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A B S T R A C T   

In the present study, a two-step thermo-mechanical processing consisting of cold work and heat treatment steps 
was performed to increase the operating temperature of 316 austenitic stainless steels. A hierarchical micro-
structure of thermally-stable, nano twin bands was achieved forming into bundles in elongated grains. The 
mechanical response of the samples with this microstructure was evaluated through uniaxial tension tests at 
temperatures ranging from 20 ◦C to 500 ◦C and compared with those from the fully annealed samples. The results 
demonstrate that such hierarchical microstructure leads to a significant increase in the elevated temperature 
yield strengths due to the presence of nano-twin boundaries and resulting decrease in dislocation mean free path 
and increase in dislocation storage capacity. In fact, the yield strength ratio of the twinned and annealed samples 
increases with increasing temperature up to 500 ◦C, indicating the effectiveness of pre-existing thermally-stable 
twin boundaries as the strengthening source at temperatures as high as 0.46 homologous temperature. The hi-
erarchical microstructure also led to irregular serrations through dynamic strain aging in the stress-strain 
response at 500 ◦C, which is attributed to the bi-modal microstructural length-scales present in the structure 
affecting the diffusion distances during dynamic strain aging. This structure also increases the tensile strength, 
and without a total loss in ductility, even though the flow stress of the twinned samples surpasses the tensile 
strength of the annealed samples, especially at elevated temperatures. Total hardening rate is consistently higher 
in the twinned samples as compared to the annealed samples, indicating the positive role of nano-twin 
boundaries in the dislocation storage capacity at elevated temperatures. Overall, the present study clearly 
demonstrate the positive role of thermally stable nano-twins on the elevated temperature mechanical response of 
austenitic stainless steels.   

1. Introduction 

With an ultimate motive to increase the operating temperatures of 
metallic alloys in service to decrease the CO2 emission [1,2], austenitic 
stainless steels are considered as a good cost-efficient option due to their 
high-temperature performance, i.e. oxidation resistance and creep 
[3–5]. One method to increase the strength of these steels is creating 
barriers to dislocation motion through thermo-mechanical processing, 
in order to reduce their mean free path, which can lead to high tensile 
strength and work hardening exponent [6,7]. One such barrier against 
dislocation motion can be a twin boundary, created through mechanical 
processing or recrystallization. In face-centered cubic (fcc) materials, 
dislocations can have several distinct interactions with twin boundaries: 

slip (fully or partially) across twin boundary after pile up, glide in twin 
or matrix lamellae, or glide of partials parallel to twin boundaries. In 
addition, dislocation may be absorbed by the twin boundary, or may 
cause de-twinning of the twin boundary [8–10]. Increase in local stress 
levels due to pile up of dislocations can also lead to activation of sec-
ondary twinning systems [9] The dominant mode of interaction mostly 
depends on the orientation between twin bands and the loading direc-
tion, and dislocation density [8,9]. Twin boundaries are also desired at 
high temperatures because they are low-energy, high-angle coincidence 
site lattice boundaries [11]. Since they are high-angle boundaries, they 
can impede dislocation motion and strengthen the alloy, while they are 
also more stable at higher temperatures as compared to other high angle 
boundaries due to their lower energy. For example, in nanostructured 
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316LVM austenitic stainless steel, it was discovered that nano-twin and 
low-angle boundaries have lower mobility during annealing under hy-
drostatic pressure, compared to non-equilibrium high-angle grain 
boundaries [12]. Therefore, the purpose of the present work is to 
investigate whether these low-energy, high-angle boundaries are effec-
tive at strengthening austenitic stainless steels, that exhibit extensive 
twin formation, at elevated temperatures, and how these pre-existing 
boundaries affect the ductility. 

Twin formation depends on the stacking fault energy (SFE) of the 
materials and their thickness depends on the lattice friction and other 
barriers in the lattice [13–15]. In austenitic stainless steels, SFE 
commonly ranges from low to medium values. Experimental values from 
literature range from 8 mJ/m2 to 80 mJ/m2 for some of the most 
common austenitic stainless steels [16–20]. In these steels, plastic 
deformation usually initiates with dislocation slip, then stacking faults 
are formed due to the separation of dislocation partials, then deforma-
tion twinning starts to contribute to the plastic deformation [21]. 
Deformation twins formed in 316L austenitic stainless steel, for 
example, play a significant role in increasing the strength and toughness, 
especially after recovery/recrystallization heat treatments [22]. 

