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ABSTRACT: Sintered components fabricated from Duplex Stainless Steels (DSS) are suitable for many applica-
tions. Duplex Stainless Steels are the combination of ferritic and austenitic stainless steels employed in different 
industries owing to their combined mechanical and corrosion properties. The usage of DSS is growing up year 
by year in automobile industries and offshore industries. In this paper, two-phase structure steels fabricated by 
powder metallurgy route are presented. DSS A and DSS B are the two compositions made by prealloyed pow-
ders (310L and 430L) along with ferrite and austenite stabilisers such as chromium, molybdenum, and nickel. 
The powders were blended in a pot mill for 12 h. Sintering of powder preforms was carried out at 1350 ºC in 
partial vacuum and hydrogen atmospheres, respectively. Sintered compacts were subjected to forge operation at 
1150 ºC and quenched in water. XRD analysis of sintered and forged DSS confirms the absence of intermetal-
lics. The mechanical and wear behavior of DSS were analyzed using Taguchi’s Grey Relational Analysis. DSS 
B in forged condition subjected to 20N loading conditions under hydrogen atmosphere exhibited COF of 0.53. 
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RESUMEN: Propiedades mecánicas y desgaste de aceros inoxidables dúplex utilizando el método de Taguchi de análi-
sis de imagen. Los componentes sinterizados fabricados con aceros inoxidables dúplex (DSS) son adecuados para 
aplicaciones muy diversas. Los aceros DSS son una combinación de aceros inoxidables ferríticos y austeníticos, y 
son ampliamente utilizados en diferentes industrias debido a sus buenas propiedades mecánicas y de resistencia a la 
corrosión. El uso de DSS está creciendo año tras año en la industria del automóvil y en las industrias offshore. En 
el presente trabajo se estudian dos aceros, DSS A y DSS B, con estructura bifásica obtenidos por vía pulvimetalúr-
gica. Se utilizaron dos composiciones hechas con polvos prealeados (AISI 310L y AISI 430L) junto con estabili-
zadores de ferrita y austenita como cromo, molibdeno y níquel. Los polvos se mezclaron en un molino durante 
12 h. La sinterización de las preformas en polvo se realizó a 1350 ºC en vacío parcial y en atmósfera de hidrógeno, 
respectivamente. Los compactos sinterizados se sometieron a operación de forjado a 1150 ºC y se enfriaron en 
agua. El análisis XRD del DSS sinterizado y forjado confirmó la ausencia de intermetálicos. El comportamiento 
mecánico y desgaste de DSS se analizó mediante el análisis relacional de grises del método de Taguchi. El DSS B 
en estado forjado sometido a condiciones de carga de 20 N bajo atmósfera de hidrógeno mostró un COF de 0,53.
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1. INTRODUCTION

Duplex Stainless Steels (DSS) are those, which 
have approximately equal proportions of austen-
ite and ferrite microstructure. DSS possess more 
strength than austenitic stainless steels, and they 
have more excellent toughness than ferritic stainless 
steels, which are more resistant to several corrosive 
types in various corrosive environments (Olsson 
and Growth, 1994; Badji et al., 2008; Gideon et al., 
2008). DSS is widely used in food processing plants, 
automobile applications, petrochemical plants, ma-
rine water desalination plants, where high mechan-
ical strength and corrosion resistance are critical 
(Campos et al., 2003; Olsson and Sniss, 2007). The 
methodology for the fabrication of DSS is casting 
and powder metallurgy. Further fabrication of DSS, 
is a complex process due to its element’s contents. 
The elements such as chromium, nickel, and nitro-
gen affect the formation of intermetallics of DSS. 
(Marcu Puscas et al., 2001; Haghdadi et al., 2018). 
DSS fabricated through powder metallurgy attracts 
many industrial applications (Raja Annamalai et 
al., 2015). Various methods are usually used in the 
current technology to produce DSS through powder 
metallurgy. One such method is using 316L (aus-
tenitic) or 410L (ferritic) pre-alloyed base powders 
with alloying elemental powders to obtain DSS. 
DSS obtained by 410L (ferritic) achieved good me-
chanical properties (Brytan et al., 2011).

