for each level of testing parameters was computed 

based on the S/N analysis.  

V. RESULT AND DISCUSSIONS 

A. Evaluation of Hardness 

Fig 2 shows the Rockwell hardness values of AISI 4140 

powder metallurgy specimen with various quenching time. 

In that the 2hr quenched specimens has the more hardness 

values than the unquenched and 1hr quenched specimens. 

Control factor 
Level 

I II III Units 

A:quenched Unquenched 1 h 2 h hour 

B:Normal load 20 30 40 N 

C:Sliding speed 5.024 6.28 7.536 m/s 

D:Sliding distance 3000 4000 5000 m 

Table.3 control factors and their levels. 

Quenchin

g time 

(hr) 

Norm

al 

load 

(N) 

Slidin

g 

speed 

(m/s) 

Slidin

g 

distan

ce (m) 

Specific 

wear 

rate 

(mm
3
/N

m) 

S/N 

ratio 

(dB) 

unquench

ed 
20 5.024 3000 

1.7094E

-05 

95.3431

17 

unquench

ed 
30 6.28 4000 

1.81624

E-05 

94.8165

39 

unquench

ed 
40 7.536 5000 

2.05128

E-05 

93.7594

92 

1 hr 

quenched 
20 6.28 5000 

1.53846

E-05 

96.2582

67 

1 hr 

quenched 
30 7.536 3000 

1.70940

E-05 

95.3431

17 

1 hr 

quenched 
40 5.024 4000 

2.08333

E-05 

93.6248

25 

2hr 

quenched 
20 7.536 4000 

1.12179

E-05 

99.0017

31 

2hr 

quenched 
30 5.024 5000 

1.7094E

-05 

95.3431

17 

2hr 

quenched 
40 6.28 3000 

1.92308

E-05 

94.3200

67 

Table.4 Experimental lay out and results with calculated S/N 

ratios for specific wear rate of AISI 4140 P/M steel. 

level A B C D 
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1 94.64 96.77 94.77 95.00 

2 95.08 95.17 95.13 95.81 

3 96.22 93.90 96.03 95.12 

Delta 1.58 2.97 1.26 0.81 

Rank 2 1 3 4 

Table.5 S/N Response table for wear of quenched AISI 4140 

P/M steel. 

B. Analysis of Control Factor 

Table 4 shows experimental layout and results with the 

calculated S/N ratios for weight loss of the AISI 4140 

powder metallurgy steel. Analysis of the influence of each 

control factor on the specific wear rate was performed with 

S/N response table, using a Minitab 16.0 computer package. 

The response table of the testing  process is presented in 

Table 5. The control factor with the strongest influence was 

determined by difference values. The higher the difference, 

the more influential was the control factor or an interaction 

of two controls. The strongest influence was found out by 

normal load (B) and material quenching time (A), 

respectively. The main effects for S/N ratio and main effects 

for means are shown in Fig. 3 and 4. Optimal testing 

conditions of these control factors can be easily determined 

from this graph. A response graph showed the change of the 

S/N ratio for various control factor levels. The best specific 

wear rate value was at the higher S/N values in the response 

graphs. It could be seen in Figure 3 that the initial optimum 

condition for the tested samples becomes A3B1C3D2 for 

main control factors.  

It is evident that the quenching time had the 

greatest effect on the optimal testing condition. The weight 

loss obviously decreased as quenching time increased from 

1 to 2 hrs. 

Fig.4 shows the contributions of each factor for 

specific wear rate. It shows that the quenching time 

increases with decrease of specific wear rate. That is if the 

hardness is increased the specific wear rate is decreased. 

And the load is directly proportional to the specific wear 

rate. The sliding speed increases the specific wear rate 

decreases and if the sliding distance increased the wear rate 

is decreases considerably. 

 
Fig. 3 Main Effects plots for S/N ratios. 

VI. CONCLUSION 

AISI 4140 steel samples were made by powder metallurgy 

method and hardened by quenching process and the wear 

behaviour of the test specimens with different quenching 

time was investigated using pin-on-disc machine. The L9 

orthogonal arrays were adopted to investigate the effects of 

quenching time, normal load, sliding distance and sliding 

speed on weight loss of AISI 4140 steel. The result showed 

that the load and quenching time exerted the greatest effect 

on the wear than the sliding speed and sliding distance. In 

addition, the quenched samples led to more wear resistance 

than those of unquenched samples. As a result, it is found 

that the parameter design of the Taguchi method provides a 

simple, systematic, and efficient methodology for the 

optimization of the wear test parameters.  

 
Fig. 4 Main Effects plots for mean. 
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