It is generally known that ductility decreases as strength increases, 
and that this loss of ductility can be reversed to some extent through 
recovery and recrystallization of the deformed metals. The reports on 
the role of twin boundaries on the strength and ductility of materials that 
twins, however, show potential for a more promising combination of 
strength and ductility than those in materials that do not twin. Lu et al. 
[23] have mentioned that existence of three characteristics in a 
strength-inducing feature can lead to optimization of strength and 
ductility: coherency with the matrix, thermal and mechanical stability, 
and sizes smaller than 100 nm. Bouaziz et al. [24] discovered that a 
higher combination of strength-ductility can be achieved through re-
covery rather than recrystallization in nano-twinned stainless steels. 
Simultaneously increasing the strength and ductility in pure copper has 
been attributed to nano-sized twins [25,26]. In austenitic stainless 
steels, thermally stable deformation twins formed during one cycle of 
deformation and annealing can lead to a nano-sized structure with high 
strength and without a detrimental effect on strain hardening [27]. In 
316L austenitic stainless steel, deformation twins, grain refinement, and 
strain-induced martensite led to strengthening accompanied with decent 
tensile ductility, which was attributed to the co-existence of 
slightly-deformed grains with fine, twinned structure [28]. Since dislo-
cations can glide along a coherent twin boundary, smaller twin thick-
nesses may lead to higher ductility [23]. In another study on 316L 
austenitic stainless steel, a heterogeneous lamellar structure consisting 
of nano-sized twin bundles and ultrafine grains resulted in a good 
combination of ductility and strength: good ductility originating from 

the deformation of the coarse regions of the structure, and the strength 
arising from fine grain/twin size [29]. 

If deformation twins are to impart additional strength at high tem-
peratures, they need to be thermally stable, and persist after a recovery 
heat treatment. In copper thin films, nano twin bands grew when 
annealed up to 800 ◦C (0.74 Tm), but significantly slower than regular 
grain sizes increased. These thermally stable twin bands contributed to 
materials strength significantly, maintaining it even though average 
grain size increased due to annealing [30]. Through differential scan-
ning calorimetry of high-pressure torsion deformed nano-crystalline 
316L stainless steel, El-Tahawy et al. found that the dislocations are 
recovered between ~320 ◦C and ~470 ◦C without affecting the average 
grain size or the phase composition, and α′-martensite is reversed into 
austenite at ~470 ◦C–~680 ◦C [31]. Deformation twins in austenitic 
Fe–Mn–C steels have been shown to be stable after 1-h heat treatment at 
550 ◦C [32]. In high-Mn twinning-induced plasticity (TWIP) steels, 
deformation nano-twins were stable up to recrystallization at 625 ◦C 
[33]. In another study, nano-twins were found to strengthen a TWIP 
steel up to 615 ◦C, where recrystallization happens and strengthening is 
lost [34]. The coherent nano-twins in deposited 330 austenitic stainless 
steel were stable up to 500 ◦C [35]. In a study on 316L austenitic 
stainless steel, the samples were cold-rolled and heat treated at 750 ◦C 
for different durations to create a structure of nano-grains and 
nano-twins surrounded by lamellar coarse grains and recrystallized 
grains, and an optimal combination of ~1 GPa yield strength and 20% 
failure to elongation was achieved. Byun et al. [36] have studied the 
mechanical response of different conventional austenitic stainless steels, 
both in annealed and cold worked conditions, at different temperatures 
in uniaxial tension, and found that strength and uniform strain decrease 
with increasing temperature. In addition, they found out that the 
hardening rate and true stress are almost equal at the onset of plastic 
instability, called this value the plastic instability stress (PIS), and 
claimed that if the yield strength of cold-worked samples surpassed this 
PIS of the annealed material, necking occurs right after yielding. More 
recently, in iron-based superalloys, nano-twins that were formed during 
dynamic plastic deformation process and survived annealing at 700 ◦C, 
were found to both strengthen the material as well as improve the 
ductility after the annealing. The coexistence of nano-twins with γ′

nano-precipitates led to better mechanical response [37]. The 
twin-enhanced strengthening was claimed to be due to the thermal and 
structural stability of nano-twins during precipitation [37]. 

