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a b s t r a c t

Nano-sized titanium nitride (TiN) powders were used as reinforcements for the fabrication of duplex
stainless steel (SAF 2205) via spark plasma sintering (SPS) route. Optimized parameters of 1150 �C
temperature, 100 �C/min heating rate, 50 MPa pressure and 15 min holding time were utilized for sin-
tering of the SAF 2205-TiN composite. SEM equipped with an EBSD and TKD detectors were used to gain
insight into sintered composite microstructures and grain boundary character. XRD was used to study
crystallinity and phase transformation. The discrete mechanical properties of ferrite/austenite grains and
grain boundaries were studied using nanoindentation technique. The addition of TiN nanoparticles
resulted in decrease of the a-Fe peaks with principal planes shifting from a-Fe (110) to g-Fe (111). The
EBSD confirmed that the addition of TiN nanoparticles to duplex stainless steel could initiate and
advance ferrite to austenite phase reverse transformation. The TKD confirmed that nanosized nitrides are
concentrated at the ferrite/austenite interface. The nanoindentation studies showed that the nano-
hardness (H), elastic modulus (E), plasticity index (J), and anti-wear properties were improved with
the TiN nanoparticle addition from 0 to 8 wt%.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The processing method adopted in materials synthesis have a
strong impact on the structure and resulting mechanical properties
of the material [1,2]. The fabrication of stainless steels by powder
metallurgy route is on the increase due to their applications in
industries including aerospace, automobile, recreational, biomed-
ical and chemical processing [3,4]. Metallurgically sintered stain-
less steels have comparable advantages of low porosity levels over
cast steels [4]. Another landmark in producing stainless steels by
powder metallurgy is that the properties can be easily manipulated
by dispersion of the second phase particles into the steel’s matrix
[5,6]. The objective of adding second phase particles is to refine its
Ho Chi Minh City, Viet Nam.
. Oke).
microstructure and enhance sintered stainless steel applications
which are restricted by its susceptibility to galling and wear [7,8].
Although numerous powder metallurgy techniques are in opera-
tion, themotivation is to have products with good densification and
mechanical properties.

In this work, duplex stainless steel (SAF 2205) reinforced with
second phase nanoparticles of titanium nitride (TiN) was fabricated
through spark plasma sintering (SPS). The SPS is of interest due to
its versatility and advantages of high material performance, high
energy efficiency, short operating time because it uses high electric
current densities over conventional sintering techniques [9e12].
The addition of secondary particles is well known to improve ma-
terials performance in service. However, there is no agreement on
the mode of the strengthening mechanism [13]. This has led to
debate over whether or not a nanostructured grain size is benefi-
cial. Regardless of the benefits, it is evident that a significant higher
number of atoms resides along grain boundaries in nanostructured
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materials. The knowledge of the grain boundaries effect on the
overall mechanical properties is essential to the development of
bulk nanostructured composites [14].

Grain boundaries play a crucial role in controlling the me-
chanical properties of polycrystalline metals and composites
[15,16]. Also, it is stated that the influence of grain boundaries on
plastic deformation is not yet known, and there is no agreed
physics-based model up till now. Studies have been done to resolve
the critical role played by grain boundaries on materials behaviour
[15,17]. The consensus is that there is no standardized measuring
technique and procedure for such high precision materials
response [15]. These prompt researchers to utilize nano and micro-
indentation testing [18].

Nanoscale deformation of different materials have been studied
using nanoindentation technique. Nanoindentation testing has
some distinct features which include small materials volumes,
sample cost-effectiveness, and higher speed [19,20]. Various
studies have reported the use of nanoindentation to study plas-
ticity, creep, fracture behaviour, crack growth, elastic modulus and
hardness [21e23]. Most significantly, nanoindentation techniques
provides the advantage of understanding plastic deformation and
elastic-plastic transition regime of discrete phases within a
microstructure. Efforts are continuously made to develop protocols
that can convert raw indentation data to excellent mechanical
properties [24,25]. This work adopted the approach of analysing
indentation load-displacement data. It involves using the curvature
in unloading data, the indentation depth, and the indenter shape.

