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Abstract: Exposure of the engine valve to high temperatures led to the degradation of the valve
material due to microstructural instability and deteriorating mechanical properties. Performance
enhancement and alteration in microstructures can be attained through the powder metallurgy
route which is a viable method to produce near net shape components. In this current study, the
development of austenitic stainless steel (21-4N) through the powder metallurgy route as an alternate
material for engine valves was investigated. Mechanical alloying was carried out for the pre-alloyed
mixtures and consolidated using vacuum hot pressing. Sintering parameters were fixed at 1200 ◦C,
50 MPa and at a vacuum level of 10-3 Torr. A scanning electron microscope was used to analyze
the morphology of the milled powders. Densities for the hot pressed powders were compared
with theoretical densities and found to be around 98–99%. Observations regarding grain size, the
presence of austenitic grain, heterogeneous distribution of metal carbides and analysis of chemical
composition along the metal matrix were determined using both optical and electron microscopes.
X-ray diffraction was carried out for both the consolidated and powder samples. The hot pressed
samples exhibited a hardness value of 410 ± 10 Hv. An isothermal compression test for the sintered
samples was carried out at a temperature of 650 ◦C and strain rate of 0.001 s−1. It is showed that
the compressive strength of 1380 MPa. An analysis between the room temperature yield strength
obtained from hardness measurement and the strengthening mechanism based on the microstructure
was conducted. Grain size, dislocation and solid solution are the major strengthening mechanisms
which strengthen the material. Overall, the development of valve steel material through the powder
metallurgy route exhibited improved metallurgical and mechanical properties in comparison to the
corresponding cast product.

Keywords: 21-4N valve steel; mechanical alloying; vacuum hot pressing; powder metallurgy

1. Introduction

Almost all engine valves consist of bi-metallic welded materials, which are composed
of hardened steel stem and a superalloy. Superalloys previously used for valve manu-
facturing include Inconel 751, Pyromet 31 and Nimonic 80A which are resistant to heat,
oxidation/corrosion and wear at elevated temperatures [1]. Due to the higher cost and
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processing requirements of nickel-based superalloys, valve manufacturers initiated the
development of an alternate material consisting of titanium and austenitic stainless steels
(21-4N). Due to the low density of titanium alloys, it had a good strength to weight ratio
when compared to existing materials consisting of nickel superalloys. However, titanium
alloys had poor room temperature ductility, low toughness properties and a high cost of
production [2]. An alternate suitable material to improve strength, resistance to creep,
corrosion and oxidation resistance at elevated temperatures is 21-4N austenitic heat re-
sistant stainless steel [3]. It consists of a high chromium and manganese content which
improve the material properties and provide structural stability. The high pressure and
high operating temperature of automotive valves ranges between 800–950 ◦C, where the
instability in strength was noted [4].

Zhang et al. analyzed the failure of valve heads due to the non-uniform distribution of
temperature in the valve region, which resulted in an increased stress concentration and led
to a crack in valve heads [5]. Similarly, a review of the failure of the engine valve conducted
by Naresh et al. suggested that the principal reason for the failure of the valve is excessive
heating leading to the degradation of valve material, fretting, microstructural instability
and impact load [6]. If the engine valve is deemed poor, the output power decreases or can
even lead to seizure. Overall, analyses regarding automotive failure have been conducted
predominantly in engines [7].

Several researchers carried out the failure analysis of engine valves and interpreted
the cause for its failures. Yu et al. investigated the failure of an exhaust valve made of
5Cr21Mn9Ni4N steel. It was stated that the reason for the failure is the disintegration of the
austenitic structure due to the depletion of chromium from the grain structure. This led to
impaired mechanical properties and subsequently fatigue failure [8]. Kum et al. found that
the thermal deformation of valve heads leads to valve fracture. Moreover, they found that
fractures occurred as a result of non-uniform stress distribution near the valve region [9].