While the mechanical response of austenitic stainless steels at high 
temperatures, with different types of structures (combinations of 
annealed coarse grains, nano grains, nano twin bands, etc.) has been 
extensively studied, to the best of the author’s knowledge, the isolated 
effect of thermally-stable deformation twins on their mechanical 

Fig. 1. Schematic of the thermomechanical processing steps to increase the volume fraction of the deformation steels in 316 austenitic stainless steels: several as- 
annealed (AA) samples went through a thermo-mechanical cycling process to create twinned structured (TW) samples. Both the AA and TW samples were tested in 
uniaxial tension test to-failure (TTF) at different temperatures. The second deformation of 30% at 20 ◦C has been pointed out. 
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strength has not been systematically investigated. In our recent study on 
316 austenitic stainless steel [38], we demonstrated that deformation 
twin bundles of ~0.5 μm wide, composed of 30 nm twin bands, are 
stable up to 900 ◦C. Then, through cyclic deformation-heat treatments, 
we increased the volume fraction of these thermally stable deformation 
twins in the material. The thermally stable, highly-twinned structure 

was found to strengthen the steel without notable loss of ductility [38]. 
In the present work, we investigate the mechanical response of such a 
highly twinned samples at elevated temperatures, for a better under-
standing of the role of thermally-stable deformation twins on their high 
temperature mechanical response. 

Fig. 2. a) Tensile test specimens of the AA and TW samples of 316 austenitic stainless steel, b) Secondary electron (SE) image of the AA samples, showing equiaxed 
grains and voids from impurities, c) Bright field TEM image of the AA samples displaying low dislocation density, d) SE image of the TW samples featuring elongated 
grains, twins and voids, e) TEM image of the TW samples indicating the presence of twin bands, f) Selected area diffraction pattern of the image in (d) confirming 
{111} <112> twinning. Figures (g) through (i) are from our previous work [38] depicting the presence of the hierarchical structure under one step tensile 
deformation up to 40% strain. 
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2. Experimental procedures 

The material in this study is a commercial 316 austenitic stainless 
steel, acquired in the form of hot-forged billets. Dog-bone shaped tensile 
specimens were cut from these billets with the gage dimensions of 8 mm 
× 3 mm × 1 mm using wire electro-discharge machining. The samples 
were then heat treated (HT) at 1000 ◦C for 1 h, followed by water 
quenching (WQ), to prepare as-annealed (AA) samples. As presented in 
the schematic graph in Fig. 1, some of the AA samples went through a 
thermo-mechanical cycling process that consists of two cycles of 30% 
deformation at room temperature in uniaxial tension, followed by a heat 
treatment at 800 ◦C for 1 h and water quenching in each cycle. This 
specific process has been designed to increase the volume fraction of 
deformation twins in the steel, while decreasing the dislocation density 
through recovery [38]. Sample dimensions and preparations were kept 
consistent with this previously-established process. Samples, after this 
thermo-mechanical process, are highly twinned and will be referred to 
as twinned (TW) condition. These TW samples, alongside samples from 
AA, were then tested in uniaxial tension test until fracture (TTF) at 
different temperatures. Uniaxial tensile tests were performed on an MTS 
servo-hydraulic mechanical test frame, with an initial strain rate of 10− 3 

s− 1. The temperature was controlled though conduction from heating 
and cooling the grips; heating by resistive heating-bands, and cooling by 
passing liquid nitrogen through copper tubing. In order to create a more 
stabilized atmosphere and temperature, the entire grip and samples 
were isolated from the environment with a chamber. The temperature 
was monitored through thermocouples attached to each grip as well as 
the center of the tensile samples. The strain measured using a high 

temperature extensometer directly attached to the gage section of the 
samples. Each tension test condition was repeated at least 3 times, the 
median graph was selected to be presented in this work, and values were 
averaged and reported with the corresponding standard deviations. 

Microscopy samples were prepared following the standard metallo-
graphic sample preparation procedures and then etched using a solution 
of 10 ml nitric acid, 30 ml hydrochloric acid and 30 ml distilled water for 
2–3 min. Scanning Electron Microscope (SEM) images were obtained 
using a field emission FEI Quanta 600 microscope. Transmission Elec-
tron Microscopy (TEM) characterizations were performed using FEI 
Tecnai G2 F20 microscope operated at 200 kV. The disc specimens for 
TEM observation were mechanically thinned to <50 μm, and then were 
prepared using a double-jet electrolytic polishing in a mixture of 10% 
perchloric acid and 90% ethanol at 20 V and a temperature of almost 
− 20 ◦C. 

