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A B S T R A C T   

One of the key goals of processing 316L stainless steel by powder metallurgy (PM) techniques is to achieve 
industrial-viable tensile properties without structural defects like poor densification, undesired phase transitions, 
and oxidation during high-temperature sintering. To address this, this study adopts high-pressure torsion to 
fabricate a fully dense structure at ambient temperature through cold consolidation. The samples fabricated by 
the present PM-based technique exhibits considerably enhanced tensile properties compared to counterparts 
processed by conventional PM techniques, with a remarkable yield strength of 1 GPa and total elongation of 
46%. Additionally, the segregation of certain elements during subsequent annealing results in a unique micro-
structure with nano-scale sigma precipitates which induces dislocation pile-up, leading to improved yield 
strength and retarded dislocation motion. The results indicate that the present PM-based route is an applicable 
technique to achieve the strength-ductility synergy in 316L stainless steel.   

1. Introduction 

316L stainless steel is one of the most widely used alloys in aero-
space, marine, and automotive industries, which has excellent me-
chanical properties [1], and high corrosion and wear resistance [2]. As 
an innovative advance in processing this versatile alloy, it has been 
fabricated through the casting and powder metallurgy (PM) technique 
for various applications [3]. Alloys processed by conventional PM 
methods, including powder injection molding (PIM), metal injection 
molding (MIM) [4], and spark plasma sintering (SPS) [5] have been 
reported abundantly in recent years. These PM-based techniques are 
mostly proceeded by compacting the blended powders followed by 
sintering them at high temperatures. However, the alloys fabricated by 
the PM techniques are mostly deficient in tensile ductility compared to 
the casting counterpart and not preferentially favorable for structural 
applications [6]. The lack of tensile elongation in the PM-processed 

alloys is attributed to their pores, contamination, undesired phase 
transition, and oxidation during sintering at high temperatures [7]. 

To achieve the sought tensile properties using the PM processes, the 
pores should be minimized, and the processing temperature needs to be 
reduced to prevent unwanted phase transformations and oxidation. 
Utilizing severe plastic deformation (SPD) such as high-pressure torsion 
(HPT) on powders can lead to a dense structure at room temperature. 
Powder HPT processing can impose an intensive strain, resulting in 
nanocrystalline microstructures. However, the HPT-processed speci-
mens commonly present limited ductility due to the HPT-induced high 
(usually upper limit) dislocation density. Therefore, subsequent 
annealing is useful for fine-tuning the dislocation density to recover the 
ductility. This post-HPT annealing should be conducted at a lower 
temperature and short annealing time to maintain the nano/ultrafine 
grains by avoiding grain growth, which is notably lower than the con-
ventional sintering temperature. The feasibility of this novel cold 
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consolidation technique was verified by the fabrication of high/medium 
entropy alloys [8,9], composites [10,11], and layered structures [12,13] 
with superior mechanical properties. 

In the present study, we attempt to fabricate 316L stainless steel with 
a single face-centered cubic (FCC) phase using the novel PM-based 
fabrication route to achieve a nanocrystalline microstructure, while 
the post-HPT annealing is generally feasible to generate a secondary 
phase such as sigma (σ) phase. It was reported that coarse precipitation 
of σ phase in duplex stainless steels deteriorates the mechanical prop-
erties due to its brittle and incoherent features [14–16]. Therefore, it is 
noted how the σ phase contributes to the tensile properties and the 
microstructure in this technique. 

2. Experimental procedure 

2.1. Sample preparation 

As-received gas-atomized 316L stainless steel powders with the 
chemical composition shown in Table 1 were used. The powders are 
nearly spherical with an average diameter of ~92.62 μm measured with 
the powder size analyzer (Malvern, Master size 2000) as shown in Fig. 1. 

The powders were put into cylinder-shaped rods and were pre- 
compacted under a pressure of 20 MPa operated by a press machine to 
produce the disk-shaped samples with 10 mm in diameter and 2 mm in 
thickness. All of the samples were subject to the HPT process at a 
pressure of 5 GPa and 4 turns with speeds of 1 revolution per minute. An 
entire schematic of powder cold consolidation using HPT is illustrated in 
Fig. 2a. Then, post-HPT annealing was subsequently operated on the 
HPT-processed samples at 700 ◦C for 15 min (A700-15) and 1 h (A700- 
60) and at 800 ◦C for 15 min (A800-15) and 1 h (A800-60) under Ar 
atmosphere. The annealed samples were manufactured into dog-bone- 

shaped specimens with 1.5 mm in gauge length and 0.7 mm in thick-
ness at 2.5 mm far from the center (Fig. 2b). 

