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Abstract The aim of this present work is to investigate the dry sliding wear behavior of 17-4 PH stainless steel or AISI
630 hardened by precipitation hardening. The sliding wear tests were conducted with the use of a pin-on-disc tribometer by
considering three factors viz., normal load (20N, 40N and 60N), sliding distances (400m, 600m and 800 m) and sliding
velocity (3, 5 and 7 m/s). The analysis of wear volume loss and specific wear rate has been defined by the Taguchi
methodology and analysis of variance using statistical software MINITAB 15. Signal to noise ratio shows that, among the
factors the load is the most significant factor that affects wear volume loss and specific wear rate.
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1. Introduction

Steel is an important engineering alloy that is extensively
used in various industries owing to its superior mechanical
properties. It is an alloy of iron along with the other elements,
primarily carbon. The addition of alloying elements
enhances the properties of steel. Further the mechanical
properties viz., hardness, tensile strength and ductility
greatly depend on the amount of alloying elements. Steels
come in variety of forms which includes PH Steels. The 17-4
PH stainless steels is a martensite stainless steel that finds
extensive application in many industries owing to excellent
properties that include corrosion resistance, excellent
weldability, high strength [1, 2]. The good heat treatment
characteristic of PH steels makes it one of the most
indispensable materials used by the designers that increase
the accuracy of the products during fabrication thus reduces
the fabrication costs to a great extent.

The performance of a material depends on several
parameters. Wear is one critical parameter that has been
studied extensively. Wear refers to the gradual removal of
particles from the contacting surface due to the relative
motion [3]. The affect of wear depends on several factors viz.,
condition of contact between surface, contact temperature,
pressure, frictional force and hardness of the material.
Several works have been done to study the wear behavior
and to optimize the process parameters using Taguchi
method [4-11]. In the present work an attempt is made in
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understanding the wear behavior of 17-4 PH stainless steel
by conducting wear tests using pin on disc tester and the
experimental plan were prepared by Taguchi orthogonal
array.

2. Materials and Experimental Work

2.1. Material and Specimen Preparation

The chemical composition of commercially available 17-4
PH steel used for the present work is shown in Table 1.

Table 1. Chemical composition of 17-4 PH stainless steel [12]

Principal Elements Percentage
Carbon 0.04
Silicon 0.06

Manganese 0.3
Sulfur 0.013
Phosphorous 0.023
Chromium 16.39
Nickel 4.32
Niobium 0.36

Copper 34
Ferrous Bal.

The specimens of size $12x30 mm were prepared to
conduct the wear test. Further the specimen was faced using
lathe machine which was followed by grinding.

2.2. Design of Experiment

DOE is an experimental methodology in which influence
of multiple factors are studied by conducting tests at
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different levels of the factor. The factor is a variable or
parameter that affects the wear. Levels of factors are the
descriptions that characterize the state of the factor held
during running of the tests [13]. The wear tests are completed
under working conditions as specified in the Table 2.

Table 2. Operating conditions

Levels
Factors
I I I
Load (N) 20 40 60
Sliding distance (m) 400 600 800
Sliding Velocity (m/s) 3 5 7

In this current study the L,; array design is utilized as the
experimental design. The test observations were converted
into signal to noise ratio (S/N ratio).

3. Experimental Procedure

The two body wear behavior of the 17-4 PH stainless steel,
was conducted by the pin on disc test apparatus as shown in
Fig 1. The tests were carried in a track diameter of 100 mm.
Appropriate values of load, sliding velocity and sliding
distance were selected. The surface of the test sample of
diameter 12 mm and length 30 mm makes contact with the
counter surface.

In the present experimentation, single pan electronic
weighing machine was used to ascertain the initial weight of
the test specimen. The least count of the weighing machine
was 0.0001gm. The experiment was conceived by forcing
the pin against the counterpart rotating disc by the
application of load. The tested sample was cleaned with
acetone, and further dried. The difference in the weight of the

sample is obtained before the test and weight at the end of the
test was indicated in determining the weight loss. Further the
volume loss and specific wear rate was determined using
specific wear rate equation.

The wear was determined by the weight loss following
which the volume loss was calculated. The specific wear rate
was determined by using the following equation:

AW = W] - Wz
Where AW is the weight loss of the specimen.
W, is the initial weight of the specimen.
W, is the final weight of the specimen.
Volume loss of the specimen is calculated in the following
manner K,

)

W1-w2

AV = x 1000 m®

2

Where AV is volume loss of the specimen

p is the density of the specimen

The specific wear rate is obtained by the following
equation

AV
k= m*/(N-m) [13] 3)

Where, d is the sliding distance, L is the normal load.