3. Results and discussion 

Fig. 2 displays the physical samples and the microstructure of the AA 
(as-annealed) and TW (twinned) samples before the tensile tests. 
Fig. 2a shows tensile specimens. The TW samples are longer and thinner 
than the AA samples since it has undergone the thermo-mechanical 
process presented in Fig. 1. Fig. 2b is the secondary electron image of 
an etched AA sample, showing an equiaxed fully-austenitic micro-
structure with a grain size about 70 μm, a few annealing twins, and voids 
that were created during etching when the impurities leave the surface. 
These impurities are aligned perpendicular to the forging orientation of 
the initial billets. Fig. 2c is the TEM image of the same sample displaying 

Fig. 3. Stress vs. strain graphs of the uniaxial tension tests for 316 austenitic stainless steel at temperatures from 20 ◦C to 500 ◦C. a) Engineering stress vs. engi-
neering strain responses of the AA samples, b) Engineering stress vs. engineering strain responses of the TW samples, c) Engineering stress vs. engineering strain 
responses of both AA and TW samples in a smaller scale comparing the yield strength levels, d) True stress vs. true strain responses of both AA and TW samples, as 
well as the second deformation step as depicted in Fig. 1, e) True stress vs. true strain responses of both AA and TW samples at 500 ◦C, with higher magnification 
shown in f) and g) for the TW and AA samples, respectively. 
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a triple junction of grain boundaries and low dislocation density. Fig. 2d 
is the secondary electron image of an etched TW sample, showing highly 
elongated grains in the tension direction compared to the AA samples, 
voids from etched impurities similar to the AA samples, and a high- 
volume fraction of surface features that are twin bands [38]. From a 
statistical analysis, it was found that almost all grains show these fea-
tures, and the total volume fraction of twins in the TW samples is about 
30% (while the AA sample after 40% uniaxial tension test features less 
than 20% volume fraction of twins, Fig. 2g through 2i, [38]). Fig. 2 is the 
TEM image of the TW samples, showing a high-magnification image of 
these features, and Fig. 2f is the selected area diffraction pattern, con-
firming {111} <112> type deformation twins. 

Uniaxial tension tests are performed on these two conditions at 
different temperatures and the results are presented in Fig. 3. Fig. 3a 
presents the engineering stress (S) vs. engineering strain (e) responses of 
the AA samples. Similarly, Fig. 3b is the engineering stress (in MPa) vs. 
engineering strain responses of the TW samples. Both figures are drawn 
to the same scale, for comparison. These graphs are also presented in 
Fig. 3c in a smaller scale, up to 800 MPa stress and 10% strain, to better 
compare the responses of the two different conditions. The yield 
strength (YS) and ultimate tensile strength (UTS) values from these tests 
are reported in Fig. 4a and b, respectively. As expected, the strength 
decreases with increasing temperature. The curve for 500 ◦C overlaps 
that of 400 ◦C almost perfectly, up to necking. The thermo-mechanical 
processing in Fig. 1 has caused a shift in the stress-strain response up-
ward in the TW samples compared to the AA samples. However, 
strengthening has occurred with a decrease in ductility. The curve at 
500 ◦C for the TW sample also overlaps that of 400 ◦C, similar to the AA 
sample, signifying that the governing physical mechanism causing this 
temperature invariant response at these two temperatures is not affected 

by the extra plastic energy stored and microstructural differences in the 
TW samples as compared to the AA samples. 

As the values provided in Fig. 4a demonstrate, yield strength de-
creases with increasing temperature. Overall, the yield strength of the 
AA samples decreases from ~250 MPa to ~100 MPa (60% decrease) and 
for the TW samples, from ~670 MPa to ~430 MPa (~35% decrease) as 
the temperature is increased from 20 ◦C to 500 ◦C. Flow stress in poly-
crystalline aggregates can be represented using the following equation 
(Eq. (1)) [39–41]: 

σ =M.α.μ.b.λ− m (1)  

where σ is the flow stress, M is the average Taylor factor (representing 
crystallographic texture), α, μ, and b are a constant, shear modulus, and 
Burgers vector, respectively, and λ is dislocation mean free path pow-
ered to an exponent m. The dislocation mean free path is usually defined 
based on the effective grain size (d), a constant K, and dislocation den-
sity (ρ), as shown in Eq. (2) [38,42]: 

1
λ
=

1
d
+ K

̅̅̅ρ√
(2) 

