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Keywords It has been found that spark plasma sintering (SPS) enhances the density, hardness and
v’ Spark plasma sintering, wear resistance of both the stainless steels. Maximum sintered density and Vickers
v’ Nano-structured microhardness is reported for duplex stainless steel than ferritic stainless steel. The wear

stainless steel studies of both the stainless steel were carried out using a pin-on-disc apparatus at 40 and

v Wear, 60 N against a diamond indenter. The wear mechanisms were found to be mainly abrasive
v' Wear mechanism, and oxidative with mainly ploughing and plastic deformation modes. Semi-quantitative
v Wear debris analysis of the worn out surfaces and wear debris were carried out using EDS to confirm
shashankaic@gmail.com; the occurrence of oxidation processes during wear. The spark plasma sintered duplex

Phone: +90 5415376803 stainless steel was found to exhibit maximum hardness and wear resistance than the spark

plasma sintered ferritic stainless steel

1. Introduction

Stainless steel is one of the very important and popular materials in the world; used in different sectors like
construction, marine, defence, automobiles, power plants etc. Different grades of stainless steels are there; but
among them duplex and ferritic stainless steels are more significant. Duplex stainless steel is very important grade
of stainless steel contains of almost equal ratios of austenite and ferrite phases [1]. The amalgamated effect of the
two phases bestow good weldability, corrosion and wear resistance, high mechanical and creep strength, low
thermal expansion, high temperature tensile strength etc. [2, 3]. Hence, duplex stainless steel is majorly used in
de-salination plants, storage tanks, heat exchangers, paper and pulp industries, construction of bridges, flue gas
cleaning, nuclear and chemical industries, structural design components, pressure vessels, impellers and shafts [4-
6]. Whereas, ferritic stainless steels are another type of stainless steels bearing BCC structure and showcases the
properties like high thermal conductivity, excellent corrosion resistance, creep resistance, high yield strength,
magnetic property and high temperature oxidation resistance [7]. Due to these properties ferritic stainless steels
are mainly used in cold water tanks, electric cabinets, water treatment plants, surgical instruments, refrigeration
cabinets and other metallic implements [8-12]. Duplex and ferritic stainless steel can also be used as an
electrochemical sensor in detecting various bioactive molecules such as dopamine, ascorbic acid and folic acid
[3, 4, 13]. The above properties of both the stainless steel can be further amended by bringing down their structure
to nano level (< 100 nm) or ultrafine level (100 to 1,000 nm) [14, 15]. The structure of stainless steel can be
refined by using mechanical alloying method. Therefore, we had prepared nano-structured duplex and ferritic
stainless steel powders by milling elemental Fe, Cr and Ni powders for 10 h in a dual drive planetary mill (DDPM).
The detailed preparation of duplex and ferritic stainless steel, mill design and milling parameters were reported
by the authors in their previous publications [8, 9, 16]. In the present paper, we are reporting the consolidation of
10 h ball milled duplex and ferritic stainless steel powders by spark plasma sintering (SPS). The crystallite size
after densification plays an important role in improving the mechanical properties. As many researchers reported
that, materials exhibiting nano-structure can improve the density, corrosion resistance, microhardness, wear
resistance and compressive strength. It is very difficult to maintain nano-structure even after sintering by
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conventional sintering methods like pressureless sintering due to their poor strength, poor density and obvious
chance of grain growth [17]. Therefore, we have used an advanced sintering technique called as spark plasma
sintering to consolidate duplex and ferritic stainless steel. By using SPS it is possible to produce nanostructured
materials due to its ability to hinder grain growth and also fabricates even poorly sinterable materials during
consolidation. This is due to the simultaneous application of load as well as heat on the materials to be sintered
and SPS is having many advantages over conventional sintering methods [18-20]. SPS is a short time process
usually takes 5 minutes, whereas conventional sintering may take few hours or even days for the same results.
SPS involves discharging of spark plasma at the breaches of the particles with an ‘on’ and ‘off” electrical current
[21]. This results in the neck formation, effective thermal diffusion process between the particles, efficient
shrinkage in less time, hindered grain growth and cleaner grain boundaries [1].