4. Results and Discussions

4.1. Taguchi Analysis of Volume Loss

In the present investigation, the experimental wear test
results were investigated by using Taguchi’s design of
experiment method. Further the effect of various process
parameters on the wear volume loss was studied by analysis
of variance (ANOVA). The analysis is done using
MINITAB 15. The test results are tabulated in the Table 3.
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Figure 1.

Set up of pin-on-disc wear tester machine [14]
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Table 3. Taguchi set of experiments for 17-4 PH stainless steel using L,; array

SL Normal Load Sliding Sliding Wear vol;lme l;)ss S/N Ratio
No ™) Distance (m) Velocity (m/s) (AV)m® x10°
1 20 400 3 2.7919 -8.9181
2 20 400 5 2.1507 -6.6516
3 20 400 7 1.6828 -4.52072
4 20 600 3 4.5933 -13.2425
5 20 600 5 3.3185 -10.4187
6 20 600 7 2.2348 -6.9849
7 20 800 3 6.5273 -16.2946
8 20 800 5 4.7259 -13.4897
9 20 800 7 3.4000 -10.6297
10 40 400 3 6.2723 -15.9486
11 40 400 5 7.3814 -17.3628
12 40 400 7 8.1680 -18.2423
13 40 600 3 10.2332 -20.2003
14 40 600 5 12.8671 -22.1897
15 40 600 7 12.2297 -21.7483
16 40 800 3 13.7009 -22.7349
17 40 800 5 16.9556 -24.5863
18 40 800 7 17.4859 -24.8538
19 60 400 3 8.7545 -18.8446
20 60 400 5 14.5245 -23.2420
21 60 400 7 17.7549 -24.9864
22 60 600 3 15.9651 -24.0634
23 60 600 5 25.8669 -28.2549
24 60 600 7 38.1821 -31.6372
25 60 800 3 19.1956 -25.6640
26 60 800 5 36.0135 -31.1293
27 60 800 7 42.8136 -32.6316

The objective of the experimental arrangement is to
ascertain the necessary factors in addition to the factors
affecting the wear process that results in minimum wear rate.
The investigations have been developed taking into account
orthogonal array, with the objective of relating the affect of
normal load, sliding distance and sliding velocity.

The effect of factors such as normal load, sliding distance
and sliding velocity have been analyzed. Further the rank of
individual factors such as load, sliding distance and velocity
on wear volume loss was studied. Wear volume loss supports
S/N ratio response as shown in Table 4.

Table 4. Response for Signal to Noise Ratio - Smaller is better
Level Load (N) Distance (m) Velocity (m/s)

1 -10.13 -15.41 -18.43

2 -20.87 -19.86 -19.70

3 -26.72 -22.45 -19.58
Delta 16.59 7.03 1.27

Rank 1 2 3

From table 4, it is evident that the load is the most
significant factor that affects the wear volume loss with delta
value 16.59 followed by the sliding distance having delta
value of 7.03. Further the velocity is the least significant
factor with 1.27 delta value.

Main effect plots for means and S/N ratio

The Fig.2 and Fig 3 shows the main effect plot for mean
and SN ratio. Horizontal line indicates the absence of main
effect. The Fig. 2 and Fig 3 indicates that the combination of
load, sliding distance and sliding velocity of 20N, 400m and
3m/s respectively results in minimum wear loss.

It is evident from the Fig. 4 that at constant load, the
increase in the sliding distance leads to the increase in wear
volume loss. This may be attributed to the generation of heat.
At 20N loading, heating up of the material increases as the
sliding distance increases. Similar pattern is observed at 40N
loading. Further it was observed that at 60N loading, high
amount of heat is generated due to the influence of high
frictional force on the pin and disc.
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In the case of constant load of 20 N and by varying
velocity from 3 m/s to 5 m/s, negative slope is observed.
Variation of velocity from 5 m/s to 7 m/s shows similar
results. Further at 60N constant load coupled with the
increase in the sliding velocity result in the increased wear
volume loss.

When distance is constant and load is varying, gradual
increment in the wear volume loss is observed for 400m
sliding distance. For 600 m sliding distance, wear volume
loss increases gradually as the load raises from 20N to 40N

and as the load increases from 40N to 60N, immediate
increment in the positive slope of volume loss is obtained.
Similar effect is obtained for 800m sliding distance.

In the case of constant distance and varying velocity, at
400m sliding distance, a slight increase in the positive slope
of wear volume loss is obtained and this is due to the less
contact period of pin and disc. Further for sliding distance of
600m and 800m, any increment in the sliding velocity results
in the increase of wear volume owing to the increased
amount of heat generated at the pin and disc interface.