Investigating the data presented in Fig. 4a, it can be seen that the 
yield strength of the TW samples is almost 2.6 times higher than that of 
the AA samples at 20 ◦C due to the microstructural changes introduced 
by the two-step thermo-mechanical process (Figs. 1 and 2). More 
importantly, this yield strength ratio climbs to above 4.2 times as the test 
temperature increases to 500 ◦C. Comparing the AA and TW samples at 
each temperature, α, μ, and b are the same in both cases since they are 
intrinsic material properties, thus, the strengthening should originate 
from the increase in the Taylor factor and/or decrease in dislocation 

Fig. 4. Summary of the mechanical properties of 316 austenitic stainless steel determined at different temperatures in two different microstructural condition: a) 
Yield strength (YS) values for the AA and TW samples at different temperatures, and yellow arrows indicating the relative increase in yield strength (defined as the 
difference between the YS values of the AA and TW samples divided by YS of the AA samples at each temperature), as a result of the thermo-mechanical processing to 
increase the density of deformation twin boundaries, b) Ultimate tensile strength at different temperatures, c) Uniform plastic strain at different temperatures defined 
as the true strain after yielding and before necking, and d) Total hardening rate defined as the increase in strength from YS to UTS divided by the uniform plastic 
strain. (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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mean free path in the TW samples, according to Eq. (1). The reason for 
the increase in the yield strength in the TW samples can be further 
broken down into three potential factors: a shorter effective dislocation 
mean free path due to the presence of nano-twin boundaries and nano- 
twin bundles, a higher dislocation density potentially because of not all 
dislocations being recovered during the recovery heat treatment (1 h at 
800 ◦C) during the two-step processing (Fig. 1), and the changes in the 
crystallographic texture as a result of 30% deformation at room tem-
perature twice in the TW samples (Fig. 1). These factors can be repre-
sented as: 

↑YS|AA→TW
T =Δ(k.d− n)+Δ

(
α.μ.b ̅̅̅ρ√ )

+ Δ(Mτ) (3)  

where ↑YS|AA→TW
T is the increase in the yield strength at each tempera-

ture due to the two-step thermo-mechanical processing as the AA sam-
ples turn into the TW samples, Δ(k.d− n) is the Hall-Petch strengthening 
due the presence of boundaries (grains or twins) as barriers to disloca-
tion motion. In a general Hall-Petch equation, k is the strengthening 
coefficient and d is the effective grain size, and the exponent n is usually 
assumed to be 0.5. The term Δ(α.μ.b ̅̅̅ρ√

) represents the strengthening 
due to an increase in dislocation density (ρ) [43]. Next term, Δ(Mτ), 
indicates the increase in strength due to the crystallographic texture 
difference, which can be approximated as Taylor factor (M) times crit-
ical resolved shear stress (τ). Eq. (3) should effectively represent the 
yellow arrows in Fig. 4a. Based on Fig. 4a and Eq. (3), the following 
arguments can be made:  

● Taylor factors in both sample conditions should not change at these 
relatively low test temperatures (<0.46 homologous temperature 
TH) without any prior deformation since changing Taylor factor 
notable would require substantial change in crystallographic texture, 
which would require significant plastic deformation level. τ, on the 
other hand, decreases with increasing temperature, 

● Similarly, b doesn’t notably change with temperature in this tem-
perature range but μ decreases with temperature, and although no 
recrystallization occurs below 800 ◦C in short durations, ρ may 
decrease with temperature due to recovery in this temperature 
range. 

Therefore, the difference in the dislocation mean free paths of the AA 
and TW samples should be primarily responsible for the increase in the 
yield strength ratio as the temperature increases (the first right-hand 
term in Eq. (3)). The hierarchical twin structure and abundant twin 
boundaries in the TW samples, introduced via the two-step thermo- 
mechanical process, should be providing efficient barriers for disloca-
tion motion and help with dislocation storage, even at temperatures as 
high as 400 ◦C (0.4 TH) making 316 austenitic stainless steel more 
temperature tolerant. 

As for UTS, the details of which are provided in Fig. 4b, a general 
decrease in strength is present as the temperature is increased. 
Increasing the temperature from 20 ◦C to 500 ◦C causes UTS to drop by 
~30% for both the AA and TW samples. On average, an increase of 
30–35% in UTS is observed as a result of thermally stable deformation 
twins in the TW samples as compared to the AA samples. 