2.2. Microstructure characterization 

The microstructural investigation was analyzed by field emission 
scanning electron microscope (FE-SEM, JEOL-7100F, JEOL, Japan) 
equipped with backscattered electron (BSE), electron dispersive X-ray 
spectroscopy (EDS), and electron backscatter diffraction (EBSD) de-
tectors. The phase evolution was characterized by synchrotron X-ray 
diffraction (XRD, 8D XRS, Pohang Accelerator Laboratory, the Republic 
of Korea, filtered with Si(111) monochromator, λ = 1.5404 Å). The 
convolutional multiple whole profile (CMWP) method was conducted on 
the result of X-ray line profile analysis (XLPA) to evaluate the dislocation 
density in the as-HPT and A700-60 samples. Also, a time-temperature- 
transformation (TTT) curve is calculated by ThermoCalC software 
based on TCFE11 and MOBFE6 databases for clarifying the precipitation 
of sigma phase. Transmission electron microscopy (TEM, JEM-2100F, 
JEOL, Japan) was operated to analyze the effect of precipitates on the 
microstructure with scanning transmission electron microscopy bright 
field (BF) images and selected area diffraction (SAED) patterns of the 
precipitates. The TEM sample was thinned using mechanical polishing 
until a thickness below 90 μm, followed by jet-polishing in a solution of 
90 % CH3COOH and 10 % HClO4 on a condition of 20 V and 25 ◦C. 
ImageJ software was used to calculate the size and area fraction of the 
precipitates. 

2.3. Mechanical testing 

Vickers hardness test (Future-tech, FM-700, Japan) was measured at 
spacings of 0.1 mm from the center of the disk under 100 gf for 15 s. 

Table 1 
Chemical composition of the 316L stainless steel powders.  

wt% Fe Ni Cr Mo C Mn Si P S 

316L stainless steel Bal. 11.25 16.92 2.25 0.013 0.75 0.68 0.01 0.006  

Fig. 1. (a) SEM - SE image of the gas-atomized 316L stainless steel powders, and (b) Particle size distribution of these powders.  

Fig. 2. (a) A schematic of powder cold consolidation using HPT, and (b) the dog-bone-shaped tensile specimen geometry fabricated by the disk samples.  
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Densification measurement was evaluated using the Archimedes method 
(METTLER TOLEDO, Balance XPR205DRV, Switzerland). The dog-bone- 
shaped specimens were applied on tensile tests at a strain rate of 10− 3 

s− 1 (Instron 1361, Instron Co., Germany) with digital image correlation 
(DIC, ARAMIS 5 M, Germany) technique for precise strain measurement. 

3. Results 

3.1. Densification optimization 

Fig. 3a indicates the microhardness profile at various turns (1, 2, and 
4) of HPT from the center to the periphery of the disks. In the HPT- 
processed sample with 1 and 2 turns, the microhardness is inclined to 
be a non-uniform distribution which is higher prominently in the pe-
riphery region than in the center region of the disk. The higher strains 
exposed in the periphery region induce the non-uniform distribution of 
the microhardness due to the rotational nature of HPT, causing a 
gradient of deformation across the sample. The higher strains in the 
periphery result in a greater accumulation of dislocations, increased 
grain refinement, and subsequently higher microhardness in that region 

compared to the center [17]. However, the microhardness of both the 
center and periphery regions in the HPT-processed sample with 4 turns 
increases distinctly, and these values become uniformly distributed 
across the entire region of the disk [18]. The accumulated plastic 
deformation and dynamic recrystallization lead to uniform strain dis-
tribution, finally resulting in a more refined and homogeneous micro-
structure according to the homogeneous microhardness result. 

Also, Fig. 3b and Table 2 show the density of the samples at each 
condition measured using the Archimedes method. The relative density 
compared to the wrought specimen is ~93.6% just after pre- 
compaction, ~98.7% after the HPT process by 1 turn, and finally 
reached ~99.6% after 4 turns, which surpasses the relative density 
values of 316L stainless steel processed by other PM techniques [3,19]. 

Fig. 4 displays SEM - SE micrographs of the central regions of the as- 
HPT samples subjected to 1, 2, and 4 turns of the HPT. In the sample 
subjected to 1 turn, pores align with powder boundaries and concentrate 
at junctions between powder particles. This distribution is attributed to 
the lower strains of the 1-turn HPT process. As the number of HPT turns 
increases, pores diminish, leading to a more consolidated microstruc-
ture, achieving full density in the as-HPT sample with 4 turns. 