Keller et al. consolidated an ultra-fine grained 316L stainless steel powders using spark plasma sintering
technique. They reported that, the refinement in the grain size strongly increases the hardness of the samples
without much deviation from Hall-Petch relationship and concluded that, the spark plasma sintering is one of the
advanced sintering technique considered as a promising tool for fabricating ultra-fine grained stainless steel [22].
S.K. Kim et al. prepared 316L stainless steel by using SPS technique at increasing temperatures from 600 to
1000°C. They observed deep dimple traces of ductile fracture at the surface of sintered body at higher sintering
temperature due to the solid neck formation and its growth. They reported that, porosity of 316L stainless steel
can be controlled by adding metal oxide dispersants and by controlling the punch length [23]. Lucia Garcia et al.
consolidated ball milled 316L stainless steel powder by using SPS technique. They observed tremendous decrease
in the grain size from 4 um to 350 nm after consolidating the stainless steel powders by SPS as compared to
conventional sintering methods. They reported the possibility of consolidating the resulted sample with enhanced
mechanical properties and retained ductility [24]. Mouawad et al. fabricated both ferritic and austenitic stainless
steel by spark plasma sintering method at a temperature of 850°C. They found SPS can leads to a fully dense/nano-
sized microstructure material within a short time. They reported good relationship between the Vickers hardness
and the size of microstructure with the Hall-Petch equation [25]. S.R. Oke et al. studied the effect of TiN addition
to spark plasma sintered duplex stainless steel samples at a sintering temperature of 1150°C. They reported that,
addition of TiN to duplex stainless steel decreases the density and hardness [26]. Shashanka et al. fabricated yttria
dispersed duplex and ferritic stainless steel by SPS method at a temperature of 1000°C. They studied the effect of
yttria addition on the microstructure, hardness, density and wear resistant property of duplex and ferritic stainless
steel. They reported that, addition of yttria can improve the mechanical properties to a great extent [1].

From the available literatures it has been found that SPS is an advanced sintering technique that can improve the
mechanical properties of stainless steel by hindering the grain size. Our aim is to study the wear resistant property,
density and hardness of SPS consolidated duplex and ferritic stainless steel samples. Very few literatures are
available on the non-lubricated sliding wear behaviour of spark plasma sintered duplex and ferritic stainless steel.
Therefore, author has taken up this challenge and reported the wear resistance, wear mechanism, shape of wear
debris and volume of wear debris of duplex and ferritic stainless steel.

2. Material and Methods

The fabrication part of nano-structured duplex (Fe-18Cr-13Ni) and ferritic stainless steel (Fe-17Cr-1Ni) powder
by dual drive planetary milling was reported by the authors in their previous papers [2, 8]. The crystallite size of
both the stainless steel powders after 10 h of milling was found to be 9 nm. The 10 h milled duplex and ferritic
stainless steel powders were consolidated by SPS (SCM 1050, Sumitomo Coal Mining Co, Ltd Japan) at a pressure
of 50 MPa and 1050 °C for 5 min in a 20 mm diameter graphite die. All the consolidated stainless steel samples
were polished carefully for further investigation. The microhardness and density of both the stainless steels were
measured by Vickers microhardness and Archimedes methods [27, 28] respectively. Vickers microhardness
studies were carried out by using LECO-LM248AT fitted with Vickers pyramidal diamond intender. The
Microstructural studies were carried out using JEOL JSM-6084LV (SEM) and Zeiss optical microscopy. The
phase study of consolidated stainless steel samples were carried out in a X-ray diffraction (XRD) in a RIGAKU
SmartLab using filtered Cu Ka-radiation (A = 0.1542 nm). The wear studies were carried out by using pin-on-disc
wear tester (Ducom, TR-208 M1). The Rockwell diamond indenter kept at a speed of 0.0041 m/s and at 20 rpm
for 15 min against duplex and ferritic stainless steel samples at room temperature with a relative humidity of 70%.
All wear studies were performed at applied loads of 40 and 60 N respectively with a track radius of 2 mm. The
Rockwell diamond indenter was cleaned ultrasonically and dried before and after performing the wear tests. All
the tests were performed 3-4 times to obtain reproducible values. The volume of wear debris was calculated by
Archard’s equation [29] as follows:
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Where Q is the total volume of the wear debris produced, K is a dimensionless constant, W is the total normal
load, L is the sliding distance, and H is the hardness of the softest contacting surface (original surface hardness of
stainless steel). Here, the value of K was taken as 1.7x10° and 1.3x10 for ferritic and duplex stainless steels
respectively [30]. The wear mechanism was studied by investigating the wear track and wear debris morphology.
Figure (1) represents the schematic diagram of wear experimental set up.
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/