Main Effects Plot for Means
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Figure 2. Main effects plot for means
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Figure 3.

Main effects plot for SN ratios
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Interaction Plot for Means
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Figure 4. Interaction plot for means

For constant sliding velocity and varying load, for 3 m/s
velocity wear volume loss increases gradually as the load is
increased from 20N to 40N and this increment continues
with increase in the load because of the formation of
frictional forces. A gradual linear increment in the wear
volume loss is obtained with the increase in the load for a
velocity of 5 m/s. However in the case of 7m/s velocity,
initially a small increment in the wear volume loss is
observed as the load is increased from 20N to 40N and an
abrupt raise in the positive slope of wear volume loss is
observed for the increase in the load from 40N to 60N.

Similar specific wear rate effect is observed for constant
sliding velocity and by varying sliding distance from 400m
to 800m. Due to the increase in the period of contact between
the pin and disc, the increase in sliding distance results in
increase of wear volume loss.

Analysis of variance

The influence of different factors on the wear volume loss
of 17-4 PH stainless steel material was determined by
ANOVA. Table 5 demonstrates the outcomes of the analysis
of variance (ANOVA) with the wear volume loss of 17-4 PH
stainless steel test specimen.

From the table 5, it can be observed that the load is the
most significant factor with the statistical effect of 60.447%
followed by the sliding distance of 14.349%. It is also
evident that the statistical effect of sliding velocity is about
5.425%. In the case of interaction terms, interaction between
the Load (N) and sliding velocity (m/s) shows the significant
effect (10.593%) on wear volume loss followed by the

interaction between the load and the sliding distance
(6.716%). Interactions of other factors are below the
confidence level (S=0.05). It is also evident from the table
that the error is significantly low with a contribution of
1.728%. Signal to Noise ratio and ANOVA indicates that
Normal load has the maximum affect on the wear volume
loss followed by the sliding distance and sliding velocity.

Table 5. Analysis of Variance for volume loss (10 °m?)

%

Source DF Seq SS Adj MS Contribution
Load (N) 2 1985.65 992.82 60.447
Distance (m) 2 471.39 235.70 14.349
Velocity (m/s) 2 178.23 89.12 5.425
L*D 4 220.61 55.15 6.716
L*V 4 347.97 86.99 10.593
D*V 4 24.35 6.09 0.741
Error 8 56.76 7.09 1.728
Total 26 3284.96 99.999

4.2. Taguchi Analysis of Specific Wear Rate

Table 7 infers that the load is the significant factor that
affects specific wear rate vis-a-vis sliding distance and
sliding velocity with sliding distance affecting the least.

Main effect plots for Mean and S/N ratios

Fig. 5 and Fig 6 shows that a combination of load, sliding
distance and sliding velocity of values 20N, 400m and 3m/s
respectively yield the minimum wear loss.
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Figure 7 indicates that, at constant load, the specific wear
rate at 20N and 40N load increases slightly with increase in
the sliding distance from 400m to 600m and from 600m to
800m due to the generation of heat by the more contact
period between the pin and disc. Further at 60N load,
significant amount of heat is generated between the interface
as the distance increases from 400m to 600m owing to the
influence of high frictional force which in turn results in
specific wear rate compared to 20N and 40N load. As the
distance increases from 600m to 800m, specific wear rate
slope decreases as this may be due to formation of burr at the
pin and disc interface.

In the case of constant loading and varying velocity, at
20N load, with gradually increasing velocity from 3 m/s to 5
m/s, negative slope is observed and is due to the formation of
burr at the end of the material. Similar effect is also observed
when the velocity is further increased from value of about

11

5 m/s to 7 m/s. Similarly at 40N load, wear volume loss
increases with increase in the velocity from 3 m/s to 5 m/s,
further slight increase in the wear volume loss is observed as
the velocity increases from 5 m/s to 7 m/s. Similar trend was
observed with increased loading.

Gradual increase in the specific wear rate was observed
with constant distance and varying load. This increase in the
wear continues for further constant distance of 600 m and
800 m.

For constant distance and varying velocity and at sliding
distance of 400 m, a slight increase in the positive slope of
specific wear rate is obtained and this is due to the less
contact period of pin and disc. Further for 600 m and 800 m
sliding distance, the increase in sliding velocity results in
increase of wear volume due to the increase in the generation
of heat at the pin and disc interface.