Though preliminary investigations on the densification and
microstructural changes that occur during spark plasma sintering
of TiN nanoparticle dispersion strengthened SAF 2205 alloy using
EBSD and TKD techniques have been reported in our previous work
[26]. This study further gives details on the microstructure and
elastic-plastic deformation behaviour of ferrite/austenite grains
and grain boundaries of spark plasma sintered duplex stainless
steel reinforced with different wt% of TiN nanoparticles. The aim is
to gain insight into discrete nanoscale deformation phenomena and
establish a relationship pathway between microstructure and
mechanical properties. It is an experimental observation that uti-
lizes nanoindentation technique to predict the plasticity index and
wear behaviour of the sintered composite using strain-to-break
and plastic deformation parameters.

2. Processing, Characterizations and Testing

The matrix material utilized for this work is SAF 2205 duplex
stainless steel powders with chemical composition; C-�0.03, Si-
�1.0, Mn-�2.0, P-�0.03, S-�0.015, Cr-22, Ni-5, Mo-3.2, N-0.18, Fe-
bal wt.%. The matrix is reinforced with 20 nm sized TiN nano-
particles with chemical composition; C-0.03, Si-<0.003, Ni-5, N-
<21.91, Ti-77.83, Fe-<0.001 wt %. The stainless steel powders with
varying addition of TiN nanoparticles ranging from 0 to 8 wt% were
homogeneously blended using a turbula mixer (T2F) for 6 h at
72 rpm. The mixed powders were poured into a 25 mm die and
punches assembly lined with graphite paper to avoid contamina-
tion and ensure easy removal. The die and punch assembly con-
taining the mixed powders was placed in the sintering chamber of
an automated spark plasma sintering machine (model HHPD-25,
FCT GmbH Germany) and consolidated using the following sinter-
ing parameters; 1150 �C sintering temperature, 100 �C/min heating
rate, 50 MPa pressure and 15 min holding time. The selected SPS
parameters is based on optimization results from our previous
studies [27,28]. All experiments were performed under vacuum
atmosphere. The sintered samples were sand blasted to remove the
graphite contaminations on the outer surface or in the surface
pores of the samples.
The analysis and evolution of phases was achieved with X-Ray
diffractometry (XRD, PANalytical EMPYREAN) using Cu Ka radia-
tion. Peak intensity analysis of the integrated areas for a-Fe and g-
Fe diffraction peaks in the XRD patterns were evaluated. Based on
peak intensity ratios, the extent of a-Fe and g-Fe phase trans-
formation was predicted. To examine the ferrite and austenite
phases, the sintered samples were cross sectioned and the surface
were metallographically prepared following standard procedures.
A JEOL 7001 F scanning electron microscope (SEM) equipped an
electron backscatter diffraction (EBSD) detector was used to gain
insight into sintered composite microstructures. To study the grain
boundary interaction, the transmission kikuchi diffraction (TKD)
analysis was conducted by horizontally mounting an approxi-
mately 60 nm thin foil samples in a JEOL JSM 7001F SEM equipped
with a Nordlys-nano EBSD detector. The thin foil samples were
prepared and cleaned using a Gatan Precision Ion Polishing System
(PIPS) ion mill, equipped with a cold stage, to ensure a relatively
large electron transparent area. Measurement of the foil thickness
was achieved using focused ion beam scanning electron micro-
scope. In order to obtain Kikuchi patterns, the system was set to
operate at an acceleration voltage of 30 kV. The TKD analysis was
achieved at a tilting angle of 20�, working distance was kept at
3.5 mm, and a hit rate was set to 91%. The overall speed of acqui-
sition was 177.24 Hz.

The mechanical properties of the sintered duplex stainless steel
were assessed using nanoindentation techniques. The experiment
was conducted using an ultra nanoindenter (UNHT) facility
equipped with Berkovich-shaped diamond indenter. Prior to
indenting the test samples, the equipment was calibrated in
accordance with ISO 14577 [25] standard using a fused silica of
known properties. The equipment has a piezostage option which
allows indentation at precise positions within the composite
microstructure. It therefore became possible to perform indenta-
tion on different phases. A maximum load of 1 mN was used to
make indents in two different regions: (i) ferrite/austenite phase
(ii) interface-like region. The indenter was held at maximum load
for 10 s to annihilate probable creep interference. To avoid errors
due to the effect of thermal drift, the allowable drift rate is main-
tained at 0.08 nm/s. The indentation force-displacement curves are
recorded as the indenter tip is pressed into the sample’s surface and
the indentation nanohardness and elastic modulus are obtained.