Overall, it can be seen that materials produced through the cast route showed inhomo-
geneous grain growth throughout the product due to the uneven solidification rate during
the casting process. To overcome these defects, alloys were developed through directional
solidification to uplift the mechanical properties along the longitudinal directions. This will
eliminate the weakening of the grain boundary and enhance high temperature mechanical
strength. One such method to obtain high strength with fine grain structure is the powder
metallurgy route. Near net shapes are obtained using the powder metallurgy process
which reduces secondary machining processes such as milling, turning and drilling [10,11].
A better surface finish, close tolerance and post or secondary processing are needed for
many parts in the service industry. With the introduction of powder metallurgy compo-
nents, market review shows that 60% of components will only require one machining
processes [12]. Powder consolidation techniques using vacuum hot pressing will eliminate
unwanted and undesirable reactions within metal matrices due to the lower processing
temperature [13]. Great flexibility during material design and selection can be achieved
using powder metallurgy technique. Due to these advantages, materials developed using
the powder metallurgy route exhibit superior properties in comparison to their counter-
parts developed through traditional methods such as the melting and casting route [14–16].
Components produced through the powder metallurgy route present fine microstructure
and a homogeneous distribution of particles [17]. To consolidate metal powder particles in
order to attain superior strength, hot pressing under vacuum conditions was carried out.
During this process, both temperature and pressure were applied to the powder compacts.
Vacuum condition was used to provide control over the atmosphere to prevent oxidation at
a high temperature. These powder particles consist of a single phase before consolidation. It
is attained by the process of mechanical alloying (MA). Without melting, the solid solution
can be attained by violently deforming the powder mixtures under controlled conditions.
This non-equilibrium process works based on energizing and quenching, whereby the
alloyed materials are brought into the metastable state with the application of pressure
and temperature. Moreover, studies related to hot compression for 21-4N were carried out
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previously using the casting route [18–20], whereas hot compression studies of 21-4N steel
developed using the powder metallurgy route have yet to be reported.

The literature related to the comparison of mechanical and microstructural properties
of similar materials with different processing routes are relatively scarce. Bartolomeu et al.
studied the microstructure and mechanical properties of austenitic 316L stainless steel
developed using both conventional casting and also the powder metallurgy route (hot
pressing). It was reported that 316L stainless steel samples had a coarse grain structure
in cast route whereas they possessed an equiaxed grain structure when developed using
the hot pressing technique. A slight increase in hardness of 6% was reported for 316L
developed through hot pressing. Yield and tensile strength increased by 33% and 50%,
respectively, due to the equiaxed grain structure [14]. Garbacz et al. compared the mechan-
ical and microstructural properties of platinum and rhodium (Pt-Rh) alloys manufactured
using the isostatic pressing and casting route. When subjected to tensile testing, both
the alloys exhibited an increase in tensile property by a factor of 2.5 when compared to
alloys manufactured using the casting technique. The increase in tensile properties for
Pt-Rh alloys developed using the powder metallurgy route can be attributed to grain size
strengthening as a result of the fine grain size when compared with the coarser grain ob-
tained with the casting route [15]. High entropy alloys consisting of Fe-Ni were developed
by Larissa et al. using the cast and spark plasma sintering technique. Alloys developed
using powder metallurgy possessed a nano-sized FCC metal matrix with a uniform and
fine grained microstructure, whereas in contrast, cast alloys showed a coarse grained struc-
ture. Similarly, the mechanical properties were far superior when compared to its cast
products [16]. Overall, the alloys developed through the powder metallurgy route showed
improved mechanical properties when compared to cast products of a similar composition.

In the present work, we developed a suitable substitute for valve materials consisting
of austenitic stainless steel (21-4N) using the powder metallurgy technique. It is very
important that the microstructural stability of the material is evaluated using an optical
micrograph (OM), scanning electron microscope (SEM) along with energy dispersive
spectrum (EDS) and transmission electron microscopy (TEM) studies. The structural
evolution of the powders was studied using SEM, and the X-ray diffraction (XRD) patterns
were also evaluated for the hot pressed samples. The Vickers hardness (HV) for the
consolidated samples was evaluated and compared with results obtained with various
strengthening mechanisms.

2. Experimental Procedures

The chemical composition for the valve material of 21-4N austenitic stainless steel was
developed with ferro-alloy powders of Fe-Ni, Fe-Mn and Fe-Cr which had a particle size of
less than 25 µm. The desired chemical composition of 21-4N heat resistant steel is shown in
Table 1.

Table 1. Individual elemental composition for 21-4N steel.

