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Abstract. Duplex Stainless Steels (DSS) fabricated from powder metallurgy method finds
many applications in offshore, paper, and petrochemical industries. DSS consists of austenite
and ferrite in equal volume in microstructure, used in various industries due to combined
mechanical and corrosion properties. The need of DSS is increasing every year in the
automobile industries. In this paper, two-phase structure steels manufactured through the
powder metallurgy route are presented. DSS (A and B) are the two compositions made by
pre-alloyed powders (310L & 430L) adding with elemental powders such as chromium,
molybdenum, and nickel. The powders were mixed in a pot mill for 12 hours. Sintering of
powder preforms was carried out at 1350°C in partial vacuum and hydrogen atmospheres
respectively. Sintered compacts subjected to forging operation at 1150°C and quenched in
water. DSS (A and B) steels have exhibited the coefficient of friction of 0.52 to 0.602.
Keywords: wear, duplex stainless steels, design of experiments, powder metallurgy

1. Introduction

Duplex Stainless Steels (DSS) consists of approximately equal volume fraction of austenite
(fcc) structure and ferrite (bcc) structure. Austenite has a fcc lattice and ferrite has a bcc
lattice [1]. This combined microstructure provides DSS with good resistance to stress
corrosion better than Austenitic Stainless Steels (ASS) [2]. The microstructure plays a crucial
role in the wear behaviour of metals [3]. The applications of DSS are in chemical plants,
paper industries, and modern nuclear power plants. But these DSS have the drawback of
forming embrittlement at a higher temperature of more than 250°C [4]. The formation of
embrittlement is due to the formation of sigma and chi phases in the temperature range of
700-900°C [5]. The embrittlement formed below 500°C is popularly called 475°C
embrittlement, various mechanical properties have changed in the sigma and chi phases [6].
DSS can be produced by various manufacturing methods such as casting, powder metallurgy,
etc. Generally, Powder metallurgy provides different methods of fabricating DSS. In that, the
first method is obtaining stainless steel with the required duplex composition using pre-
alloyed powders [7]. The second method is mixing powders such as chromium, nickel,
powders with pre-alloyed powders to achieve duplex structure [8-9]. Sintering is an essential
step in powder metallurgy which affects phase balance and corrosion properties of sintered
steels. By optimising sintering processing parameters, mechanical and corrosion features can
be achieved [10]. The wear characteristics of powder metallurgy DSS are increased by adding
aluminum oxide and yttria to the stainless steel [11-12]. The wear characteristics of Nitrogen
sintered DSS were better than argon sintered DSS, owing to the presence of more lamellar
constituents with ferrite matrix [13]. The wear behaviour of DSS is mainly influenced by
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chromium content in DSS [14]. The wear characteristics of aluminum metal matrix composite
influenced by sliding distance and are the main factor driving the wear features of composite
[15]. Design of Experiments (DOE) employs the statistical technique to influence the variable
used to find the outcome of the required process [16]. Very few works of literature are
available in the specific wear rate and coefficient of friction for DSS analysed by DOE. In this
paper the fabrication of DSS by using powder metallurgy route and the wear behaviour such
as specific wear rate and coefficient of friction by Design of Experiments are present.

2. Experimental procedure

Two atomized powders are as 310L and 430L are combined with chromium, nickel,
molybdenum, and manganese mixed for 12 hours in a pot mill (INSMART Systems).In
Universal Testing Machine (FIE Model) at 550 MPa, the powders were compacted to the
appropriate shape and size. The green compacts were sintered in a hot press (BIRSON, 100 T)
at a temperature of 1350°C. At 1150°C Sintered compacts were forged and followed by
quenching. The chemical constituents of pre-alloyed powders and DSS are given in Tables 1
and 2 respectively.

Table 1. Chemical constituents of stainless steels powders [17]

Powder Elements (%owt)

Grade Ni Cr C Si Mn Mo Fe
310L 10 24 0.02 0.30 2.00 0.3 Balance
430L - 16.6 0.02 1.20 0.10 - Balance

Table 2. Chemical constituents of DSS [17]

Composition _ Elemgntal Concentration (%wt)_
Ni Cr C Si Mn | Mo | Fe | Nigg| Cre¢q | PREN
DSS A 5 20.3 | 0.02 | 0.75 | 1.05 | 0.15 | Bal. | 6.1 | 21.57 | 20.53
DSS B 8.5 | 23.27 | 0.018 | 0.67 | 0.945 | 1.13 | Bal. | 9.51 | 25.41 | 27.01