3. Results and Discussion

3.1. Crystallinity and ferrite to austenite phase balance with TiN
addition

The surface crystallinity of the SPSed duplex stainless steel
without TiN reinforcement was examined and compared with
the diffraction pattern of the steel containing different percent-
ages of TiN nanoparticles ranging from 2 to 8 wt%. The XRD in
Fig. 1 revealed that irrespective of the TiN nanoparticle addition,
the 0e8 wt% TiN stainless steel grades exhibited diffraction peaks
with discrete reflections of a-Fe Phase (110), (200) (211) at 45.2�,
64.8� and 83.6� diffraction angles and g-Fe phase (111), (200),
(220) at 44.6�, and 50.8�, 74.1� and 83.6� Bragg’s diffraction an-
gles, respectively. The diffraction patterns of the sintered steel
without TiN presented the ferrite as a dominant phase with a-Fe
(110) nearing 6000 cps. The addition of TiN nanoparticles is
however noted to have significant effect on the stability of the a-
Fe phase. The XRD patterns depicting steel grades containing 2 to
8 wt% TiN are characterized by a less distinct and suppressed a-
Fe phase with principal planes shifting from a-Fe (110) to g-Fe
(111). The reduction in peak intensity of the a-Fe phase intensi-
fied with continued addition of TiN up to 8 wt%. It is therefore



Fig. 1. X-ray diffraction pattern showing peaks corresponding to a-Fe and a-Fe with
the evolution of Cr2N and Ti2N phases of the spark plasma sintered duplex stainless
steel doped with different wt% of TiN.
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suggested that addition of TiN nanoparticles to duplex stainless
steel could initiate and advance ferrite to austenite phase reverse
transformation. The a-Fe to g-Fe phase transformation princi-
pally occurred during spark plasma sintering as a result of ni-
trogen diffusion from the TiN due to high sintering temperature.
Nitrogen been a strong austenite stabilizer tends to suppress the
formation of a-Fe [29]. At higher temperatures, the a-Fe is
thermodynamic unstable and the solubility of nitrogen in a-Fe
decreased. This causes the diffused nitrogen to occupy the in-
terstice of the a-Fe crystallites and creating a mismatch strain
that induces a-ferrite to g-austenite transformation [11,26]. To
intensify the discussion on the extent of transformation from a-
Fe to g-Fe, the peak intensity ratios are calculated and presented
in Table 1. The peak intensity ratios are evaluated with reference
to the principal crystal plane for each grade of sintered com-
posite. It is confirmed from the table that dispersing nano-
particles of TiN increased the propensity of formation of g-Fe
while the a-Fe decreased progressively.

The EBSD was used to quantify the a-Fe and g -Fe phases. The as
obtained Phase fraction data from EBSD analysis of the stainless
steel reinforced with 0 and 4 wt% TiN is presented in Table 2 while
the phase, Euler and Inverse pole Figure (IPF) maps are presented in
Fig. 2. The EBSD of the duplex steel containing 0 and 4 wt% TiN
nanoparticles (Fig. 2; S0 and S4) revealed both BCC a-Fe (red
Table 1
The calculated peak intensity ratios with reference to the principal crystal plane for each

Series Composite grades

a-110 g-11
S0 SAF 2205 100.0 23.
S2 SAF 2205 þ 2 wt% TiN 100.0 26.
S4 SAF 2205 þ 4 wt% TiN 100.0 48.
S6 SAF 2205 þ 6 wt% TiN 100.0 67.
S8 SAF 2205 þ 8 wt% TiN 70.2 100
colour) and FCC g-Fe (blue colour) in the microstructure. The
characteristic nearly equal amount of g -Fe and a-Fe and of duplex
stainless steels are observed in the SAF 2205 with no TiN nano-
particle addition (54.27 and 45.13% respectively). For the duplex
stainless steel grades reinforced with 4 %wt of TiN, there is reduc-
tion in volume fraction of the a-Fe phase from 45.13 to 27.39%. The
FCC g-Fe is however noted to be dominant in the 4 wt% TiN steel
with increase from 54.27 to 68.59%. The increase in g-Fe phase
affirmed the a-Fe to g -Fe phase transformation earlier explained.
The IPF map color code was used to identify the crystallographic
orientations of the samples on a standard stereographic projection
(green colour, [101]; red colour, [001]; and blue colour, [111]). The
IPF maps indicated that the grains present in the sintered samples
(S0 and S4) were randomly oriented rather than in a particular
direction. This suggests uniform plastic deformation of admixed
powders during sintering of the samples. The Euler maps revealed
higher angle grain boundaries in the unreinforced stainless steel
(S0) compared to the steel reinforced with 4 wt% (S4). The lower
angle grain boundaries in S4 results in finer grain sizes of g -Fe and
a-Fe grains.