Alloy Concentration of Elements in wt%

Cr Ni Mn C Si Fe

21-4N 21 4 8.2 0.48 0.40 Rest

To convert the pre-alloyed mixtures into austenitic alloy, high energy planetary ball
milling was used. MA was executed in a Fristch GmbH planetary ball mill with tungsten
carbide balls and vials where the ball to powder ratio (BPR) was 10:1. Ball milling was
carried out for 10 h at 300 rpm with toluene as the process control agent. The structural
morphology of the milled powders at regular intervals were studied using SEM analysis.
Milled powders were consolidated using vacuum hot pressing with a temperature, pressure
and vacuum level of 1200 ◦C, 50 MPa and 10−3 Torr, respectively, for a period of 2 h. A
schematic representation is shown in Figure 1 for vacuum hot pressing. After vacuum hot
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pressing, the dimensions of the consolidated sample obtained were 30 mm in diameter and
12 mm in height as shown in Figure 2.
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Figure 2. Schematic representation of vacuum hot pressed sample.

Vacuum hot pressed samples were analyzed for densification studies, microstructural
examination and phase determination. Metallographic techniques were used to prepare
the sample with ferric chloride as the etchant to reveal the microstructure. The phase
distribution, shape and morphology of both powder and vacuum hot pressed samples
were studied using SEM-EDS. INCA Xsight JOEL–JEM–2100 was used to carry out the
transmission electron microscopy (TEM) study operated at 200 kV. The preparation of
samples for TEM studies was initially carried out with Gatan model 656 for dimpling the
specimens, followed by ion milling with Gatan model 691. Measurement of hardness for the
hot pressed samples was evaluated at room temperature in a Vickers micro hardness tester
using a FIE Model OMEGA hardness tester (Deckenpfronn, Germany). Indentation was
carried out using a diamond intender at a load of 1 kg for a dwell time of 15 s. The bottom
of the test specimens were filed flat before each testing. From each of the three hot pressed
samples, 10 indentations were carried out and each of the indents were spaced 3 mm from
each other. Zwick/Roell Z100 was used to carry out compression testing to evaluate the
compression strength of the hot pressed samples as per ASTM E209, with a strain rate of
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0.001 s−1 and at 650 ◦C. Specimens of cylindrical sizes with a height 10 mm and diameter
8 mm were subjected to uniaxial compression. During hot compression, the sintered
samples were heated through resistance heating and the temperature measurements were
conducted in thermocouples. To reduce the effect of friction during hot compression, the
two ends of the sample were padded with a lubrication sheet consisting of graphite.

3. Results and Discussion
3.1. Structural Morphology of Milled Powders

Pre-alloyed mixtures of the powder particles consisting of ferro-alloys and traces of
elemental powders that were blended inside a tungsten carbide vial are shown in Figure 3a.
From the micrograph, it can be observed that the ferro-alloy particle mixtures consisted of
various shapes such as irregular dentritic and flaky structures. Similarly, the morphology
of the mixtures is shown in Figure 3b,c for a milling condition of 5 h and 10 h, respectively.
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From the SEM morphology, significant variations in size and morphology of the pre-
alloyed powders during the entire milling time at regular intervals can be observed. The
initial condition of the powder particles was soft and ductile. As the milling was carried
out in wet conditions, these soft particles tended to agglomerate with each other during the
early stages. With the continuation of milling, the agglomerated particles break down and
flatten. It is evident that the milled powders are finer when compared to the initial condition
after 5 h of milling. The formation of finer particles is due to the repeated fracturing and
welding between the powder particles due to collisions between ball-powder-vial. Due
to the high impact ball-powder-vial and shearing action between them, a high amount
of energy was transferred to the milled powders. However, after 10 h of milling, the
milled powders were found to be fragmented due to continuous work hardening. The
surface properties revealed that the fracturing of the powder particles was dominant when
compared to cold welding.

From Table 2, several studies carried out on the formation of austenitic stainless steel
through MA are presented and it can be inferred that the formation of austenitic stainless
steel depends on the milling parameters, namely starting materials, milling medium, BPR
and milling time.
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Table 2. Evolution of various austenitic grade stainless steels from different starting powders
through MA.