Figure 1 : The schematic diagram of wear experimental set up

3. Results and discussion

3.1 X-Ray diffraction analysis:

Figure 2 (a) and figure 2 (b) show X-ray diffraction patterns duplex and ferritic stainless steel samples
consolidated by SPS at 1050°C respectively. XRD spectra of SPS consolidated duplex and ferritic stainless steel
show little broad and strong crystalline diffraction peaks. The broad but yet crystalline peaks in both the stainless
steel samples are due to the diffusion phenomenon as well as hindered grain growth during SPS [31]. Figure 2 (a)
depicts the more dominant austenite phase due to its high temperature stability. Generally, the phase
transformation of a-Fe to y-Fe starts at a temperature of 723°C. The XRD spectra show the presence of both
ferritic and austenitic phases and found no traces of diffraction peaks of secondary phases like sigma phase;
carbides or nitrides precipitations. An XRD spectrum of ferritic stainless steel depicts only sharp dominant ferrite
peaks as shown in the Figure 2 (b). More dominant austenite phase in duplex stainless steel is due to the reduced
grain growth due to the simultaneous application of load and heat during SPS. The refinement of ferrite crystallite
to nano-level can also initiate phase transformation [32].
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Figure 2 : XRD spectra of (a) duplex (b) ferritic stainless steel samples sintered at 1050°C by spark plasma sintering
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3.2 Microstructure study:

Optical micrographs of SPS consolidated duplex and ferritic stainless steel samples are depicted in figure 3 (a)
and figure 3 (b) respectively. From the figures it is clear that the consolidated stainless steel samples are dense
and with low porosity ratios. This is due to rapid rate of mass transport at higher temperatures through necking
and also due to the simultaneous application of load and heat. SPS duplex stainless steels exhibit acicular ferrite
as shown in figure 3 (a) and they characterized by needle shaped chaotic grains of ferrite usually formed in the
interior of austenite phase by nucleation on the inclusion. This chaotic order acts as obstacles for cleavage, crack
propagation and hence increases the strength of stainless steel [33]. Shashanka et al also reported the formation
of acicular ferrite in the SPS duplex and yttria dispersed duplex stainless steel [1]. During SPS at 1050°C, the
material undergo dissolution primarily at the interior of both the stainless steel samples and part of very fine
stainless steel melts and forms pendular bonds at their particle contacts [27]. The viscosity of the melted particles
decreases further due to the weak and semisolid bonding between the particles. By capillary phenomenon, the low
viscous liquid flows freely throughout the materials and results in rapid viscous flow sintering densification [34—
36]. Therefore, both duplex and ferritic stainless steel consolidated by SPS at 1050°C exhibits low porosity ratio,
high density and maximum hardness.