The XRD results (Fig. 1) revealed the precipitation of nitrides
phases of Ti2N and Cr2N. The diffraction peaks of the nitride phases
were detected in addition to the diffraction peaks of ferrite due to
small amounts of nitrides formed. It has been reported that the
preferential site for formation of nitride phases are at the grain
boundaries [30]. However, the limited spatial resolution of the
EBSD technique renders it an ineffective characterization tool for
nanoparticle reinforced stainless steel. It therefore became imper-
ative to analyse the interface of the austenite/ferrite phases using
TKD. The observed TKDmap of the duplex stainless steel reinforced
with 4 wt% TiN is depicted in Fig. 3a. The location and nature of the
evolved nitrides are revealed in the magnified TKD map. The
ferrite/austenite interface confirmed that the yellow coloured
nanosized nitrides are concentrated at the grain boundary and
coexisted with ferrite and austenite. The reinforcing TiN was not
observed within the ferrite/austenite grains but there was diffusion
of nitrogen from the TiN to the duplex steel matrix. This assisted the
transformation of ferrite to austenite. However, due to limited
solubility of nitrogen in duplex steel and the fast cooling associated
with SPS, sintered-in nitrides are trapped at the ferrite/austenite
grain boundaries. Again, the variance in conductivity between the
starting stainless steel and TiN powders during sintering could be
responsible for nitride segregation at grain boundary [11]. The IPF
and Euler maps revealed the crystallographic orientation of the
grain boundary (Fig. 3b). The ferrite, austenite and TiN have the
same specific crystallographic planes along the same specific
crystallographic directions.

Information on the elemental segregation along the ferrite/
austenite interface are revealed using the TKD-EDS. Fe, Cr, Ni, Mn
and Ti are distinguished with the austenite and ferrite phases
corresponding to a Ni and Cr-rich chemistries, respectively. Though
nitrogen could not be detected in the TKD-EDS, the EDS composi-
tional mapping presented a Ti and Mn rich grain boundary. The Ti
and Mn rich phase as observed in the EDS was hardly indexed by
grade of SAF 2205-TiN composite.

Peak intensity ratio (I/Imax)

1 g �200 a �200 g-220 a �211
4 11.4 16.2 10.9 31.2
9 15.2 21.0 13.6 31.7
0 19.7 17.0 14.9 31.2
6 32.4 21.5 20.4 26.7
.0 41.6 10.6 23.3 17.6



Table 2
Phase fraction data of ferrite (a-Fe) and austenite (g -Fe) obtained from EBSD Analysis for SAF 2205 reinforced with 0 and 4 wt% TiN.

Phase Name Phase Fraction
(%)

Phase
Count

Mean Band
Contrast

Standard Deviation Band
Contrast

Phase Fraction
(%)

Phase
Count

Mean Band
Contrast

Standard Deviation Band
Contrast

SAF 2205 without TiN (S0) SAF 2205 with 4 wt% TiN (S4)
a-Fe (BCC) 45.13 508084 170.34 12.13 27.39 308037 161.08 18.15
g -Fe (FCC) 54.27 610988 177.74 13.46 68.59 771349 171.50 18.25
Zero

Solutions
0.60 6703 122.93 30.72 4.02 45164 98.00 23.94

Fig. 2. EBSD phase maps with Euler and IPF of SAF 2205 reinforced with 0 and 4 wt% (S0 and S4) TiN nanoparticles. The ferrite (a-Fe) and austenite (g -Fe) phases are identified as
red and blue respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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TKD due to non-indexed points that results when the data of the
Kikuchi pattern cannot be indexed. attributed to voids present in
the interaction volume of the electron beam during the TKD
measurement.