DSS A : 50 % 310L + 50 % 430L
DSS B : 45 % 310L + 45 % 430L +4% Ni+ 5 %Cr + 1 % Mo

Wear test — pin on disc machine. A Pin-on-disctype machine is deployed to find the
wear properties of the stainless steel PM duplex preforms. Sliding velocity, sliding distance,
load, and temperature conditions are the main variables which influence friction and wear.
The wear testing unit consists of a rotating spindle attached by M6 counter bolt to the disc. A
pivoting hanging arm has the provision to insert the pin and the holder to get them to have
access to the diameter of the track. With the help of a screw, the pin was firmly fixed in the
holder. The lever's arm rested on that disk after confirming the diameter of the track. The
sample of the pin is shown in Fig. 1.

The pin size is 6 mm in diameter and 34 mm in length respectively. DSS were used as
the pin material, counter disc with 65 mm diameter and 10 mm thickness was fabricated using
high carbon high chromium steel (die steel). The constituents of high carbon high chromium
steel are chromium 11%, manganese, silicon 0.60%, cobalt 1.0%, carbon 1%, and remaining
iron. The hardness of the counter disc is 62 HRC whereas the hardness for the pin is 70 HRA.
The disc and the pin were washed with acetone to confirm that the wear tests were carried out
in the dry sliding condition. The weight-loss calculation was used to determine the wear rate.
At 20 N and 30 N, the tests were performed. The wear test is performed at ambient
temperature. The duration of the test is 6 minutes.
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Fig. 1. Sample of pin

Taguchi method. The systematic application of design and analysis of experiments for
the purpose of designing and improving product quality is the Taguchi method. Taguchi's
approach to parametric design provides the design engineer with an efficient and systematic
method for determining near optimum design parameters. The Taguchi method uses
orthogonal arrays (OA) from DoE theory to study a large number of variables with a small
number of experiments. To design an experiment is to select the most suitable OA and to
assign the parameters and interactions of interest to the appropriate columns.

Taguchi method uses a statistical measure of performance called signal-to-noise (S/N)
ratio which is maximized to obtain optimal parametric combination. Usually, there are three
types of signal-to-noise ratios such as lower-the-better (LTB), higher-the-better (HTB), and
nominal-the-best (NTB)

The type of S/N ratios used in this research is smaller the better for SWR and COF.

Smaller the better: Here, the quality characteristic is continuous and non-negative. It
can take any value between 0-o. The desired value (the target) is zero. These problems are
characterized by the absence of scaling factors (ex: surface roughness, specific wear rate,
coefficient of friction, etc.). The S/N ratio (1) is given by

1
n= —10log [;2?=1 Yiz] :
where n is the number of replications and Y is the responses.
The process parameters and their levels are tabulated in Table 3.

Table 3. Process parameters and their levels

Level Load (N) Material Condition Atmosphere
1 20 DSS A Sintered Partial Vacuum
2 30 DSS B Forged Hydrogen

3. Results and discussions
Specific wear rate (SWR). Table 4 reveals the experimental results of specific wear rate and
COF for DSS under sintered and forged conditions.
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Table 4. Experimental results of SWR for DSS

EN>:)p L((’)\la;d Material | Condition | Atmosphere (m?n\é\;ﬁm) COF
1 20 DSS-A Sintered Hydrogen 0.0022 0.522
2 20 DSS-A Sintered  |Partial-Vacuum 0.0026 0.602
3 20 DSS-A Forged Hydrogen 0.0033 0.565
4 20 DSS-A Forged Partial-Vacuum 0.0008 0.598
5 20 DSS-B Sintered Hydrogen 0.0018 0.548
6 20 DSS-B Sintered  |Partial-Vacuum 0.0021 0.62
7 20 DSS-B Forged Hydrogen 0.0020 0.525
8 20 DSS-B Forged Partial-Vacuum 0.0007 0.53
9 30 DSS-A Sintered Hydrogen 0.0017 0.56
10 30 DSS-A Sintered  |Partial-Vacuum 0.0020 0.633
11 30 DSS-A Forged Hydrogen 0.0025 0.59
12 30 DSS-A Forged Partial-Vacuum 0.0014 0.636
13 30 DSS-B Sintered Hydrogen 0.0014 0.575
14 30 DSS-B Sintered  |Partial-Vacuum 0.0016 0.669
15 30 DSS-B Forged Hydrogen 0.0005 0.562
16 30 DSS-B Forged Partial-Vacuum 0.0010 0.568

DSS A and DSS B steels displayed a specific wear rate of 0.0007 mm*® / Nm to
0.0033 mm® / Nm. In a partial vacuum atmosphere, the lowest average wear rate of
0.0007 mm?® / Nm was shown for forged DSS B.