Figure 3 : Optical microstructure of (a) duplex stainless steel (b) ferritic stainless steel samples sintered at 1050°C by spark
plasma sintering

3.3 Density and microhardness analysis:

Figure 4 (a) represents the density of duplex and ferritic stainless steel samples sintered by SPS method at 1050°C.
The percentage density of duplex and ferritic stainless steel sintered by SPS method was found to be 94% and
96% respectively. The high density of both the stainless steel is due to the simultaneous application of load and
temperature; as a result of which porosity ratio decreases to minimum value with hindered grain growth.
Therefore, Spark plasma sintered stainless steel samples consists of ultrafine or nano crystalline materials [37].
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Figure 4 : Graphical representation of (a) sintered density (b) Vickers microhardness of duplex and ferritic stainless steel
samples sintered at 1050°C by SPS
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On the other hand figure 4 (b) represents the effect of indentation load on the microhardness of duplex and ferritic
stainless steel samples spark plasma sintered at 1050°C. Indentation load of 10, 25 and 50 gf were used
respectively to carry out the Vickers microhardness measurements of both the stainless steel. A minimum of 5
trials of indentations were made at each load and the average values of the diagonal lengths of indentation marks
were measured as hardness for each stainless steel sample. Figure 4 (b) depicts the decrease in the Vickers
microhardness value with increase in the indentation load due to indentation size effect [9, 38]. Indentation size
effect is mainly due to some intrinsic structural factors such as surface dislocation pining, indentation elastic
recovery and work hardening during indentation [39, 40]. Shashanka et al. reported similar kind of results in
various journals [9, 27, 28]. Spark plasma sintering increases the bonding strength, density and hinders the grain
growth. Duplex stainless steel show maximum hardness than ferritic stainless steels due to the decrease in the
porosity ratio, increase in bonding strength, density and reduction in grain growth. The Vickers microhardness
values of duplex and ferritic stainless steel sintered at 1050°C by SPS method using 25 gf indentation loads were
found to be 803 HV and 672 HV respectively. Hardness and density values of duplex and ferritic stainless steel
samples sintered by SPS method at 1050°C is tabulated in Table 1. The results reported in the present paper are
comparable and hardness values are even higher than the results obtained by various researchers as evident in
Table 1.

Table 1 : A comparison of density, hardness and sintering conditions of duplex and ferritic stainless steel consolidated by
SPS by among different investigators and present research

Referenced Type of stainless Sintering conditions Sintering | Microhardness | Sintered
steel temperatur (HV) density (%0)
e (°C)
[26] TiN dispersed SPS in vacuum, 50 MPa 1150 - 96-99%
duplex stainless
steel
[37] Austenitic SPS in vacuum, 50 Mpa 1000 237 99.5
stainless steel for 5 min
[1] Duplex stainless | SPS in vacuum, 50 Mpa 1000 765 91
steel for 5 min
[1] Ferritic stainless | SPS in vacuum, 50 Mpa 1000 650 92
steel for 5 min
[41] Yttria dispersed SPS, 80 Mpa load for 1050 380 97
ferritic stainless 1h
steel
[25] Austenitic SPS, vacuum (102 850 412 93
stainless steel mbar), 90 Mpa load
[42] ODS ferritic SPS in Ar atmosphere, 1050 - 97
stainless steel 45 MPa load for 5 min
Present | Duplex stainless | SPS in vacuum, 50 MPa 1050 803 94
work steel for 5 min
Present | Ferritic stainless | SPS in vacuum, 50 MPa 1050 672 96
work steel for 5 min

3.4 Wear Behavior Study:

3.4.1 Effect of Load on Wear Depth:

The variation of wear depth with sliding time for duplex and ferritic stainless steel are depicted in figure 5 (a) and
figure 5 (b) respectively at 40 N and 60 N applied loads. Ferritic stainless steel shows a maximum wear depth as
compared to duplex stainless steel as shown in the figure 5. As SPS decreases the porosity ratio, increases the
austenite phase and hinders grain growth; as result of which SPS stainless steel show lesser wear depth compared
to stainless steel samples consolidated by traditional conventional methods [30]. From the figure 5, it is found that
increase in applied load from 40 N to 60 N increases the wear depth in both the stainless steels. This phenomenon
can be well explained by using relation [1]:

F =pN (2)