3.2. Nanoindentation studies of mechanical properties of grain and
grain boundary

3.2.1. Load-displacement curve of SAF 2205-TiN nanocomposite
The load displacements curves were obtained by performing a

minimum of 10 indents on each of the composite grades. Sub-
stantial distance between each indent is ensured to avoid in-
teractions and possible overlap of indentations. Indentations were
performed separately on i) ferrite or austenite grains; and ii) nitride
dominated ferrite/austenite interface. Characteristic indentation
profile and resulting loadedisplacement curve during loading and
unloading is depicted in Fig. 4. The load displacement curves of the
unreinforced and TiN reinforced duplex stainless steel are pre-
sented in Fig. 5. The load displacement curves exhibited a contin-
uous feature, irrespective of the %wt reinforcement and region of
indentation. Instability in plasticity is however not observed. This
indicates that the dislocation density beneath the indenter is high
with plastic deformation proceeding without nucleation of new
dislocations. Consequently, when indents are performed at the
ferrite/austenite interface of the TiN reinforced stainless steel, the
movement of existing dislocations are restricted and thus pile-up at
the interface without dislocation absorption and re-emission in the
adjacent boundary [31]. The interaction of dislocations at the
interface restricts the penetration of the indenter, thus lowering the
penetration depth at the interface. This lower penetration depth
with TiN addition is attributed to low energy dissipated in the
duplex steels during plastic deformation and the strengthening
effect played by the presence of sintered-in nitrides at the ferrite/
austenite interface. Generally, the penetration depth in the grains
are higher than at the grain boundaries. Pop-in effects were not
observed in the loading and unloading curves, this could be
attributed to the use of spherical indenter. The stress field beneath a
spherical indenter is more diffuse compared with the stress field
under a sharp indenter [14,32].

The penetration depths at maximum load (Hmax) and after
unloading (Hf) are determined in accordance with the expres-
sions in equations (1)e(4) and are presented in Table 3. Equations
(1) and (2) represents the fitting of the unloading portion of both
the grains and grain boundaries with the power function.



Fig. 3a. Low (a) and high (a1) magnification grain boundary TKD maps of SAF 2205 doped with 4 wt% TiN showing g-Fe (blue colour), a-Fe (red colour) and TiN (yellow colour).
Figs. (bef): TKD-EDS showing distribution of elements along the grain boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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P¼a1h
m1 (1)

P¼a
�
h� hf

�m
(2)

where P is the indentation load; h and hf are the instantaneous
indenter displacement and final indentation depth respectively; m,
a, m1, a1 are the empirical fitting parameters. The value of Hmax can
be calculated as expressed in equation (3).

hmax ¼he þ hc (3)

where hc is the contact depth and he is the elastic surface
displacement. Using the Sneddon ’s solution [33], the contact depth
(hc) can be obtained as written in equation (4).

hc ¼hmax � ε

Pmax

S
(4)

where, Pmax ¼maximum indentation load; ε is a parameter related
to the geometry of indenter and S is the contact stiffness. It is found
that the percentage reduction in Hmax with the addition of 2, 4, 6
and 8 wt% TiN amounts to 42.57, 40.62, 38.78 and 42.25% respec-
tively while that of hf amounts to 57.63, 57.28, 57.28, 63.59%
respectively.
3.2.2. Hardness and elastic modulus of SAF 2205-TiN
nanocomposite

The loading and unloading curves for both grain and grain
boundaries of the reinforced stainless steel are analysed, the
reduced elastic modulus (Er) and hardness (H) are estimated using
the Oliver-Pharr method [34]. The Er is the collective elastic
behaviour of steel samples and the indenter and is expressed as:

1
Er

¼
�
1� ws

2�
Es

þ
�
1� wi

2�
Ei

(5)

where ws and wi are the Poisson’s ratio of the sample and the
indenter respectively; Es and Ei are the elastic modulus of the
sample and the indenter respectively. Standardized values of 0.07



Fig. 3b. Grain boundary Euler and IPF maps of SAF 2205 reinforced with 0 and 4 wt% (S0 and S4) TiN nanoparticles.

Fig. 4. Characteristic indentation profile and resulting loadedisplacement curve during loading and unloading.
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and 1141 GPa were used in this study as the wi and Ei of the Ber-
kovich indenter respectively [35]. The ws of 0.3 for 2205 stainless
steel was used while the Es was obtained from the nanoindentation
result data. The grain and grain boundary hardness (H) which
measures the resistance of the samples to indentation is expressed
as:

H¼Pmax
Ap

(6)

Pmax is themaximum applied load, AP is the projected area of the
indented impression.