Specific wear rate of DSS - design of experiments. Figures 2 and 3 display the
response graph for the specific wear rate of DSS and show the interaction plot for specific
wear rate. The interaction plot shows that negligible interaction between the parameters
material, condition, and atmosphere affecting the specific wear rate of DSS.

Table 5 shows the response table for the specific wear rate of DSS. The response table
reveals the mean of individual features for the individual level of the factor. The response
table gives rank depends upon delta statistics, which measure the relative magnitude of
effects.

Main Effects Plot for SN ratios
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Fig. 2. Response graphs for specific wear rate
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Interaction Plot for SN ratios
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Fig. 3. Interaction plots for specific wear rate

Table 5. Response table for specific wear rate
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Level Load Material Condition Atmosphere
1 55.21 54.36 54.38 55.29
2 57.21 58.06 58.04 57.13
Delta 2.01 3.7 3.66 1.84
Rank 3 1 2 4

The delta measurement is the difference of largest to least average for each factor.
Ranks are allotted based on values of delta; rank 1 indicates the highest value, rank 2 to the
next higher value, and so on. The rank reveals the significance of each factor to the individual
response. The rank shows the material is the main factor influencing the specific wear rate of
duplex stainless steels. In order to evaluate the influence of the process variables on the
Specific wear rate, ANOVA was performed. ANOVA of the S/N data for specific wear rate
value is given in Table 6. ANOVA table reveals that material has influenced 17.66% towards
specific wear rate compared to other factors such as condition and atmosphere.

Table 6. ANOVA table for specific wear rate

Degrees of .
Source Frgeedom SeqSS | AdjMS F P Contribution %
Load 1 16.093 | 16.0927 | 1.28 | 0.31 5.2
Material 1 54.677 | 54.6771 | 4.34 | 0.092 17.6
Condition 1 53.588 | 53.5877 | 4.25 | 0.094 17.2
Atmosphere 1 13.561 | 13.5608 | 1.08 | 0.347 4.4
Load*Material 1 9.35 9.3497 | 0.74 | 0.429 3.0
Load*Condition 1 0.366 0.3663 | 0.03 | 0.871 0.1
Load*Atmosphere 1 30.865 | 30.8648 | 2.45 | 0.179 9.9
Material*Condition 1 15.027 | 15.0271 | 1.19 | 0.325 4.8
Material*Atmosphere 1 12.628 | 12.6278 1 | 0.363 4.1
Condition*Atmosphere 1 41.682 | 41.6822 | 3.3 | 0.129 13.4
Residual Error 5 63.062 | 12.6123 20.3
Total 15 310.898 100.0

Confirmation experiment for specific wear rate. The optimum process parameters for
specific wear rates and their predicted and experimental values are given in Table 7. The
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optimum predicted value is 0.0006 mm®*mm, for 30 N whereas the experimental value is
0.0010 mm®Nm. The error is 5%, so the optimization technique adopted for validating
Specific Wear Rate is satisfied.

Table 7. Optimum process parameters for specific wear rate

Predicted Experimental
Load Material | Condition Atmosphere Values Values
(N) (mm/Nm) (mm/Nm)
30 DSS-B Forged Partial Vacuum 0.00095 0.0010

Coefficient of friction for DSS. Two DSS A and B steels have exhibited the coefficient
of friction of 0.52 to 0.602. The lowest coefficient of friction exhibited for DSS B under the
forged condition in hydrogen sintering atmosphere is observed.

Coefficient of friction (COF) for DSS-design of experiments. Figures 4 and 5 show the
response graph for the Coefficient of Friction of DSS and show the interaction plot for
Coefficient of Friction. The interaction plot reveals that negligible interaction among the
parameters material, condition, and atmosphere influencing the Coefficient of Friction of

DSS.