Various researchers from around the world are 
working on the mechanical and wear properties of 
DSS. They stated that the wear performance of Super 
DSS was increased through escalating sigma amount 
fraction in ferrite/austenite matrix (Fargas et al., 
2013). The wear properties of nitrogen sintered DSS 
are better than argon sintered DSS due to more lamel-
lar constituents with ferrite matrix (Mariappen et al., 
2015).  Mestra et al. (2010) analyzed the wear features 
of DSS. They reported that the wear rate relies upon 
sliding distance and velocity. The wear mechanisms 
observed are plowing, microcracking, and micro-cut-
ting. The tensile strength or yield strength of the 
DSS is increased when the sigma phases formed in 
the DSS are within the range from 700 ℃ to 850 ℃ 
(Pohl et al., 2007). The mechanical properties of DSS 
25Cr-7Ni and 22Cr-5Ni (wt percent) aged at 325 ℃ 
depend on phase separation (Xu et al., 2019). The 
characteristics of grain and phase influence the me-
chanical properties of the DSS. The hardness of DSS 

is 1.5 times higher than that of austenitic and ferritic 
stainless steels.  The latest study reveals (Okayasu and 
Ishida, 2019) the analysis of the parametric effect of 
speed, feed, and depth of cut on performance char-
acteristics (i.e.) feed, surface roughness, metal remov-
al rate during wet turning of super duplex stainless 
steels UNS S32760 using nano-coated MEGACOAT 
carbide inserts. Surface roughness and feed are min-
imized to achieve maximum performance, and the 
metal removal rate is maximized using Taguchi-grey 
relational analysis (Dinde and Dhende, 2021).  From 
the available literature, it is found that very few are 
available for analysis of Powder metallurgy DSS me-
chanical and wear behavior using Taguchi’s Gray 
Relational Analysis. Therefore, this research aims 
to develop Powder Metallurgy DSS using 310L and 
430L powders, together with the addition of chromi-
um, nickel, and molybdenum, and to analyze the me-
chanical and wear behavior using the Gray Relational 
Analysis.

2. MATERIALS AND METHODS

The materials used in this investigation are 310L 
austenitic stainless steel and 430L ferric stainless-steel 
powders, together with elemental chromium, molyb-
denum, nickel, and copper. For the samples’ prepara-
tion, there are two DSS, namely A and B, made up of 
310L and 430L pre-alloyed powders. The following 
are the compositions of two DSS A and B:

(DSS A) - (50%310L+50%430L) by wt
(DSS B) - (45%310L+45%430L+4%Ni+5%Cr+1%
Mo) by wt

The chemical constituents of DSS, their chro-
mium, and nickel equivalent numbers are shown 
in Table 1. The powder mixtures were compacted 
at 550 MPa in the Universal Testing Machine. The 
green compact dimensions are 10 mm in height and 
30 mm in diameter. Further, green compacts were 
sintered in the hot press of the vacuum furnace. The 
sintering operation took place at 1350 °C for 2 h. 
The sintering operation was performed in partial 
vacuum and hydrogen atmospheres. The sintered 
samples were stored in an electrical muffle furnace 
at a temperature of 1150 °C for 2 h, and the samples 
were forged at that temperature using a 100-ton fric-
tion screw press.

Micro tensile samples as per ASTM E8 were ma-
chined from sintered stainless steels. Digital Tensome-

table 1. Chemical constituents of DSS

Composition
Elemental Concentration (%wt)

Ni Cr C Si Mn Mo Fe Nieq Creq 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

https://doi.org/10.3989/revmetalm.192


Revista de Metalurgia 57(2), April-June 2021, e192, ISSN-L: 0034-8570. https://doi.org/10.3989/revmetalm.192

Mechanical and wear characteristics of duplex stainless steels using Taguchi’s grey relational analysis • 3

ter was used to perform a micro-tensile test. Rockwell 
Hardness Testing Machine (TRS model) was used to 
perform hardness testing on all sintered duplex stain-
less steels.  In this investigation, diamond 1/16 “indent-
er and 100 kgf significant load was used. The obtained 
values of hardness are the mean of six penetrations at 
the various places of the specimens indicated. The pin 
on the disc wear testing machine is shown in Fig 1.

Pin-on-disc is used to determine the wear charac-
teristics of the PM duplex stainless steel performs. The 
variables affecting friction and wear are the sliding 
velocity, the sliding distance, and the load. The size of 
the pin is 3 mm in radius and 34 mm in length. Duplex 
stainless steel was used as a pin material, a counter disk 
with a diameter of 65 mm and a thickness of 10 mm was 
manufactured using high-carbon chromium steel (die 
steel). The disk and pin were washed through acetone 
to confirm that the wear tests were carried out under dry 
sliding conditions. The measurement of weight loss was 
used to calculate the rate of wear. Tests were conducted 
at 20N and 30N, respectively. The sliding speed and the 
sliding distance were kept constant at 2 m⋅s-1 and 750 m. 
The test was performed at room temperature.

FiguRe 1. Pin on Wear Testing Machine.

3. RESULTS AND DISCUSSION 

3.1. Microstructure study of sintered DSS

DSS is well polished and etched with Berahaa 
solution during the micro-structural inspection. The 
microstructures of DSS sintered in a partial vacuum 
with a bi-phase structure with varied amounts of 
ferrite and austenite are shown in Fig. 2.