The variation in H and Er for grains and grain boundaries with
the addition of TiN nanoparticles are presented in Fig. 6. The grain
boundaries H and Er are noted to be higher compared to the grains
irrespective of the amount of TiN nanoparticle reinforcements. The
H and Er at the grain boundaries also increased with the increase in
TiN reinforcement from 0 to 8 wt%. Table 4 revealed the percentage
increase in H and Er from the grain to grain boundary. The per-
centage increase in H and Er of the grain to grain boundary ranges
from 70.12 to 77.89% and 27.09e39.03% respectively. The increase
in H and Er at the ferrite/austenite grain boundary could be linked
to the hardening effect of the grain boundary sintered-in nitrides
(Fig. 3) and interactions of dislocation during nanoindentation.
When indents are made on the grain boundary, plastic strain is
initiated and dislocations tend to pile up at the ferrite/austenite
interface causing a build-up of stresses under the indenter tip.
Soifer et al. [36] reported an increasing trend in hardness in copper
when indents are taken close to the grain boundary. The authors
attributed the increase in hardness at the grain boundary to ther-
mal pre-history; dislocation-grain boundary interaction; and
anisotropy in the slip transfer through the boundary. The increasing
trends of the H and Er at the grain boundaries were not observed at
the grains. Slight variations in the H and Er values with no specific
trend was only noted at the grains. This could be attributed to
variations in H and Er properties of the ferrite and austenite phases.



Fig. 5. Nanoindentation load-displacement curves of ferrite/austenite grains and grain boundaries of the SAF 2205 reinforced with (a) 0 (b) 2 (c) 4 (d) 6 (e) 8 wt%TiN nanoparticles.

Table 3
Analysis of indenter penetration depths at grains and grain boundaries derived from the load-displacement curves.

Series Composite grades Hmax Grains (nm) Hmax GB (nm) Hf Grains (nm) Hf GB (nm) % aRed. depth in Hmax % aRed. depth in Hf

S0 SAF 2205 88.93 e 76.37 e e e

S2 SAF 2205 þ 2 wt% TiN 92.08 52.88 78.59 33.3 42.57 57.63
S4 SAF 2205 þ 4 wt% TiN 84.93 50.43 69.00 29.48 40.62 57.28
S6 SAF 2205 þ 6 wt% TiN 79.81 48.86 65.40 26.01 38.78 60.23
S8 SAF 2205 þ 8 wt% TiN 78.93 45.58 64.85 23.61 42.25 63.59

a Red. ¼ Reduction.
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Variations in ferrite and austenite properties have been reported by
Shamanth and Ravishankar [37].
3.2.3. Elastic/plastic behaviour and wear-resistant properties of the
SAF 2205-TiN nanocomposite

The elastic-plastic behaviour of the SAF 2204-TiN nano-
composites under stresses and strain were investigated. The irre-
versible work during nanoindentation (Wp) and the reversible
work recovered due to viscoelastic processes during unloading
(We) were used to determine the plasticity index (JÞ of the
nanocomposites. The plasticity index f is a parameter that mea-
sures the extent to which a material resists plastic deformation
under stress, it denotes the quantity of energy that is dissipated in
the samples during indentation. Fig. 7a and equation (13) depict the
schematic and expression for calculation plasticity index J.

J¼Wp
Wt

(7)

where Wt is the total work done by the indenter on the composite
during loading and unloading and can be expressed as:

Wt ¼ We þ WP (8)
The results of the calculated plasticity index J values as a
function of TiN nanoparticle addition for both the grains and grain
boundaries of the stainless steel is presented in Table 5 while the
plot of the average plasticity index J is shown in Fig. 7b. Similar
trends in the elastic recovery and plasticity index was observed at
both grains and grain boundaries. It is evident from the Fig. that the
plasticity index J decreased with increase in TiN nanoparticles
from 0 to 8 wt%. Higher plasticity index J indicates large plastic
deformation, therefore the stainless steel grades reinforced with
TiN nanoparticles possess improved resistance to plastic defor-
mation and exhibits enhanced elastic recovery compared to the
unreinforced steel. The g-Fe (FCC) phase has higher hardness
compared to the a-Fe (BCC) phase. The plasticity index f at the
grain boundaries were noted to be lower than those of the grains.
This is obviously due to the role played by the grain boundary ni-
trides in resisting plastic deformation. Hence, the residual pene-
tration of the indenter in the SAF 2205-TiN composites after
nanoindentation is lower at the grain boundaries than the grains.
This results to an increase in the nano-hardness.

The calculatedmean values of the H and E for the grains and grain
boundaries are used to probe the nanocomposite’s resistance to
wear and plastic deformation. The H/Er ratio have been described as
a controlling parameter to a material resistance to wear and elastic



Fig. 6. (a) Variation of grain and grain boundary hardness of the TiN nanoparticles reinforced duplex steel (b) Variation of grain and grain boundary elastic modulus of the TiN
nanoparticles reinforced duplex steel.