True stress (σ) and true strain (ε) responses from the same tests were 
plotted and presented in Fig. 3d. For ease of comparison, all AA and TW 
plots are shown in the same graph, as well as the response of the steel 
during its second deformation as depicted in Fig. 1. The second defor-
mation curve in the figure belongs to the sample that has already 
experienced a single cycle of 30% rolling +800 ◦C for 1 h. Based on the 
three curves at 20 ◦C, it can be seen that after each cycle of 30% rolling 
+800 ◦C for 1 h treatment, the flow stress increases. The first thermo- 
mechanical cycle creates an overall ~270 MPa increase in strength. 
The second thermo-mechanical cycle results in an overall increase of 
~160 MPa. At high temperatures, the TW samples exhibits higher 

maximum true stress levels at necking than their AA counterparts. This 
observation points out to the benefits of the microstructure created by 
the thermo-mechanical process. Additionally, the proposed thermo- 
mechanical process increases the strength of the steel without a total 
loss of ductility. Even at 500 ◦C, the sample shows 6% uniform plastic 
deformation. This is achieved through creating thermally stable defor-
mation twins that impede dislocation glide, while partly recovering the 
dislocations during heat treatment. Moreover, twin boundaries, based 
on their type of reactions with the dislocations (emitting sessile/glissile 
dislocations or glide along the twin boundary) are better in maintaining 
ductility compared to regular grain boundaries [6,23,44–46]. 

Another factor that needs to be taking into consideration related to 
the ductility is the sample size differences. Due to the nature of the 
process, AA tensile samples have slightly different size than TW samples 
do. TW samples are thinner and longer, as shown in Fig. 2-a, since they 
have undergone the thermo-mechanical process. Geometry of tensile 
samples has an effect on measured ductility according to Ref. [47], in 
particular the thickness affects the ductility due to geometrical in-
stabilities during necking and fracture modes. The “shorter, thicker 
specimens tend to be more ductile” [47], possibly contributing to lower 
observed ductility in TW samples. 

The uniform plastic strain (εu
p), calculated as true strain up to necking 

minus the elastic region, is reported in Fig. 4c. It is observed that as the 
temperature increases, the εu

p decreases rapidly at first, then slowly, until 
it reaches an almost constant value. This decrease is simply because the 
geometrical instability (necking) occurs sooner at higher temperatures, 
indicating deterioration in the dislocation storage capacity. Increasing 
the temperature from 20 ◦C to 500 ◦C causes a drop of ~40% and ~60% 
in εu

p for the AA and TW samples, respectively. On average, application 
of the present thermo-mechanical process causes a decrease of ~70% in 
the εu

p at each temperature. This decrease observed in the TW samples 
indicates that necking occurs sooner, partly because the stress at the 
onset of necking is 30–35% higher than that of the AA samples. Despite 
such a decrease in εu

p, the TW samples still exhibit notable uniform 
plastic deformation after yielding as compared to the conventionally 
cold-worked 316 austenitic stainless steels, considering the reports that 
conventionally cold rolled (to 20% thickness reduction) samples neck 
right after yielding above 100 ◦C [36]. The results in Ref. [36] demon-
strated that the cold-worked samples fail by prompt necking at yield 
when the yield stress reaches the UTS of the annealed samples. On the 
other hand, in the present study, the TW samples still displays significant 
uniform plastic deformation even after their flow stress exceeds the UTS 
of the AA samples at the same temperature, clearly indicating the in-
fluence of the microstructure of the TW samples as compared to those of 
the conventionally cold worked 316-type austenitic stainless steels. For 
example, according to engineering stress-strain graph, at 20 ◦C, the AA 
sample necks at around 640 MPa, while the TW sample at 20 ◦C shows 
almost 17% uniform deformation from 640 MPa to 835 MPa (where it 
necks). Moreover, at 200 ◦C for example, the TW sample yields at stress 
levels well above the UTS of the AA sample at the same temperature. 

To complete the above comparative, total hardening rates for each 
tensile test were calculated as the difference between the yield and ul-
timate tensile strengths, divided by the uniform plastic strain. The re-
sults are presented in Fig. 4d. Based on this graph, the total hardening 
rates of the AA samples increases from ~1 GPa to ~1.3 GPa as the 
temperature increases from 20 ◦C to 500 ◦C, while the for TW samples, 
the increase is from ~1.15 GPa to 2.55 GPa. In addition, the differences 
in total hardening rate at each temperature between the AA and TW 
samples increase noticeably with temperature: ~0.25 GPa at 20 ◦C vs. 
~1.3 GPa at 500 ◦C. This trend also points out the effectiveness of this 
hierarchical, thermally-stable, highly-twinned structure in impeding 
with deformation mechanisms (mostly dislocation glide) as temperature 
increases. 