The differences in ferrite content of the DSS 
depend on the chemical composition and thermal 
treatment. The optical microstructures of hydrogen 
sintered DSS A and B are shown in Fig. 3. Hydro-
gen sintered DSS microstructures reveal a duplex 

FiguRe 2. Microstructures of  DSS Sintered in Partial Va-
cuum.

structure of ferrite and austenite with varying per-
centages of volume.

3.2. Microstructure study of forged DSS

The microstructure of the forged DSS sintered 
in partial vacuum and hydrogen is shown in Fig. 4. 
Figure 4a shows DSS A’s microstructure, which con-
sists of part acicular and angular types of ferritic 
grains along with the austenitic phase. Besides, Fig. 
4b shows the elongated and ferrite grains of differ-
ent sizes and orientations. A similar structure was 
also found for hydrogen sintered steels (DSS A and 
B). DSS B extended ferrite nature is because of the 
ferrite grain proliferates during sintering the com-
position of DSS B compared to DSS A. The fast-
er growth of ferrite grains and elongated cells has 
been affected by higher chromium/nickel levels of 
DSS B composition (23Cr-8.5 Ni). The lower nickel 
and chromium content of the DSS A composition 
(20.3Cr-5Ni) decreased the ferrite rate. In addition 
to this bi-phase structure, there is no evidence of un-
desirable precipitates, namely sigma, chi phases, or 
secondary austenitic structure formation.
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3.3. XRD Analysis of sintered DSS

The XRD patterns of DSS sintered in partial vacu-
um and hydrogen are shown in Fig. 5 and Fig. 6. From 
these XRD patterns, it is clear that the DSS sintered in 
partial vacuum and hydrogen atmosphere do not show 
any sigma peaks and free form intermetallics. The var-
iation in the intensities of austenite and ferrite peaks 
depends on the chemical composition of the DSS.

3.4. XRD analysis of forged DSS

The sintered DSS were held in a muffle furnace at the 
temperature of 1050 °C for 2 h, and the samples were 

forged at that temperature using 100 ton friction screw 
press. The purpose of forging is to enhance the density as 
well as mechanical properties. The XRD patterns forged 
DSS in a partial vacuum and hydrogen atmosphere are 
shown in Fig. 7 and Fig. 8. After forging, the samples 
were water quenched. The XRD patterns of forged DSS 
also reveal the absence of intermetallics.  XRD patterns 
of DSS forged in partial vacuum shows more ferrite 
peaks compared to DSS forged in hydrogen atmosphere.

3.5. Mechanical properties – Grey relational analysis

Grey relational analysis (GRA) is combined with 
Taguchi’s method for optimizing multiple perfor-

FiguRe 3. Microstructures of  DSS Sintered in Hydrogen Atmosphere.

FiguRe 4. Microstructure of  Forged DSS Sintered in (a) and (b), Partial Vacuum (c) and (d) Hydrogen Atmosphere.
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mance characteristics. The process parameters and 
their levels are tabulated in Table 2. The results of 
the investigation and GRG are shown in Table 3. 
The GRG was determined using the gray relational 
analysis of each variable at various levels from ex-
perimental data.  

Figure 9 shows the response graphs for means. 
The response graphs are used to evaluate the para-
metric effects on response characteristics. The GRG 
data was analyzed to determine important variables 
and evaluate their effects on response characteris-
tics.

Table 4 shows the response table for means. The 
response table shows the average of each response 
characteristics (GRG) data for each factor level. 
The response table reveals that condition is the main 
parameter affecting the mechanical properties, fol-
lowed by atmosphere and material. ANOVA Table 5 
shows that condition is the main parameter 47.45% 
affecting the means of mechanical properties.

3.5.1. Confirmation experiment for predicted means 

By evaluating response graphs and mean tables, the 
optimal conditions for process variables are calculated 
using mean response characteristics. The optimum pro-
cess parameters for predicted means and experimental 
values are given in Table 6. The optimum parameters 
are used for conducting the confirmation experiment 
and for predicting GRG. The predicted GRG is 0.941, 
and the experimental GRG is 0.966. The error is 2.5%, 
so the optimization technique holds good.

3.6. Grey relational analysis – Wear 

The results of  the investigation of  wear and 
GRG are shown in Table 7. From experimental 
data using the Gray Relational Analysis, GRG 

FiguRe 5. XRD Patterns of  DSS Sintered in Partial Vacuum.

FiguRe 6. XRD Patterns of  DSS Sintered in Hydrogen At-
mosphere. 

FiguRe 7. XRD Patterns of  Forged DSS Sintered in Partial 
Vacuum.