Elemental/Pre-Alloyed
Mixtures Balls and Vial BPR Milling Speed (rpm) Milling

Time (h) References

304, 316 and 310 Stainless Steel 5:1 300 50 [21]
Fe, Cr, Ni and W Tungsten Carbide 10:1 300 25 [22]

Fe, Ni, Cr, Mo, Al and Mn Stainless Steel 30:1 500 16 [23]
Fe, Cr, Ni, W and Ti Stainless Steel 10:1 380 60 [24]

Fe, Cr, W, Fe-Ti and Fe-Y Stainless Steel 8:1 225 100 [25]
Fe, Cr, Mn and Mo Stainless Steel 25:1 300 60 [26]

Fe, Cr and Mn Stainless Steel 25:1 300 100 [27]
Fe, Cr and Mn Stainless Steel 10:1 400 144 [28]

Fe-Cr, Fe-Ni and Fe-Mn Tungsten Carbide 10:1 300 10 Current study

When compared to stainless steel balls and vials, the kinetic energy of the moving par-
ticles within the vial is higher for tungsten carbide due to its higher density. If the austenitic
stainless steel powders were to be developed from elemental powders, their evolution
would require much more time compared to their development from pre-alloyed mixtures.

3.2. Evaluation of Density for the Hot Pressed Samples

Consolidation of the MA powders was carried out using hot pressing under a vacuum
atmosphere. Density measurements for the vacuum hot pressed samples were performed
using Archimedes principle. Theoretical density was calculated using rule of mixtures and
compared with the hot pressed density as shown in Figure 4. The density attained for the
hot pressed samples is averaged to be 7.67 g/cc which is 98.8% the density when compared
to the theoretical density. A higher density was achieved due to MA, which fractured the
powder particles to produce complicated shapes, which in turn increased the surface area
of the powder particles required for hot pressing. Reduction in the size of the particles led
to the formation of single compacts during hot pressing through grain boundary diffusion
rather than lattice diffusion [29,30]. The high specific area of the powder particles initiated
the surface diffusion mechanism during the initial stages of sintering. As the sintering
progressed, grain boundary diffusion occurred and during later stages volume diffusion
took place to produce highly dense compacts.
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3.3. Metallography Analysis

Figure 5a depicts the optical micrograph of 21-4N austenitic steel developed through
vacuum hot pressing. The microstructure consists of equiaxed austenitic grains with
grain boundary carbides distributed heterogeneously along the grain boundaries. The
formation of grain boundary carbides is due to the slow cooling rate of 25 ◦C/min attained
during vacuum hot pressing. The cooling rate plays an important role in the formation
of metal carbides in an austenitic structure. This 21-4N alloy consists of low nickel and
a high concentration of chromium in the metal matrix. Due to this, the grain boundary
carbides consist of chromium-rich precipitates which are seen as dark phases within the
micrograph. The light region represents austenitic grains. As the temperature for sintering
is high (1200 ◦C), pores are not evident in the micrograph. Growth of grains did not
occur at a faster pace at the beginning stages of sintering. However, at later stages of the
sintering, cycle due to high temperatures, the available pores were rounded off. This can be
interpreted in relation to a larger grain size in comparison to the crystallite size obtained as
a result of MA. The sintering mechanism promotes the volume diffusion process through
grain boundaries which act as vacancy sinks. The coalescence of pores occurs at high
temperatures where grain growth is observed with grain boundaries as pinning points.
Grain growth resulted in the rounding off of pores with little room for vacancies. Similarly,
the density of the samples increased due to grain growth as well as volume diffusion.
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The mean grain size of the austenitic grain was found to be around 7–12 µm as shown
in Figure 5b. The grain size was measured using the intercept method as per ASTM E112.
The size of the grains was much smaller compared to a similar cast product which contained
16 µm and 17 µm sized grains as reported by Ji et al. and Kumar et al., respectively [20,31].
The initial starting size of the powders followed by the MA inhibited the grain growth
during sintering in order to obtain a fine grain size.

The precipitation of carbides along the grain boundaries can still be authenticated
using a SEM-EDS analysis. Figure 6a,b show the SEM-EDS analysis of both the grain and
grain boundaries of 21-4N austenitic stainless steel. The presence of carbide precipitates is
due to the effect of alloying elements within the metal matrix which change the solubility
of carbon in the austenitic matrix. As nickel and manganese are austenitic stabilizers, they
enhance the precipitation of carbides by reducing their solubility within the metal matrix.
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In both the grains and grain boundaries, three sections of EDS measurement were
selected and shown in Table 3. A variation in the chemical composition can be seen from
the EDS analysis. It is evident that elemental migration took place from the grains to the
grain boundary. From Figure 6a, concentration spots (1, 2 and 3) within the grain reveal the
presence of an austenite stabilizing element such as nickel at an appropriate level. Similarly,
at the grain boundary spot in Figure 6b, a higher concentration (1, 2 and 3) of chromium,
carbon and manganese along with iron were found in excess in comparison to the required
elemental composition. In comparison to similar studies conducted by Xu et al., the size
of the carbide precipitates were not larger or continuously dispersed within the metal
matrix [32]. Moreover, the development of the alloy through the powder metallurgy route
led to the formation of fine grains and restricted the size of metal carbide precipitates.