3.2. Microstructural characterization and phase evolution after post-HPT 
annealing 

The EBSD-inverse pole figure (IPF), corresponding image quality 
(IQ) overlapping with the grain and coincidence site lattice (CSL, Σ 3~ Σ 
11) boundaries, Kernal average misorientation (KAM), and IPF texture 
maps of the annealed samples are demonstrated in Fig. 5a–d. It is 
observed that the average grain size increases from ~709 nm in the 
A700-15 sample to ~1.39 μm in the A800-60 sample as the annealing 
time and temperature increase. Also, the nanocrystalline grains induced 

Fig. 3. (a) Microhardness distribution at each turn (1, 2, and 4 turns) of HPT across the diameters of the disk samples, and (b) density evolution at each stage (Pre- 
compacted, 1 turn, and 4 turns of HPT processed) of the powder HPT cold-consolidation. 

Table 2 
Relative densities of each step during the powder cold-consolidation and 
annealing using high-pressure torsion.  

Process Measured density, g/cm3 Relative density, % 

Pre-compacted 7.47 ± 0.22 93.6 ± 2.8 
HPT processed (1 turn) 7.78 ± 0.17 97.4 ± 1.5 
HPT processed (4 turns) 7.95 ± 0.03 99.6 ± 0.3 

Theoretical density 7.98 100  

Fig. 4. SEM - SE images of center areas of the as-HPT samples with (a) 1, (b) 2, and (c) 4 turns of HPT.  
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by HPT and the enlarged grains with some annealing twins are properly 
distributed in the microstructure after post-HPT annealing. The low- 
angle grain boundaries (LAGB) with the misorientation angle of less 
than 15◦, and high-angle grain boundaries (HAGB) with that of higher 
than 15◦ are indicated with red, and black lines, respectively. In all post- 
HPT annealed samples, the fraction of annealing twins (fT) identified as 
CSL boundaries, which are marked in green lines, increases with higher 
annealing temperatures or prolonged annealing times, showing a direct 

correlation between the degree of recrystallization and annealing con-
ditions. The corresponding KAM maps of the post-HPT annealed samples 
display measurements up to the third nearest neighbor Kernel with a 
maximum misorientation of 5◦. All the annealed samples have an 
average KAM value below 1◦. Geometrical necessary dislocations (GND) 
tend to accumulate at boundaries between recrystallized and nano-
crystalline grains. However, as annealing time or temperature increases, 
the average KAM value decreases due to a reduced GND density and an 

Fig. 5. EBSD inverse pole figure (IPF) maps, image quality (IQ) maps with LAGB in red lines, HAGB in black lines, and CSL boundary (Σ3~ Σ11) in green lines, 
Kernal average misorientation (KAM) maps and IPF textures of the (a) A700-15, (b) A700-60, (c) A800-15, and (d) A800-60 samples. The fraction of average grain 
sizes (davg), annealing twins (fT), and average KAM value (KAMavg) are displayed for each microstructure. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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increase in grain size [20]. Fig. 6 demonstrates the textures of the 
post-HPT annealed samples as represented by orientation distribution 
function (ODF) maps at φ2 = 0◦, and 45◦ sections. The initial micro-
structures of all the annealed samples basically show strong intensities 
along the deformation texture components of γ-Fiber with Copper 
texture featured typically in severely deformed FCC structures. These 
textures tend to shift to Cube and Goss textures, revealing weak intensity 
at φ2 = 0◦, indicative of the typical annealed texture during recrystal-
lization in the post-HPT annealing process [21,22]. 

The XRD patterns of the as-HPT and the post-HPT annealed samples 

are shown in Fig. 7a. The XRD patterns present body-centered cubic 
(BCC) α′-martensite peaks in the as-HPT sample, confirming the strain- 
induced martensitic transformation during HPT [23]. The combination 
of high pressure and shear strain imposed by HPT leads to the reor-
ientation of the crystal structure, resulting in the formation of 
α′-martensite. However, the BCC peaks are not detected in the post-HPT 
annealed samples, indicating that the reverse phase transformation from 
BCC to FCC occurs during the post-HPT annealing [8,9]. The heat 
treatment provides the activation energy for atomic rearrangement and 
diffusion, allowing the material to revert back its original austenitic 

Fig. 6. Textures of the post-HPT annealed samples represented by φ2 = 0◦, and 45◦ orientation distribution function (ODF) sections, derived from EBSD texture 
measurements. These textures originated from typical rolled components of FCC alloys. 