Mean of SN ratios
S
(-]

44

43

Main Effects Plot for SN ratios

Data Means

Material Condition

Atmosphere

\//\

20 30 DSS-A DSS-B

Signal-to-noise: Smaller is better

Fig. 4. Response graphs for COF

5.0

45

40

5.0

45

40

Interaction Plot for SN ratios

DSS-A DSS-B

Material

Signal-to-noise: Smaller is better

Fig. 5. Interaction plots for COF

Data Means
Hydrogen Partial-Vacuum
/ :\
- > ~
_- N
--" S
\l
a
.
. s
.
‘\/\' S
o -
- ~
Condition
.\o
A

Atmosphere

Sintered Forged

Hydrogen Partial-Vacuum

- Load
T —e— 20
45 |- —=+- 30

4.0
Material
—&— DSS-A
- -#-- DSS-B

- Condition
"~ | —e— Sintered
45 | — = - Forged

40
Atmosphere
—=— Hydrogen
- -# - Partial-Vacuum




Investigation of wear behaviour of duplex stainless steels (DSS) using design of experiments 251

Table 8 shows the response table for the coefficient of friction for DSS. The response
table reveals the mean of individual features for the individual level of the factor. The
response table gives rank depends upon delta statistics, which measure the relative magnitude
of effects.

Table 8. Response table for COF

Level Load Material Condition Atmosphere
1 4.996 4.625 4.592 5.107
2 4.467 4.838 4.871 4.356
Delta 0.529 0.213 0.279 0.751
Rank 2 4 3 1
Table 9. ANOVA table for COF
Source DF | SeqSS | Adj MS F P |Contribution %
Load 1 | 1.11783 | 1.11783 | 56.66 | 0.001 18.7
Material 1 | 0.18118 | 0.18118 9.18 | 0.029 3.0
Condition 1 | 0.31106 | 0.31106 | 15.77 | 0.011 5.2
Atmosphere 1 | 2.25747 | 2.25747 | 114.42 0 37.7
Load*Material 1 | 0.00615 | 0.00615 0.31 | 0.601 0.1
Load*Condition 1 | 0.00003 | 0.00003 0 0.972 0.0
Load*Atmosphere 1 | 0.00353 | 0.00353 0.18 0.69 0.1
Material*Condition 1 1.2538 1.2538 63.55 | 0.001 20.9
Material*Atmosphere 1 | 0.04907 | 0.04907 249 | 0.176 0.8
Condition*Atmosphere 1 | 0.71001 | 0.71001 | 35.99 | 0.002 11.9
Residual Error 5 | 0.09864 | 0.01973 1.6
Total 15 | 5.98879 100.0

The delta measurement is the difference of largest to least average for each factor.
Ranks are allotted based on delta values rank 1 indicates the highest value, rank 2 to the next
higher value, and so on. The rank reveals the significance of each factor to the individual
response. The rank shows the atmosphere is the main factor influencing the coefficient of
friction for duplex stainless steels. The interaction plot reveals that negligible interaction
among the parameters material, condition, and atmosphere influencing the COF. To evaluate
the influence of the process parameters towards coefficient of friction for DSS ANOVA was
carried out. ANOVA of the S/N data for the coefficient of friction value is given in Table 9.
ANOVA table reveals that atmosphere has influenced 37.7% towards coefficient of friction
compared to other factors such as condition and material.

Confirmation experiment for coefficient of friction. The optimum process parameters
for COF and their predicted and experimental values are given in Table 10. The optimum
predicted value is 0.522 for 20 N whereas the experimental value is 0.525. The error is 0.57%,
so the optimization technique adopted for validating the Coefficient of Friction is satisfied.

Table 10. Optimum process parameters for COF

Predicted Experimental

Load Material Condition Atmosphere values values

20 DSS-B Forged Hydrogen 0.522 0.525
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4. Conclusions

The DSS A and B wear experiments were conducted with the aid of the design of
experiments. From the results of DSS A and B, the following primary observations were
made:

1. DSS B in forged condition subjected to 30 N loading conditions under hydrogen
atmosphere exhibited SWR of 0.0010 mm/Nm. This is also proved by DOE, and the
error is 5% only.

2. The statistical findings of the experiments were well aligned with the surface plots
achieved. The model of wear intensity is statistically verified with ANOVA with a
strong multi-coefficient correlation.

3. DSS B in forged condition subjected to 20 N loading conditions under hydrogen
atmosphere exhibited COF of 0.525. This is also proved by DOE, and the error is
0.57% only.

4. The model established is more suitable for automotive and offshore industries and for
inexperienced consumers to reach the lowest wear rate without realistic experiments.
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