Table 4
Percentage increase in H and Er from the grain to grain boundary.

Series Composite grades % increase in H % increase in Er

S0 SAF 2205 e e

S2 SAF 2205 þ 2 wt% TiN 71.19 27.09
S4 SAF 2205 þ 4 wt% TiN 70.12 39.03
S6 SAF 2205 þ 6 wt% TiN 77.89 29.36
S8 SAF 2205 þ 8 wt% TiN 74.79 23.43
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strain to failure [31]. Another important parameter, H3/Er2 (yield
pressure) which describes the resistance of a materials to plastic
deformation is also estimated. An increase in H/Er and H3/Er2 values
denotes improved resistance of a material to wear and plastic
deformation respectively. Since wear is measured by the degree of
material removal which is associated with plastic deformation, the
stated parameters can therefore be effectively used to predict the
wear resistance of sintered composites. The estimated H/Er and H3/
Er2 parameters of the TiN nanoparticle reinforced stainless steel is
presented in Table 6. It is evident from the plot that the resistance to
elastic strain to failure and yield pressure parameters increased with
Fig. 7. (a) The load-displacement schematics for evaluating plasticity index (b) the averag
increase in TiN nanoparticle addition from 0 to 8 wt%. This suggests
that the TiN reinforced duplex stainless steels show improved
resistance to wear and impact loading.
4. Conclusion

Optimized SPS parameters of 1150 �C temperature, 100
�
C/min

heating rate, 50 MPa pressure and 15 min holding time were uti-
lized for sintering of the SAF 2205 with nanosized TiN re-
inforcements ranging from 0 to 8 wt%. XRD was used to study
evolution of secondary phases, crystallinity and ferrite to austenite
transformation of the as-sintered samples. Phase identification and
quantificationwere assessed using EBSD while the ferrite/austenite
grain boundary character was studied using TKD. Hardness, Elastic
modulus, Elastic/plastic behaviour and wear-resistant properties of
the SAF 2205-TiN nanocomposite were evaluated using nano-
indentation. The addition of TiN to the SAF 2205 destabilizes the a-
Fe phase and promoted a-Fe to g-Fe transformation with principal
planes shifting from a-Fe (110) to g-Fe (111). The TKD revealed
nanosized nitrides concentrated at the grain boundary and coex-
isted with ferrite and austenite. The load displacement curves
exhibited a continuous feature with no evidence of pop-in. The
e plasticity index f (grains þ grain boundaries) of the SAF 2205-TiN nanocomposite.



Table 5
Calculated values of grains and grain boundaries plasticity index f parameter for the SAF 2205-TiN nanocomposites.

Series Composite grades Grains plasticity index J G. Boundaries plasticity index J Average plasticity index J

S0 SAF 2205 0.858 e 0.858
S2 SAF 2205 þ 2 wt% TiN 0.853 0.630 0.742
S4 SAF 2205 þ 4 wt% TiN 0.815 0.596 0.706
S6 SAF 2205 þ 6 wt% TiN 0.814 0.518 0.666
S8 SAF 2205 þ 8 wt% TiN 0.790 0.511 0.651

Table 6
Estimation of resistance to Elastic Strain to Failure (H/Er) and Yield pressure (H3/Er2) of the SAF 2205-TiN using mean values of grain and grain boundary H and Er.

Series Composite grades Mean Hardness (GPa) Mean Elastic Modulus (GPa) H/Er Yield pressure (H3/E2)

S0 SAF 2205 4.860 224.960 0.022 0.002
S2 SAF 2205 þ 2 wt% TiN 10.205 345.335 0.030 0.009
S4 SAF 2205 þ 4 wt% TiN 14.945 351.395 0.043 0.027
S6 SAF 2205 þ 6 wt% TiN 16.015 391.470 0.041 0.027
S8 SAF 2205 þ 8 wt% TiN 19.425 411.405 0.047 0.043
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penetration depths at grain boundaries were lower than the
penetration depths at the ferrite/austenite grains. The nano-
indentation studies showed that the nano-hardness (H), elastic
modulus (E), plasticity index j, and anti-wear properties were
improved at the grain boundaries and with the addition of TiN
nanoparticle from 0 to 8 wt%.
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