Fig. 7. (a) XRD patterns of the as-HPT sample and the post-HPT annealed samples under various conditions, (b) Magnified XRD patterns of (a) in the 2θ range 
of 38◦–49◦. 

Table 3 
Peak index used on the calculation and the dislocation densities of the as-HPT and annealed samples through the CMWP method based on the XLPA results.  

Sample 2 theta Index Dislocation density, m− 2 

AS-HPT 43.60 50.57 74.66 90.47 95.89 (111) (200) (220) (311) (222) 6.42 × 1015 

A700-15 9.37 × 1014 

A700-60 1.25 × 1014 

A800-15 1.11 × 1014 

A800-60 7.64 × 1013  
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phase. On the other hand, there are minor secondary peaks in all 
annealed samples intensively from 38◦ to 49◦, which could be related to 
the σ phase (Fig. 7b) [24,25]. It can be deduced from the results pre-
viously reported about the typical σ phase formation in heat-treated 
316L stainless steels in the temperature range of 600–900 ◦C [26–28]. 
Furthermore, the TTT curve was plotted using ThermoCalC software to 
elucidate the sigma phase evolution of 316L stainless steel in this 
research, confirming that the sigma phase precipitation occurs at 
700–800 ◦C (Fig. S1). 

The dislocation densities in the austenite phase of the as-HPT and 
post-HPT annealed samples are calculated by the CMWP method from 
the XLPA results, as shown in Table 3. The post-HPT annealing decreases 
the dislocation density from 6.42 × 1015 m− 2 in the as-HPT condition. 
The dislocation density of A800-60 (7.64 × 1013 m− 2) is much lower 
than that of the as-HPT sample, due to reduced opportunities for GND 
emission from grain boundaries during post-HPT annealing. 

3.3. Tensile properties 

The mechanical properties of the as-HPT and samples annealed at 
each condition are illustrated in Fig. 8a. The as-HPT sample reaches the 
superior yield strength of ~1.85 GPa with total elongation of ~15.8% 
(Table 4). For the as-HPT and A700-15 samples, strain softening is 
observed at the early onset of necking. This phenomenon is attributed to 
dislocation creation and absorption at grain boundaries, often observed 
in nanocrystalline alloys fabricated by SPD [29]. The as-HPT and 
A700-15 sample exhibit a significant reduction in ductility, attributed to 
substantial dislocation density with ultrafine grained (UFG) micro-
structures. This reduction is primarily due to early plastic instability 
driven by their high yield strength and limited strain-hardening capac-
ity. However, it is known that post-HPT annealing induces the annihi-
lation of dense dislocations and grain growth with increased time and 
temperature [17,18,29]. These factors contribute to reduced 
HPT-induced dislocations, leading to enhanced strain-hardening ca-
pacity. Conversely, the evolution of incoherent precipitates within the 
matrix results in a limited strain-hardening capacity, as these pre-
cipitates cannot effectively block or generate dislocations over pro-
longed straining. The interplay between dislocation density annihilation 
and precipitation evolution influences the ductility of the post-HPT 
annealed samples. Therefore, a strength-ductility trade-off is evident 
in the post-HPT annealed samples, with enhanced ductility being pri-
marily governed by dislocation annihilation and alleviated precipitation 
at elevated temperatures and/or longer durations. Especially, the 
A700-60 sample is estimated to have a remarkable result of yield 
strength of ~1 GPa with total elongation of ~46%. Fig. 8b illustrates the 
strain hardening rate (SHR) with corresponding true stress-strain curves. 
For the as-HPT and annealed samples, the SHR curves initially drop 
drastically, which could be related to the yield drop phenomenon usu-
ally observed in UFG materials caused by discontinuous yielding 

[30–33]. Then, the SHR curves of the A700–60, A800-15, and A800-60 
samples increase with strain and reach relatively constant values until 
the onset of plastic instability. These plateau ranges are induced mainly 
by restrained movement of dislocations locked around densified grain 
boundaries and nano-scale precipitates in grain interior [34,35]. The 
SHR curve of these samples decreases after reaching ultimate tensile 
strength due to plastic instability of materials. 