Where, F is frictional force, N is normal load applied and p is co-efficient of friction.
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Figure 5 : Variation in wear depth of duplex and ferritic stainless steel against sliding time at a applied load of (a) 40 N (b)
60 N respectively

The Equation (2) shows that increase in normal applied load increases the frictional force. Chowdhury et al.
investigated the effect of applied load (10, 15 and 20 N) on the friction co-efficient of stainless steel 304 using
specially designed pin on disc wear tester at 1, 1.5 and 2 m/s sliding velocity. They reported that co-efficient of
friction decreases with the increase in applied load and it increases with increase in sliding velocity [43].
Therefore, wear depth of both the stainless steel is increased with increase in applied and thereby decreasing the
wear resistance as shown in the figure 5 (a) and figure 5 (b) respectively. The wear depths of duplex and ferritic
stainless steels at 40 N applied load were found to be 14, 22um, respectively. Similarly, the wear depths at 60 N
applied load were found to be 23 and 41um, respectively. As we reported, spark plasma sintered stainless steels
show maximum density and hardness values; hence, the impingement of Rockwell indenter is less and therefore
exhibit good wear resistant properties.

3.4.2 Wear Mechanism:

Scanning electron microscope is used to investigate the morphology of worn surface, wear mechanism, wear
modes and wear debris produced by the duplex and ferritic stainless steels. Figure 6 (a) and figure 6 (b) represents
the SEM images of worn surfaces of duplex and ferritic stainless steel respectively tested at 40 N applied load. It
is observed from the SEM microstructure of worn surface of both the stainless steel that they undergo abrasive
wear mechanism with ploughing mode. The extent of ploughing mainly depends upon the strength of the material;
if the material is stronger; then ploughing impression will be mild as shown in the figure. As duplex stainless
steels exhibit higher hardness values and hence undergoes mild ploughing compared to ferritic stainless steels.
On the other hand, we also studied the effect of applied load on the morphology of worn surface at 60 N applied
load.

Ploughing and plastic
(a) " deformation modes (b)

Ploughing mode

Abrasive wear

Figure 6 : Scanning electron microstructures of worn out surface of (a) duplex (b) ferritic stainless steel respectively at 40
N applied load
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Figure 7 (a) and figure 7 (b) depicts the SEM images of worn surfaces of duplex and ferritic stainless steel
respectively tested at 60 N applied load. From the figure 5 and figure 6, it is confirmed that the impingement of
wear during 60 N applied load is more compared to wear during 40 N applied load. This enhanced material loss
during 60 N applied load is due to the high frictional force. Both duplex and ferritic stainless steel samples at an
applied load of 60 N exhibits abrasive and mild oxidative mechanism along with ploughing and plastic
deformation modes as shown in the figure 7.
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Figure 7 : SEM and EDS spectra of worn out surfaces of (a, ¢) duplex, (b, d) ferritic stainless steel respectively at 60 N
applied load

The spark plasma sintered stainless steel shows maximum density and hardness; hence the material loss will be
in the form of small powders and can easily undergo oxidation. Whereas, conventionally sintered stainless steel
exhibits low density and less hardness values and hence due to the soft nature, the materials loss will be in the
form of flakes [30]. The wear debris of spark plasma sintered stainless steel depicts higher surface area and
surface energy due to their fine size and hence they will undergo oxidation very easily. The wear debris produced
entrap in between the two contacting surfaces (stainless steel and indenter) and break the soft contacting interface
(stainless steel) to a very small sizes and rapidly oxidize both wear debris and wear track surfaces [44]. Quinn
[45] and Stott [46] also reported similar kind of oxidative wear mechanisms. Further investigations on oxidative
mechanism are performed by using EDS to quantify the amount of oxygen present on the wear surfaces of both
the stainless steel samples. Figure 7 (c) and figure 7 (d) shows the EDS spectra of worn surfaces of duplex and
ferritic stainless steel at 60 N applied load. The oxygen percentage of duplex and ferritic stainless steel is found
to be 20.5% and 17.2% respectively.