FiguRe 8. XRD Patterns of  Forged DSS Sintered in Hydro-
gen Atmosphere.

table 2. Process Parameters and their levels

Level Material Condition Atmosphere Load (N)

1 DSS A Sintered Hydrogen 20

2 DSS B Forged Partial 
Vacuum

30

FiguRe 9. Response Graphs for GRG.
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for each variable were calculated at different lev-
els.

Figure 10 shows the response graphs for means. 
The response graphs are used to evaluate the para-
metric effects on the response characteristics. Var-
iance analysis is conducted with GRG data to de-
termine the relevant variables and to measure their 
effects on response characteristics.

Table 8 shows the response table for means. The 
response table shows the average of each response 
characteristics (GRG) data for each factor level. The 
response table reveals that condition is the main pa-
rameter affecting the mechanical properties. ANO-
VA Table 9 reveals that the condition is the main 
parameter, 19.62% affecting the means of wear 
properties.

3.6.1. Confirmation experiment for predicted means 

Response graphs and means tables provide the 
best setting for process variables in terms of the 
mean response characteristics. For conduction of 
the confirmative experiment and estimation of 
GRG, the optimum parameters are used. Table 10 
shows the optimum process parameters for predict-
ed processes and experimental values. It is 0.729 for 
the predicted GRG and 0.926 for the experimental 
GRG. The failure is 19.7%.

3.6.2. SEM analysis of DSS worn samples

The SEM images of forged DSS samples sin-
tered in a Hydrogen atmosphere are given in Fig. 11. 
Forged DSS A of SEM image reveals that it consists 

table 3. Experimental Results of Mechanical Properties

S.
No.

Material Condition Atmosphere Density
(g/cc)

Hardness
(HRA)

Ultimate 
Stength
(MPa)

Percentage 
Elongation

GRG Rank

1 DSS-A Sintered H.P* 7.41 58 580 7.57 0.333 8

2 DSS-A Sintered Vacuum 7.57 60 637 12 0.432 6

3 DSS-A Forged H.P* 7.73 64 613 8.17 0.497 5

4 DSS-A Forged Vacuum 7.79 62 650 15 0.628 2

5 DSS-B Sintered H.P* 7.47 60 640 9.02 0.386 7

6 DSS-B Sintered Vacuum 7.61 65 658 14 0.523 4

7 DSS-B Forged H.P* 7.73 67 695 10.05 0.601 3

8 DSS-B Forged Vacuum 7.76 70 760 18 0.966 1

*Hydrogen-Partial

table 4. Response Table for Means

Level Material Condition Atmosphere

1 0.4724 0.4184 0.4541

2 0.619 0.673 0.6372

Delta 0.1466 0.2546 0.1831

Rank 3 1 2

table 5. ANOVA for Means

Source DF Seq SS Adj MS F P Contribution %

Material 1 0.042998 0.042998 9.09 0.204 15.73

Condition 1 0.129668 0.129668 27.42 0.12 47.45

Atmosphere 1 0.06707 0.06707 14.18 0.165 24.54

Material*Condition 1 0.011063 0.011063 2.34 0.369 4.05

Material*Atmosphere 1 0.009282 0.009282 1.96 0.395 3.40

Condition*Atmosphere 1 0.008483 0.008483 1.79 0.408 3.10

Residual Error 1 0.004729 0.004729 9.09 - 1.73

Total 7 0.273292 - - 100.00

table 6. Optimum Process Parameters for Predicted GRG

Mate-
rial

Condi-
tion

Atmos-
phere

Predicted 
GRG

Experimental 
GRG

DSS-B Forged
Partial 

Vacuum
0.941 0.966
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of more debris. The mechanism involved in worn-
out wear surface is permanent deformation. Similar-
ly, forged DSS B in hydrogen atmosphere consists of 
very small tiny pores.

The SEM images of forged DSS samples sintered 
in a Partial vacuum atmosphere are given in Fig. 12. 
The mechanism associated with the worn-out wear 
surface is due to plastic deformation. Both forged 
samples DSS A and B in partial vacuum atmosphere 
do not reveal any pores or ploughs, or debris.

4. CONCLUSIONS

The DSS A and B mechanical and wear exper-
iments were conducted and analyzed with Grey 
Relational Analysis’s aid. From the results of DSS 

A and B, the following primary observations were 
made:

DSS B in forged condition subjected to 20N load-
ing conditions under partial vacuum atmosphere ex-
hibited SWR of 0.0007mm3/Nm. 

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.

DSS B in forged condition subjected to 20N load-
ing conditions under partial vacuum atmosphere ex-
hibited COF of 0.53. 

The model established is more suitable for auto-
motive and offshore industries and inexperienced 
consumers to reach the lowest wear rate without re-
alistic experiments.
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