Fig. 9 demonstrates the microstructural analysis of the A700-60 
sample at local strains of ~15% (at the middle of the plastic region) 
and ~25% (at the region close to the onset of necking). The grains are 
elongated, and mechanical twins are not identified while the true strain 
increases, as illustrated in the EBSD-IPF maps. The corresponding Kernel 
average misorientation (KAM) maps at two strain levels demonstrate the 
accumulation of dislocation into the lattice during plastic deformation. 
The average KAM values are increased with the increment of the local 
strain from 0.87 to 0.92, indicating that the dislocation gliding mecha-
nism predominantly governs the plastic deformation in this sample. It 
means that the increase in the KAM value indicates an increase in local 
misorientation of the lattice due to dislocation accumulation. Finally, 
the nanocrystalline structure and nano-scale σ precipitates in the A700- 
60 sample play a pivotal role in activating dislocations during tensile 
testing, which is crucial for the enhanced elongation of the sample. This 
mechanism includes the hindrance of dislocation movement, predomi-
nantly through Orowan looping around the precipitates and the accu-
mulation of dislocations at grain boundaries. Also, it significantly 
influences the development of stacking faults and nano-twins, thereby 
greatly enhancing the ductility observed in the A700-60 sample [8,36]. 

The yield strength and total elongation of the present samples are 
compared with the other PM-processed 316L stainless steels in Fig. 10 
and Table S1. The present study exhibits superior yield strength and 
total elongation compared to the other conventional PM techniques. The 
advantages are particularly noticeable in cases such as A700–15, A700- 
60, and A800-15, especially when compared to research involving bulk- 
HPT annealed materials. The present outstanding tensile properties 
originate from the novel powder cold-consolidation and annealing that 
induces the utmost densification, nano/ultrafine-grained microstruc-
ture, substantial dislocation densities, and nano-scaled precipitates. 

Fig. 8. (a) Engineering stress-strain curves of the tensile test for the as-HPT and post-HPT annealed samples, and (b) corresponding true stress-strain curves (dash- 
line) and strain hardening rate-true strain curves of the as-HPT and post-HPT annealed samples. 

Table 4 
Tensile properties, including yield strength (YS), ultimate tensile strength (UTS), 
total elongation (T. El), and uniform elongation (U. El) of each sample.  

Process YS , MPa UTS, MPa T. El, % U. El, % 

AS-HPT 1850 ± 29 1889 ± 42 15.8 ± 0.4 3.6 ± 0.5 
A700-15 1260 ± 11 1260 ± 7 28.5 ± 1.2 1.7 ± 0.3 
A700-60 995 ± 8 1085 ± 15 44.8 ± 0.5 25.0 ± 1.7 
A800-15 843 ± 15 957 ± 9 45.1 ± 1.4 27.9 ± 1.9 
A800-60 688 ± 13 818 ± 17 68.8 ± 1.8 35.6 ± 2.5  
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3.4. Elements segregation and precipitates evolution in A700-60 

It is necessary to conduct a thorough microstructural investigation 
about A700-60 sample which has the excellent combination of strength- 
ductility beyond the grain refinement strengthening. Fig. 11a shows the 
BSE image of A700-60 that features subgrain-sized precipitates in the 
junction of grain boundaries around the FCC matrix. Elemental distri-
bution analysis using line-scanned EDS accurately shows an abundance 
of Cr and Mo, while Fe and Ni are depleted in the marked area along the 
precipitate (Fig. 11b). It demonstrates that the Cr and Mo segregated 

precipitates form in the energetically unstable areas such as the grain 
boundaries during the post-HPT annealing. 

The BF-TEM image of the A700-60 sample is specifically displayed 
about the microstructures in Fig. 12a. The annealed microstructure 
consists of equiaxed grains with two different types of precipitates. The 
dark precipitates with equiaxed morphology can be seen in the grain 
boundaries, and the black dot precipitates can be found in the grain 
interiors. To certify the formation of the Cr and Mo segregation in the 
black dot precipitates, a map scanning on the selected area of the BF- 
TEM image in Fig. 12a is conducted using TEM-EDS (Fig. 12b). The 
EDS results of the selected area of A700-60 sample show that fine- 
equiaxed precipitates dispersed in the grain interior as well as along 
the grain boundaries exhibit Cr- and Mo-segregated distribution in the 
region with the precipitates. 