The true stress vs. true strain graphs of both the AA and TW samples 
at 500 ◦C are presented in Fig. 3e. Their behavior is very similar to that 
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of their counterparts at 400 ◦C. The curves at 500 ◦C, however, start to 
show serrations which are known to be due to dynamic strain aging 
(DSA) [48]. At a closer look, as presented in Fig. 3f and g, it can be seen 
that the serrations seem to be of different types. For the AA samples, as 
shown in Fig. 3f, the serrations appear to be Type A, accompanied by 
Type B, as introduced by Rodriguez [49]. Type A appears as repeated 
rises followed by drops in the σ-ε curve, which correspond to locking and 

releasing of dislocations in the deformation bands. Type B appears as 
oscillations due to the discontinuous motion of dislocations within a 
deformation band, and usually appear alongside Type A with increasing 
strain. As for the TW samples in Fig. 3g, the serrations appear less 
orderly: it is possible to distinguish a pattern of underlying Type A, with 
the presence of Type B, and even a general trend that may be considered 
as Type D. Type D serrations appear as increases in strength followed by 
plateaus that are believed to be similar to Luders band formations. 
Similar behavior has been reported in tensile behavior of 316 austenitic 
stainless steels at elevated temperatures, especially when grain size is 
decreased from 125 μm to 40 μm [49–52]. Since these serrations only 
appear at higher temperatures, they are unlikely to be due to formation 
of twins during deformation at such temperatures [53–55]. In the pre-
sent work, the change in the serration type is not only due to formation 
of twin bundles with nano-twins (and DSA occurs preferably at bound-
aries at elevated temperatures [56]), but also the hierarchical structure, 
that creates general length-scales of two very different magnitudes: one 
in μms range between bundles and grain boundaries, one in nms range 
between nano-twin bands. This hypothesis is also likely when consid-
ering that DSA occurs due to the pinning of dislocations by solute atoms 
(C, N, etc.) or vacancies. Depending on whether the domain where the 
diffusion of these species is occurring is large or small, the rate of their 
diffusion (and thus the rate of DSA) can change depending on the 
domain size. 

Another finding in this work is related the work hardening rate, 
defined as the derivative of the true stress over true strain, plotted vs. 
true stress, and presented in Fig. 5. In all the cases plotted, the initial 
decrease in the hardening rate due to start of plastic flow is followed by a 
slower decline, flat or even an increasing trend, which is related to 

Fig. 5. Work Hardening Rate (dσ
dε) vs. True Stress (σ) for 316 austenitic stainless 

steel samples in the AA and TW conditions at temperatures 20 ◦C, 100 ◦C, and 
200 ◦C, showing features corresponding to deformation twinning marked by the 
dashed circles. 

Fig. 6. Dark field TEM image of the AA sample deformed to failure at 100 ◦C showing deformation twins and the associated SADP as the inset of the image con-
firming the twinning. 
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formation of primary twins [38,57]. This trend is witnessed up to 100 ◦C 
for the AA samples and up to 200 ◦C for the TW samples, but not at 
temperatures 300 ◦C and above (not shown here), simply because 
deformation twinning does not occur at higher temperatures. Fig. 6 is a 
TEM micrograph of an AA sample deformed to failure at 100 ◦C, and the 
corresponding selected area diffraction pattern confirming the forma-
tion of twins at this temperature. Scanning electron microscopy also 
shows presence of thin bands on this sample but significantly thinner 
and sparser (not shown). Such features were not found in the AA samples 
deformed at 200 ◦C and above, and therefore, formation of twins at such 

temperatures cannot be confirmed. For the TW samples shown in Fig. 5, 
the hardening rate increases over a short range of strain then decreases, 
indicating the formation of higher volume fraction of deformation twins 
as compared to the AA samples. This behavior has been witnessed in 
alloys that are capable of producing a large twinning fraction [58], and 
occurs at strains above ~ 10%, while in the present case of the TW 
samples, it occurs at strain levels as small as 2%. It must be added that 
this behavior in the TW samples is observed at stress levels much higher 
than those of the AA samples. Clearly, the presence of the 
thermally-stable twins seems to provide high strength levels that allow 

Fig. 7. Fracture surfaces of the samples deformed to failure at 500 ◦C for a) the AA and b) TW conditions, depicting that the AA samples shows necking and a cup and 
cone fracture surface, while the TW samples has a flatter fracture surface. 