Table 6. Taguchi set of experiments for 17-4 PH stainless steel using L,; array

SL Normal Load Sliding Sliding Specific Wear Ra_te (Ks) S/N Ratio
No ™N) Distance (m) Velocity (m/s) m?*N-m x10
1 20 400 3 3.4899 -10.8563
2 20 400 5 2.6884 -8.5898
3 20 400 7 2.1035 -6.4589
4 20 600 3 3.8278 -11.6589
5 20 600 5 2.7654 -8.8351
6 20 600 7 1.8624 -5.4013
7 20 800 3 4.0796 -12.2122
8 20 800 5 2.9537 -9.4073
9 20 800 7 2.1250 -6.5473
10 40 400 3 3.9202 -11.8662
11 40 400 5 4.6134 -13.2804
12 40 400 7 5.1050 -14.1599
13 40 600 3 4.2639 -12.5961
14 40 600 5 5.3613 -14.5854
15 40 600 7 5.0957 -14.1441
16 40 800 3 4.2815 -12.6319
17 40 800 5 5.2986 -14.4833
18 40 800 7 5.4644 -14.7508
19 60 400 3 3.6477 -11.2404
20 60 400 5 6.0519 -15.6378
21 60 400 7 7.3979 -17.3822
22 60 600 3 4.4347 -12.9374
23 60 600 5 7.1853 -17.1288
24 60 600 7 10.6061 -20.5111
25 60 800 3 3.9991 -12.0392
26 60 800 5 7.5028 -17.5045
27 60 800 7 8.9195 -19.0068
Table 7. Response for Signal to Noise Ratio - Smaller is better
Level Load (N) Distance (m) Velocity (m/s)
1 -8.885 -12.164 -12.004
2 -13.611 -13.089 -13.272
3 -15.932 -13.176 -13.151
Delta 7.047 1.012 1.268
Rank 1 3 2
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For constant velocity and varying load, at sliding velocity
of 3 m/s, the specific wear rate takes small linear increment
in the positive slope with the increment in the load due to the
generation of small frictional forces. At 5 m/s sliding
velocity, a sharp rise in the rate of wear is identified with the
increase in the load due to the increased frictional forces.
This effect is much more severe at sliding velocity of 7 my/s.

Analysis of variance

From the table 8, it can be concluded that for dry sliding
wear of 17-4 PH stainless steel, the load is the most
significant factor with the statistical effect of 55.432%

followed by the sliding velocity of 8.130%. It is also evident
that the statistical effect of sliding distance is about 2.347. In
the case of interaction terms, interaction between the Load
(N) and sliding velocity (m/s) shows the significant effect
(29.999%) on the specific wear rate. Interactions of other
factors are below the confidence level (S=0.05). The error is
low, having only 1.791% contributions. Signal to Noise ratio
and ANOVA indicates that Normal load has the maximum
contribution on specific wear rate followed by the sliding
distance and sliding velocity.

Main Effects Plot for Means

Signal-to-noise: Smaller is better

Figure 6. Main effects plot for SN ratios
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Interaction Plot for Means
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Figure 7. Interaction plot for means

Table 8. Analysis of Variance for Specific Wear Rate (10"*m?/N-m) that affects the specific wear rate followed by the

Source DF Seq SS AdjMS % Contribution sliding velocity and sliding distance is the least
Load (N) 2 63.6797  31.8399 55.432 significant factor. o
Distance (m) ) 2 6963 13482 2347 4. From the main effect plot for mean and S/N rat.lo., it
Velocity can be conclud.eq that the fzomblnatlon of load, sliding
(m/s) 2 9.3397 4.6698 8.130 distance and sliding velocity of values 20N, 400m and
L*D 4 53208 0.5802 5020 3m/s respectively yie.ld the minimum wear lo§s. .
LV 4 34,4633 86158 29,999 5. The ANOVA analysis for wear volume loss 1n.dlca.tes
DRV . 03215 0.0804 0279 that load has the max1mum-p.erce1}tage contribution
(60.447%) followed by the sliding distance (14.339%).
Errors 8 2.0573 0.2572 1791 Also interaction between load and sliding velocity
Total 26 114.8786 99.998 shows maximum contribution on wear volume loss

(10.593%).

6. The ANOVA analysis for specific wear rate indicates
that load has the maximum contribution (55.432%)
followed by the sliding velocity (8.130%). Also
interaction between load and sliding velocity shows

5. Conclusions

Following conclusions have been drawn from the
experimental and statistical analysis for the dry sliding

abrasive wear test on 17-4 PH stainless steel material: ?;ZX;;;;?) contribution  on  specific wear  rate
1. Dry sliding wear behaviour of the 17-4 PH stainless
steel under different loads, sliding distance and sliding
velocity have been successfully analysed by using
Taguchi design of experiment.
2. Smaller the better S/N ratio has been selected, since REFERENCES
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