3.4.3 Analysis of microstructure and volume of wear debris:

Figure 8 (a) and figure 8 (b) represent the wear debris of duplex and ferritic stainless steel produced at 60 N
applied load. The volume of wear debris produced at 40 N applied load is very negligible and hence wear debris
were collected at 60 N applied load to study the morphology of wear mechanism. As per the microhardness study,
the duplex stainless steel show higher hardness and hence it is more brittle; therefore, produced wear debris are
in the form of small particles with maximum surface area. Whereas, ferritic stainless steel is soft and ductile
compared to duplex stainless steel and hence produces wear debris in the form of flakes. Wear debris of duplex
stainless steel are smaller in size; hence maximum surface area and more prone for oxidation than wear debris
produced by ferritic stainless steel. To study the extent of wear mechanism further, we performed EDS analysis
of wear debris of duplex and ferritic stainless steel at 60 N applied load and the same is depicted in the figure 8
(c) and figure 8 (d) respectively. The wear debris of duplex and ferritic stainless steel shows oxygen percentage
of 26% and 24% respectively.
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Figure 8 : SEM and EDS spectra of wear debris of (a, ¢) duplex, (b, d) ferritic stainless steel samples respectively at 60 N
applied load

Volume of wear debris produced during wear study was calculated by Archard equation. Generally, the volume
of wear debris produced mainly depends upon the hardness of materials; higher the hardness lesser will be the
volume of wear debris. Figure 9 represents the volume of wear debris produced by duplex and ferritic stainless
steel respectively at applied load of 40 N and 60 N. From the figure it is observed that the volume of wear debris
produced increases with increase in applied load from 40 N to 60 N.

f

vzzz2140 N
Es0 [ 60N

Duplex Ferritic

Figure 9 : The volume of wear debris produced by spark plasma sintered duplex and ferritic stainless steel at an applied
load of 40 N and 60 N respectively

Wang et al. [47] and Kim et al. [48] also calculated volume of austenitic stainless steel wear debris using Archard
Equation and they reported the similar kind of observation. The volume of wear debris produced by duplex and
ferritic stainless steel samples at different loads are tabulated in Table 2.
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Table 2 : The volume of wear debris produced by duplex and ferritic stainless steel samples at 40 N and 60 N applied loads

Type of stainless steel Wear depth (um) Wear volume (X 10 mm?)
40N 60 N 40N 60 N
Duplex stainless steel 14+8% 23+9% 2.47 3.71
Ferritic stainless steel 22+10% 41+11% 3.87 5.80
Conclusion

Planetary ball milled duplex and ferritic stainless steel powder samples were fabricated by SPS technique. We
investigated the effect of spark plasma sintering on the microstructure, phase transformation, density, hardness
and wear resistance of duplex and ferritic stainless steels. The percentage density of duplex and ferritic stainless
steel sintered by SPS method at 1050°C is found to be 94% and 96% respectively. The Vickers microhardness
values of duplex and ferritic stainless steel sintered by SPS method at 25 gf indentation load is reported to be 803
HV and 672 HV respectively. Wear depth increases with increase in applied load from 40 N to 60 N in both the
stainless steels. The wear debris produced by duplex stainless steel during wear studies are in powder form.
Whereas, the wear debris produced in ferritic stainless steel is flake shape and undergone de-lamination during
wear due to soft nature. The wear mechanisms in duplex stainless steel are abrasive and oxidative in nature and
mainly follows plastic deformation mode. On the other hand, wear mechanism of ferritic stainless steel are
abrasive and oxidative but undergo de-lamination and follow ploughing mode. The amount of oxygen present on
the worn surfaces of duplex and ferritic stainless steel at 60 N applied load are 20.5% and 17.2% respectively.
Even wear debris of duplex stainless steel shows more oxygen percentage than wear debris of ferritic stainless
steel. This confirms that, during wear duplex stainless steel is more prone for oxidation than ferritic stainless steel
and this is due to the very fine wear debris of brittle materials like duplex stainless steel.
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