Table 3. EDS concentration of elements both at grain boundaries and grains.

Location Region Concentration of Elements, wt%

Cr Ni Mn C Fe

Grain
1 19.9 3.8 8.5 0.25 Bal.
2 19.2 3.6 8.3 0.30 Bal.
3 18.7 4.1 8.7 0.27 Bal.

Grain
Boundary

1 25.3 4.4 9.2 0.65 Bal.
2 26.4 4.25 9.1 0.70 Bal.
3 24.2 4.3 8.9 0.68 Bal.
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The XRD analysis of the vacuum hot pressed steel is shown in Figure 7, and it can be
confirmed that these metal carbides were mostly composed of M23C6 where M represents
chromium, manganese and iron. The formation of carbides occurred mainly due to the
higher C/Cr ratio. From the metallographic studies, it can be understood that M23C6
nucleates very easily at the beginning when compared to other types of carbides. Moreover,
the structural shape of these metal carbides is of a globular or cellular type. These carbide
precipitates are usually observed near the grain boundaries due to it being a favorable place
for carbon, with an interstitial solid solution capability which rapidly diffuses near the
grain boundaries. The intensity of austenite peaks was dominant when compared to M23C6
peaks. The formation of the M23C6 peak in hot pressed samples is due to slow cooling in
the sintering cycle. During the sintering of MA powders at 1200 ◦C, the peaks of austenite
became intense and sharper with diminished peaks of M23C6. The presence of M23C6 at the
grain boundary improved the material resistance to heat and sliding of grains. Similarly,
Figure 8 shows the XRD analysis of powder particles milled for 10 h. The austenitic peak is
evident from the XRD analysis.
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Figure 9a represents the TEM microstructure of the vacuum hot pressed steel. Within
the austenitic grain, twins were available which indicates the presence of an austenitic
matrix. Face centered cubic crystal alloys have a tendency to form twins within the
microstructure when subjected to cold working and annealing as a result of low stacking
fault energy. Due to low stacking faults, the energy required for twin formation is lower
when compared to grain boundary formation. These kinds of fine austenitic twins are
found as the material is subjected to cold working and annealing during ball milling and
vacuum hot pressing, respectively. Few dislocations were also found within the grains due
to hot pressing. The formation of nano crystalline grains along with dislocations is the
outcome of severe plastic deformation. The dislocations are pinned at the grain boundaries.
This is due to the presence of metal carbides which are present at the grain boundaries
that resist dislocation due to the precipitate strengthening mechanism. These precipitates
will impede movement or dislocation and resists plastic deformation. Due to MA, the
powders consists of residual stresses which act as sites for nucleation [33]. During sintering,
these powders nucleates and give rise to the particle stimulated nucleation phenomenon.
Face centered cubic structures are found to have particle stimulated nucleation. As the
holding time during sintering is 2 h, some grains nucleate near the grain boundaries. This
is because a favorable place for grain nucleation is near the grain boundaries which are also
the locations for rapid diffusion when compared to a lattice. From Figure 9a, few grains
are seen in between the grain and grain boundary region. Grain sizes of the TEM samples
were determined by the method of linear intercept. The mean grain size of 1 µm was
obtained for the samples developed through vacuum hot pressing as shown in Figure 9b.
Cast products with similar compositions had large precipitates of carbides along with
σ-phases which were not visible near the grain boundary in the current study [3]. Due
to the particle stimulated nucleation phenomenon, very few residual carbides were seen
within the metal matrix along with the formation of grains and grain boundaries. Similarly,
as the material was manufactured using MA and subsequently consolidated using hot
pressing, σ-phases and other intermetallics were not visible as sintering took place under a
vacuum atmosphere. The selected area diffraction (SAD) pattern, as shown in Figure 9c,
indicates the formation of a nanocrystalline structure even after the consolidation of MA
powders at 1200 ◦C. The rings represent the formation of nano crystallite structures of the
metal matrix. Correspondingly, the outer ring represents the formation of face centered
cubic structures, namely (111) and (222), respectively. Both the austenitic matrix and
precipitates of the carbides co-exist within the metal matrix due to the fact that both have
face centered cubic structures.
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3.4. Hardness Measurement