These two types of precipitates take on different sizes throughout the 
microstructures due to the different nucleation mechanisms. The pre-
cipitates formed along the grain boundaries show a relatively coarse 
(RC) size of about 150~300 nm (Fig. 13a). Fig. 13a also exhibits the 
emergence of RC precipitates between the deformed and recrystallized 
areas, and the accumulation of dislocations around their boundaries in 
the A700-60 sample (Fig. 13a2). Fig. 13b illustrates the SAED pattern 
from one of the RC precipitates presented in Fig. 13a, indicating that the 
RC precipitate consists of the body-centered tetragonal (BCT) structure 
with a [110] zone axis known as σ phase in stainless steels [37]. On the 
other hand, the precipitates nucleated in the grain interior are relatively 
fine (RF) with a size of about 20~60 nm (Fig. 13c). The SAED pattern 
from the RF precipitates indicates the BCT structure with a [410] zone 
axis, demonstrating the feasibility of segregation and nucleation of the σ 
phase in a lower energy region, such as grain interior and subgrain 
boundaries (Fig. 13d). Fig. 14 depicts the hindrance of dislocation 
accumulation by nano-sized precipitates and at segregation sites such as 
grain boundaries, preventing dislocation annihilation during annealing 
and maintaining residual dislocations. These precipitates and segrega-
tion sites result in higher dislocation densities even after post-HPT 
annealing. 

Fig. 9. Major strain distribution map of the A700-60 sample direct before the fracture during the tensile test and EBSD-IPF and corresponding KAM maps at two 
different local strains of ~15% and ~25%. 

Fig. 10. Comparison of yield strength vs. total engineering elongation of the 
present work with other 316L stainless steels processed by other PM techniques 
such as conventional PM (C/PM) which includes a uniaxial press and sintering, 
PIM, MIM, SPS, additive manufacturing processed by direct energy deposition 
(DED) and powder bed fusion (PBF), wrought materials, and bulk materials 
processed by HPT and post-annealing (Bulk-HPT/annealed). The tensile prop-
erties of each reference of 316L stainless steel are listed in Table S1. 
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Fig. 12. (a) BF-TEM image with yellow-colored marked area of the A700-60 sample, and (b) TEM-EDS maps of the A700-60 sample from the marked area in (a). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. (a) BSE image with (b) an EDS line scanning from a precipitate marked with lines along the direction.  

Fig. 13. High resolution (HR)-TEM images of RC precipitates (a1, a2) at the junction of grain boundaries in the A700-60 sample with (b) the corresponding SAED 
patterns, and HR-TEM images of RF precipitates (b1, b2) in the interior of grain in the A700-60 sample with (d) the corresponding SAED patterns. 
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4. Discussion 

4.1. σ phase evolution during post-HPT annealing 

The severely deformed nanocrystalline structure of as-HPT includes 
α′-martensite formed by strain-induced martensitic transformation, as 
observed in XRD results in Figs. 6a and 15a. Further, it exhibits the 
metastable phase around the FCC matrix that has a high dislocation 
density and nano-twin, contributing to the increase of residual stresses. 
This feature shows promising potential during post-HPT annealing for 
metastable phase transformation by element segregation, and reverse 
austenitic transformation which induces the relief of dislocation and 
residual stresses [8,9]. Indeed, it can be observed that post-HPT 
annealing removes α′-martensite as evident in Fig. 6a, and reduces the 
dislocation densities from 6.42 × 1015 to 1.25 × 1014 m− 2, as plotted 
and calculated by the CMWP method from the XLPA results. However, 
due to remaining the unclarity of the nucleation and growth mechanism 
of secondary σ phases, Fig. 15 manifests the mechanism of evolution of 
nano-scale σ precipitates in two different types of size. 

It is inferred from TEM image in Fig. 13 that the two different sizes of 
σ nano-precipitates has been observed after post-HPT annealing. In the 
case of RC precipitates, the sources of nucleation and growth are almost 
generated along the phase boundaries between α′-martensite and 
austenitic FCC matrix, also with grain boundaries, and in the junctions 
of grain boundaries [27,38]. The significant reason for such precipita-
tion at the energetically metastable sites is element segregation. The 
accelerated diffusion of Cr and Mo in severely-deformed FCC regions 
could contribute to the diffusion and partition around the grain 
boundaries (Fig. 15b) [39]. Furthermore, Fig. 5b shows the formation of 
recrystallized grains through heat treatment, and the boundaries be-
tween these recrystallized grains and the non-recrystallized areas also 
play a role in inducing the grain boundary segregation of Cr and Mo as 
observed in Fig. 13a (Fig. 15c) [37]. These elements stimulate to the σ 
phase nucleation, and the crystallographic growth either along with the 
direction of recrystallization or in the direction of reduced residual stress 
(Fig. 15d and e). As a result, it can be deduced that the RC precipitates 
have formed on the final microstructure of the A700-60 sample. 