Fig. 8. Higher-magnification images of the fracture surfaces after the deformation to failure at 500 ◦C for a) the AA and b) TW conditions, showing no significant 
differences related to the hierarchical thermally-stable twins is observable. 
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additional formation of twins at temperatures as high as 200 ◦C. 
Moreover, twins with smaller spacing were found to have more impact 
in increasing strain hardening rate [26]. 

Lastly, fracture surfaces of the samples deformed at 500 ◦C were 
analyzed for both the AA and TW samples to study the role of thermally- 
stable deformation twins at high-temperature fracture. At a lower 
magnification, Fig. 7, the fracture surface of the AA sample shows more 
necking, and a cup-and-cone style fracture. On the other hand, the 
fracture surface of the TW sample is flatter, and shows evidence of less 
necking as compared to the AA sample. Both surfaces, however, displays 
the features of ductile fracture, which is expected at 500 ◦C. Upon a 
closer look at these fracture surface, as depicted in Fig. 8, it is witnessed 
that in fact not much difference can be detected between the two sur-
faces. Both the AA and TW samples display dimple fracture surfaces, 
with the dimples are elongated at different orientations depending on 
the orientation of each grain. Fig. 9 provides more details from dimples. 
The dimples for both AA and TW appear to be deep and elongated, and 
both have particles inside which are impurity particles trapped inside 
the voids. This is an interesting finding, especially given that the TW 
samples neck at stress levels ~150 MPa higher than the AA samples. 
Keep in mind that twin boundaries have been found to be a barrier 
against void coalescence during fracture, and may be “pulled-out” from 
a fracture surface [22], similar to a hard particle. These findings, how-
ever, suggest that these thermally-stable twins, while playing a role in 
strengthening the material, do not adversely affect the fracture behavior 
of a twinned alloy (e.g. do not cause sliding or promote crack propa-
gation even at elevated temperatures). 

4. Summary and conclusions 

To summarize, in the present work, a two-step thermo-mechanical 
processing was employed to create a hierarchical microstructure in 316 
austenitic stainless steel, consisting of thermally-stable nano-twin bands 
that form micron-sized bundles with relatively low dislocation density 
and elongated grains. This structure was tested under uniaxial tension 
tests at temperatures ranging from 20 ◦C to 500 ◦C to reveal the role of 
pre-existing twin boundaries and twin bundles on the high temperature 
mechanical response of 316 austenitic stainless steel. The mechanical 
responses demonstrated a significant improvement in the yield strength 
levels in the samples with hierarchical twin structures at all tempera-
tures as high as 500 ◦C due to the shorter mean free path for dislocations. 
It was concluded that it is the nano-twin boundaries that impart a 
“thermally tolerant” increase in yield strength. In addition, ultimate 

tensile strengths of the alloy increase, particularly without a total loss in 
ductility even at flow stresses above the plastic instability stress of the 
annealed steel. Stress-strain curves at 500 ◦C display serrations in the 
stress-strain response which follows the expected serration mechanisms 
in the annealed alloy but they are irregular in the twinned alloy. The 
irregularities were proposed to be a consequence of the hierarchical 
microstructure and the two different length-scales that they create. The 
work hardening rate vs. true stress curves indicate that twinning can 
further occur at elevated temperatures, more so in the initially twinned 
samples as compared to the annealed samples. The high-temperature 
fracture surfaces of both conditions were studied and the presence of 
twins were found to have no adverse effect on failure mechanism. 

The hierarchical microstructure with thermally-stable deformation 
twins demonstrate promise for applications which require high strength. 
Creating such a structure does not require complex or costly methods: 
only a combination of cold work and heat treatment at a proper tem-
perature, for example, in commercial steel rolling practices. A hierar-
chical microstructure like this, while already provides strengthening at 
high-temperature and thermally tolerant due to lower energy levels of 
twin boundaries compared to regular grain boundaries, can be further 
stabilized with precipitation hardening. Precipitates should start form-
ing on the twin boundaries and pin these boundaries against de-
formations even at higher temperatures. It will be of particular interest 
to study the performance of such an intricate structure under tempera-
tures above homologous temperature in precipitation hardenable 
austenitic stainless steels. 
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