Measurement of hardness was carried out using Vickers microhardness. Table 4 shows
the hardness value in comparison with other 21-4N heat-resistance steels manufactured
through other processing routes. The hardness obtained through the powder metallurgy
process was higher when compared to the hardness obtained through other processing
techniques. The increase in hardness is due to the higher sintering temperature during the
vacuum hot pressing technique [34]. Moreover, it can be seen that the presence of nano
crystalline structures led to the formation of a fine-grained metal matrix which was evident
from the microstructural analysis from Figure 9b which resulted in superior hardness for
the alternate valve steel material developed using the powder metallurgy route. Similarly,
the availability of precipitate strengthened metal carbides distributed heterogeneously
(not as continuous structure) near the grain boundaries which had a significant effect
on the increase in hardness. This acted as a strengthening mechanism in the formation
of precipitates.
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Table 4. Comparison of hardness values obtained for different valve steel made of 21-4N material.

Sl No. Manufacturing Method Hardness Value (Hv) References

1 Casting 360 ± 15 [3]
2 Casting 320 ± 10 [35]
3 Casting 290 ± 10 [4]
4 Casting 375 ± 15 [36]
5 Hot rolled 343 [31]
6 Powder Metallurgy 410 ± 10 Present Study

3.5. Hot Compression Measurements

Figure 10 represents high temperature compression stress strain curves for 21-4N steel
at 650 ◦C and 0.001 s−1. Superior strength of 1340 MPa was reported for the material devel-
oped using the powder metallurgy technique. The flow stress hump that can be seen within
the compressive stress strain graph is due to the formation of dynamic recrystallization
which accumulates during the straining [37]. Figure 11a illustrates the micrograph of hot
compressed samples at a temperature 650 ◦C and strain rate of 0.001 s−1. Local bulging
along with serrated irregular boundaries are indicated by arrow marks from Figure 11b.
In the SEM micrograph, the serrated irregular boundaries are due to the movement of
dislocations near the regions. Due to the fine microstructure, shearing of the particles is
avoided, leaving behind deformations in the form of bulging. Similarly, near the serrated
boundaries the structure consists of early stages of recrystallization. When compared to the
compression test of the 21-4N cast product, steel developed through the powder metallurgy
route showed higher compressive strength with a higher strain rate. Materials developed
through cast products showed a decreasing trend in hot compressive strength. Huang et al.,
reported a maximum hot compressive stress value of 350 MPa with material developed
through cast product [38]. Similar results of 350 MPa were reported by Li et al., and Ji et al.,
for 21-4N material developed through the cast process [19,20]. This can be attributed to
the fact that inhomogeneous distribution of grain growth from the surface to inner layers
occurred during uneven solidification rate. The development of the homogeneous and
fine microstructure attained as a result of the powder metallurgy processing route showed
substantial improvement in hot compressive values when compared to materials processed
using the cast route.
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3.6. Corresponding Relationship between Mechanical and Microstructural Properties

The strength of the material at room temperatures was calculated and compared with
the strengthening mechanism. As stated in Equation (1), the strength of the material at
room temperatures was obtained with hardness measurements, where Hv is the value of
the obtained hardness in terms of MPa and σy is the yield strength [39]. A multiplication
factor of 9.8065 was used to convert the obtained hardness from Hv to MPa [40]. The value
of yield stress as per Equation (1) is 1340 MPa.

σy =
1
3

Hv (1)

For any alloy, the calculation of yield strength is also based on the combined contribu-
tion of the various strengthening mechanisms as stated in Equation (2) [39].

σy = σss + σgs + σdis (2)

where σss is strengthening due to a solid solution, σgs is grain size strengthening and σdis
strengthening due to dislocations. The effect of solid solution strengthening in an alloy is
mainly due to both substitutional and interstitial types of elements present in the system.
In the present study, substitutional elements consisted of chromium, nickel and manganese
which were the major alloying elements. Meanwhile, the presence of interstitial or minor
alloying elements based on their wt% was neglected, which in this case was carbon. The
solvent iron which is strengthened due to substitutional elements is given by Equation (3) [41].