On the other hand, the relatively smaller RF precipitates can be 
observed to form at the sites where precipitation is mostly inhibited, 
such as within the crystal lattice. The reason of Cr and Mo segregation, 
which promotes the evolution of RF nano-scale precipitates, can be 
speculated from the microstructure of as-HPT. The metastable 
α′-martensite and severely-deformed areas in as-HPT samples have 
crucial impacts on the RF precipitation. Lath or plate martensite in 
severely-deformed FCC structure forms have a significant influence on 
Cr and Mo diffusion at the moment of initial heat treatment. The 
diffusion rate of both Cr and Mo is over 100 times faster in BCC structure 
than in FCC structure [26]. Thus, as martensite undergoes reverse 
austenitic transformation via diminishing the size of the martensite, Cr 

and Mo actively diffuse and segregate, leading to the transformation of 
BCC α′-martensite into BCT σ phase (Fig. 15b and c). Also, the 
severely-deformed areas can generate a compressive stress field due to 
the high dislocation density [37]. These compressive stress fields within 
the nanocrystalline FCC matrix suppress the growth of nucleated σ phase 
at the early stage of the heat treatment, even as the heat treatment 
progresses (Fig. 15d and e). Therefore, the RF precipitates are estab-
lished within the grain interior on the A700-60 sample. This precipita-
tion mechanism driven by post-HPT annealing is frequently reported in 
various studies; Ag segregation from a supersaturated Cu matrix in a 
Cu–Ag–Zr alloy [40], precipitation of NiMn-, Cr-, and FeCo-rich phases 
along the grain boundaries and interior [41], and carbide precipitation 
at the boundaries of lamellar structures in low-carbon steel [42]. 

Both types of nano-scale σ precipitates have a significant lattice 
misfit with the FCC matrix and constitute a non-negligible fraction of 
inter-particle spacing, also with an area fraction of approximately 6.8% 
within the nano-scale microstructure (Fig. 12a). This indicates that the 
precipitates can interact with dislocations and hinder their movement, 
leading to suggest Orowan mechanism caused by the precipitates [43, 
44]. Hence, these σ precipitates can lead to an increase in yield strength 
due to the precipitation strengthening through the Orowan mechanism. 
This can also result in strain hardening, which should be further inves-
tigated through detailed analysis of the deformed microstructure. 

4.2. The contribution of strengthening mechanism on yield strength of 
A700-60 

The A700-60 sample shows excellent tensile properties with high 
ductility due to adequate work hardening while maintaining high yield 
strength. The yield strength of the A700-60 (σy) can be attributed to the 
aggregation of grain boundary strengthening, dislocation strengthening 
and precipitation strengthening. Consistently, these contributions can 
be expressed as follows: 

σy =σ0 + σgb + σdis + σppt (1)  

where σ0 is the lattice-friction stress (~169 MPa, Tables 5 and 6), σgb, 
σdis, and σppt respectively terms of the stress contribution from the grain 
size refinement, the dislocation density, and the precipitation 
strengthening effects of the A700-60 sample [45]. The equations of each 
yield strengthening mechanism in the A700-60 sample are presented in 
Table 5, and the reference coefficients of the quantification in the 
A700-60 sample, which are related to standard 316L stainless steel, are 
explicitly stated in Table 6. Grain boundary strengthening arises due to 
the impediment of dislocation motion by grain boundaries. Smaller 
grains mean more boundaries, which hinder dislocation movement 
more effectively. The σgb is calculated as ~406 MPa by substituting the 
average grain size of ~829 nm using the data in Fig. 5b. Dislocation 
strengthening (σdis), driven by the density and interaction of dislocations 
within the material, contributes ~176 MPa through the result of the 
dislocation densities of 1.25 × 1014 m− 2 from the XLPA using the CMWP 
analysis. Also, the hard precipitates with BCT σ phase can induce the 
interaction with the dislocation by bowing around the precipitates or 
shearing the precipitates, leading to the Orowan mechanism [46,47]. It 
can be quantified with the Orowan mechanism that the σppt account for 
~217 MPa by substituting the average precipitate diameter of ~72 nm 
and the average precipitate fraction of ~6.8% from the BF-TEM image in 
Fig. 12a. These values account for approximately 22% of the yield 
strength, allowing us to quantitatively conclude that the precipitation 
strengthening effect in this alloy has a significant impact on the increase 
in yield strength. In the current study, texture strengthening, due to the 
preferred grain orientation of A700–60, has not been inherently re-
flected in the contribution of strengthening mechanisms. The calculated 
Taylor factor of approximately 3.16, indicative of the pronounced 
texture orientation as a developed slip system of the deformed FCC 
matrix, subtly influences dislocation strengthening and precipitate 

Fig. 14. HR-TEM images showing the dislocation accumulation (White arrows) 
of the A700-60 sample hindered by the RF precipitates and at the segregation 
boundaries such as grain boundaries. 
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Fig. 15. Schematic representation of the evolution and growth mechanism of nano-scale σ precipitates in the A700-60 sample during post-HPT annealing. (a) Strain- 
induced martensitic transformation in the nanocrystalline structure, highlighting the formation of α′-martensite; (b) element segregation at energetically metastable 
sites, especially along phase boundaries and grain boundaries, with rapid diffusion of Cr and Mo in severely-deformed FCC regions; (c) induction of grain boundary 
segregation of Cr and Mo due to the formation of boundaries between recrystallized and non-recrystallized areas; (d) nucleation and directional growth of σ phase, 
either along the direction of recrystallization or towards areas with reduced residual stress, leading to (e) the formation of larger RC precipitates and smaller RF 
precipitates within the grain interior, influenced by the metastable α′-martensite and severely deformed regions. 
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strengthening. 
Fig. 16 displays the bar graph to compare the experimental data with 

the calculated data for the yield strength of the A700-60 sample 
composed of the contribution of each strengthening mechanism. The 
calculated yield strength of ~969 MPa is approximately correlated with 
the calculated yield strength of ~995 MPa, which induces that these 
three types of strengthening mechanisms contribute to the yielding of 
the processed materials. 

5. Conclusion 

In this study, 316L stainless steel powder has been processed by the 
cold-consolidation technique using HPT process and post-HPT anneal-
ing. The main discoveries and conclusions are summarized as follows.  

(1) Present cold-consolidation route redeems the processing-related 
disadvantages of the PM, such as pores, by displaying enhanced 
densification deduced from the severe HPT-induced strain. The 
prosperous annealing enlarges the uniform elongation by the 
recovery of the HPT-induced dislocations and persuades the 
segregation of certain elements, leading to precipitation.  

(2) Combination of novel powder metallurgy techniques and post- 
HPT annealing can improve the densification and microstruc-
ture of 316L stainless steel, leading to enhanced tensile proper-
ties. In particular, A700-60 sample demonstrates an impressive 
yield strength of approximately 1 GPa, accompanied by a 
remarkable total elongation of around 46%.  

(3) The formation of nano-scale σ precipitates during post-HPT 
annealing retard the grain growth during post-HPT annealing, 
and suppress the dislocation motion during tensile deformation, 
contributing to the additional strengthening.  

(4) The strengthening mechanisms induced by grain boundaries, 
dislocations and precipitates significantly contribute to the yield 
strength of the A700-60 sample. Specifically, precipitation 
strengthening has a substantial impact on the increase in 
strength.  

(5) These achievements as a breakthrough in the PM authenticate the 
feasibility of utilizing the present fabrication technique to over-
come the tensile strength-ductility dilemma in the PM. 
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Table 5 
Equations of each strengthening mechanism contributed to the yield strength of 
the A700-60 sample [48].  

Strengthening mechanism Equation Equation number 

Lattice friction stress (σ0) σ0 – 
Grain boundary strengthening (σgb) σgb = k • D− 1/2 (2) 
Dislocation strengthening (σdis) σdis = MαGbρ1/2 (3) 
Precipitation strengthening (σppt) σppt = M

0.4Gb
πλ

ln (2r/b)
̅̅̅̅̅̅̅̅̅̅̅
1 − v

√
(4) 

λ = 2r
( ̅̅̅̅̅π

4f

√

− 1
)

(5) 

r =

̅̅̅
2
3

√

r  
(6)  

Table 6 
Reference coefficients of 316L stainless steel on the equations in Table 5.  

Coefficient Definition Unit Values Reference 

σ0 Lattice friction stress MPa 169.15 [49] 
k Hall-Petch coefficient MPa • m1/2 0.37 [50] 
D Average grain size nm 829 Present 
M Taylor factor – 3.16 Present 
α Constant for FCC metals – 0.24 [51,52] 
G Shear modulus GPa 82 [53] 
b Burger’s vector nm 0.254 [54,55] 
ρ Dislocation density m− 2 1.25 •

1014 
Present 

λ Edge to edge inter- 
precipitates spacing 

nm 283.14 Calculated 

r Mean radius of a circular 
cross-section in a random 
plane 

nm 58.85 Calculated 

v Poisson’s ratio – 0.3 [56] 
f Volume fraction % 6.77 Present 
r Mean radius of the 

precipitates 
nm 72.08 Present  

Fig. 16. Bar graph of each calculated strengthening contribution and experi-
mental yield strength of the A700-60 sample. 
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