σss = 0.00689KXn (3)

where “K” is coefficient of strengthening and the corresponding values of “K” for the
elements chromium, nickel and manganese are 1400, 6100 and 7000, respectively, “X”
represents the elemental concentration in the present alloy in terms of atomic percentage
and “n” is the constant valued 0.75 [42]. The effect of strengthening due of solid solution
for the current study is found to be 447 MPa from Equation (3). The Hall Petch relation
can be used to calculate the strengthening effect as a result of fine grain structure as per
Equation (4).

σgs = σo + kd
−1
2 (4)

where “σo” is taken as 30 MPa for iron alloys which is known as friction stress, “k” is a
constant and taken as 0.4 MN/m2 for austenitic stainless steel grain sizes of less than 3 µm
and “d” is the grain size (in meters) for the alloy [43]. Taking the average grain size of the
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samples from Figure 9b as 1 µm, the yield strength due to grain boundary strengthening
is 430 MPa. The increase in strength due to dislocations present in the alloy is calculated
using Equation (5) [44].

σdis = αMGb
√

ρ (5)

The efficiency of the hardening effect induced due to dislocation is denoted by “α”
which as a constant ranges from 0.1 to 0.5, where the mean value is taken for calculation [42].
For a given FCC structure, “M” denotes Taylor’s factor which is 3, “G” is termed as modulus
of rigidity and for pure iron it is 83 GPa, “b” is burgers vector and for the FCC material it is
0.251 nm. Dislocation density for the vacuum hot pressed samples is expressed as “ρ” and
is taken as 5× 1014 m−2 [45]. From Equation (5), as a result of dislocation strengthening, the
yield strength is 419 Mpa. From Equation (2) the overall yield strength obtained from the
strengthening mechanisms, namely solid solution strengthening, grain size strengthening
and dislocation strengthening can be found to be 1296 MPa. The obtained theoretical value
as per Equation (1) is slightly overestimated by 3.39% which is in good agreement with the
summation of all contributed strengthening mechanisms. The overestimated observation is
due to either the summation or overestimation of individual strengthening contributions.
Alloys consisting of solid solution strengthening lead to overestimation as a result of friction
stress. The factor of friction stress is dependent on temperature, dislocation and slip system.
Chauhan et al. reported that when comparing the calculated and measured values of yield
stress, a small amount of overestimation for all alloys up to 53 Mpa occurs, whereas smaller
values of 30 MPa were also reported by Li [42,46].

4. Conclusions

The current study reported on the development and evaluation of mechanical and
microstructural properties of 21-4N austenitic steel through the powder metallurgy route.
Parameters used for sintering gave rise to a balanced austenitic structure when compared
to cast products with a similar composition. The 21-4N austenitic valve steel developed
through MA to obtain a nano-crystalline structure led to the following conclusions.

During the initial stages of milling, pre-alloyed mixtures were soft and ductile. A
prolonged milling time leads to the cold welding of particles and break down due to
repeated fracturing. The morphology of the milled powders revealed that the fracturing of
powder particles was dominant when compared to cold welding.

MA powders were consolidated using vacuum hot pressing which had a density of
98% in comparison to the theoretical density of the samples. High dense samples were
obtained due to grain boundary diffusion and volume diffusion during sintering.

SEM-EDS studies revealed the presence of carbide precipitates near the grain bound-
aries. XRD analysis of the hot pressed samples confirmed the precipitates as M23C6,
whereas these precipitates were not present in the powder particle. The formation of M23C6
carbide particle is due to slow cooling in the sintering cycle.

The TEM analysis revealed the presence of austenitic twins as materials were subjected
to cold working and annealing. Dislocations were present within the metal matrix as an
outcome of severe plastic deformation which is due to hot pressing. A fine grain structure
was revealed during the TEM analysis with a mean grain size is of 1 µm.

When compared to other conventional processing techniques, the hardness value of
410 ± 10 Hv obtained through the powder metallurgy route was higher. The presence of
a nano crystalline structure led to an increase in the hardness value. Evaluations of the
strengthening mechanism clearly reveal that strengthening due to solid solution, grain size
and dislocations are the dominant forces which increase the structural rigidity of the alloy.

Substantial improvements in the hot compression value of 1340 MPa were reported
for 21-4N austenitic valve steel when compared to similar material developed through the
cast product technique. The development of fine microstructure throughout the material
resulted in the increase in hot compression values.



Crystals 2022, 12, 923 15 of 17

With the obtained results, 21-4N austenitic valve steel developed through the powder
metallurgy route was demonstrated to have better strength and structural rigidity for the
metal matrix which can be used for high temperature applications.
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