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Uniaxial tensile tests were conducted on AISI 316LN austenitic stainless steel from — 40 to 300 °C at a rate
of 0.5 mm/min. Microstructure and mechanical properties of the deformed steel were investigated by
optical, scanning and transmission electron microscopies, x-ray diffraction, and microhardness testing. The
yield strength, ultimate tensile strength, elongation, and microhardness increase with the decrease in the test
temperature. The tensile fracture morphology has the dimple rupture feature after low-temperature
deformations and turns to a mixture of transgranular fracture and dimple fracture after high-temperature
ones. The dominating deformation microstructure evolves from dislocation tangle/slip bands to large
deformation twins/slip bands with temperature decrease. The deformation-induced martensite transfor-
mation can only be realized at low temperature, and its quantity increases with the decrease in the tem-

perature.
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induced martensite transformation, mechanical prop-
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1. Introduction

Endowed with intergranular corrosion resistance, high
tensile strength at elevated temperature, and creep strength,
the 316LN austenitic stainless steel is widely used in nuclear
power plants as a structural material at crucial places such as
the main pipeline, heat exchanger, and bolted flange connec-
tions (Ref 1, 2). It is well known that solid-state transformations
do not take place during heating processes. For this reason,
forging is needed to improve microstructure and mechanical
properties of 316LN austenitic stainless steel. However, the
narrow window of the forging temperature and relatively high
deformation resistance limit its wide applications in the 316LN
austenitic stainless steel treatments. For these reasons, many
researches were mainly focused on rheological behavior and
microstructure evolution of 316LN austenitic stainless steel
during hot deformations. Poliak et al. (Ref 3-5) studied
dynamic recrystallization behavior of 316LN austenitic stain-
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less steel during hot deformation. There was a deflection in the
true stress—strain curves, and the deflection point represented
the beginning of dynamic recrystallization. Byun et al. (Ref 6)
studied the impacts of irradiation, test temperature and strain on
the deformation microstructure of 316LN austenitic stainless
steel. Deformation microstructure changed from a dominant
feature of dislocation tangle to the large stacking fault/twin
band when increasing radiation dose and strain or decreasing
test temperature. The tensile deformation behavior of 316LN
austenitic stainless steel was also revealed at room and high
temperatures (Ref 7). These findings provided useful guidelines
for processing and service of 316LN austenitic stainless steel
components at high temperature.

Early studies showed the yield strength was slightly
influenced by strain rate and temperature, but ultimate tensile
strength was affected significantly during cryogenic tensile tests
(Ref 8). Similar results were also observed in experiments with
austenitic stainless steel plates (Ref 9). Behjati (Ref 10) stated
that the yield strength is less vulnerable to the temperature,
while the ultimate tensile strength is greatly influenced by
temperature. In Ref 11-13, it has been generally found that the
elongation of 316LN austenitic stainless steel at low temper-
ature is much higher than that at room temperature. In spite of
the prior works, however, there is a lack of systematic studies of
the microstructure evolution of 316LN austenitic stainless steel
in static or quasi-static conditions at operating temperature and
low temperature. The deficient knowledge limits the application
range of 316LN austenitic stainless steel. Additionally, the
deformation-induced martensite transformation has not been
considered during service time.

In this paper, uniaxial tensile tests from — 40 to 300 °C
were conducted on 316LN austenitic stainless steel, and the
corresponding microstructure evolution and mechanical prop-
erties changes were systematically investigated. The results
discussed in this paper can provide useful experimental support
for the development and applications of 316LN austenitic
stainless steel.
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2. Materials and Experimental Procedure

Vacuum induction furnace was used to manufacture the
investigated 150 kg steel ingot with the following chemical
composition (in wt.%): 0.01C, 0.49Si, 0.87Mn, 17.09Cr,
14.04 Ni, 2.56Mo, 0.14N, and Fe balance. The ingot was hot
forged down to a 15-mm-thick slab. The slab was then heat-
treated at 1050 °C for 2 h. After solution treatment, the tensile
test specimens with a gage length of 15, 3 mm wide and 1 mm
thick were prepared along the longitudinal direction, as shown
in Fig. 1. The uniaxial tensile tests were conducted by using
UTM4104 electronic universal testing machine with a sealed
environmental chamber. The low temperature was adjusted
with liquid nitrogen under flow control, while the high
temperature was kept using a resistance heating wire. The test
temperatures were — 40, — 20, 25 °C (room temperature), 100,
200 and 300 °C, respectively. The tensile rate was 0.5 mm/min.
The morphology of the fracture surfaces was observed using a
scanning electron microscope (SEM, JSM-5610LV), operated
at 20 kV. The average dimple size was determined by intercept
method. Microstructure characterization near tensile fracture
zone was carried out via optical microscopy (OLYMPUS
PMG3) and transmission electron microscopy (TEM, JEM-
2010). For metallographic examination, samples were prepared
by chemical corrosion using aqua regia. For the TEM study,
mechanically thinned 50 um disks were prepared using twin
gun precision ion polishing system (Gatan, model 691). The
operating voltage of TEM was 200 kV. The x-ray diffraction
(XRD) experiments were carried out on the D/MAX 2400 x-ray
diffractometer. The tube voltage and current were 35 kV and
40 mA, respectively. The CuK,; (A = 0.15406 nm) beam was
tuned with a diameter of ~ 2 mm as the incident source. The
scan angle range was 40-100° at a speed of 0.02°/s. Using the
(200),, (220),, (311),, (200),, (211),, (220), reflections, the
volume fraction of ar-martensite was calculated through the
following equation:

B 1/nY0 L /R,
- Un S By /Ry + 1 /n Yo BR,

Here, n, I, and R represent the diffraction number, diffraction
intensity, and scattering factor, respectively. An average vol-
ume fraction of o-martensite was determined based on three
measurements. Microhardness was measured using the MH-3
Vickers microhardness tester with 200 g normal load and
10 s holding time. The microhardness was averaged from val-
ues given by five indentation measurements. After grinding

(Eq 1)
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Fig. 1 Diagram of tensile test specimens
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and polishing the tensile fracture surface, the microhardness
tests were carried out at 1 mm distance from the fracture sur-
face.

3. Results

3.1 Temperature Dependence of Engineering Stress—Strain
Curves

Figure 2 shows the engineering stress—strain curves of
316LN austenitic stainless steels under different temperatures.
It can be seen that the curves are quite similar. The steel showed
strong temperature dependences for the strength and elonga-
tion. As the test temperature decreased from 300 to — 40 °C,
the ultimate tensile strength (UTS) and the yield strength (YS)
increased by 84 and 67%, from 345 and 134 MPa to 635 and
224 MPa, respectively. As expected, the yield strength and
ultimate tensile strength increased with the decrease in the test
temperature. However, the speed of changes was different
between the yield strength and ultimate tensile strength.
Following the temperature decrease, the yield strength
increased slightly, while the ultimate tensile strength increased
rapidly. This is consistent with other studies (Ref 8-10). The
elongation at — 40 °C was obviously higher than at 300 °C and
enhanced from 37 to 92%. This is in line with similar
observation as reported in Ref 11-13.

As shown in Fig. 3, both YS and UTS reversely increased
with temperature. The strength properties (UTS) as well as the
elongation were noticeably enhanced at lower test temperature.
These increases can normally be due to the formation of face
centered cubic (FCC) materials, at the present stage, the
deformation-induced martensite (Ref 14-17). The volume
fraction of martensite increases when lowering the test
temperature (Ref 18), resulting in increases in the YS and the
UTS due to composite strengthening by continuous refinement
of the martensite and austenite mixture (Ref 19-21). The
present results support the aforementioned claims. A large
increase in elongation up to 92% indicates a deviation from the
normal FCC material behavior. The UTS, YS, and elongation
are found to increase with the martensite volume fraction. In
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Fig. 2 Engineering stress—strain curves of 316LN austenitic stain-
less steels under different temperatures
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general, the uniform elongation should increase when more
stress-induced obstacles, such as large stacking faults, twins,
and martensite laths are formed (Ref 19). During the deforma-
tion, less uniform elongation will be yielded when tangled
dislocation networks are dominant.

3.2 Deformation Microstructure Near Tensile Fracture

Figures 4 and 5 show OM and TEM images of microstruc-
ture near the tensile fracture. After solution treatment, the
microstructure was equiaxed austenite grains with the size of
about 50 pm. Additionally, in local area a small amount of
annealing twins was also observed as shown in Fig. 4(a). After
room temperature tensile test, deformed grains with slide lines
turned out (Fig. 4b). The direction of the slip bands was
different among the grains, presenting a typical feature of
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Fig. 3 Mechanical properties of the 316LN austenitic stainless
steels under different temperatures

metals with low stacking fault energy (Ref 22, 23). When the
temperature increased to 300 °C, the number of the slip bands
reduced and a small amount of annealing twins turns up in the
deformed grains. The degree of deformation was smaller than
that at room temperature and the austenite grain size increased
to 60-70 pum, as shown in Fig. 4(c). When the test temperature
was tuned to — 40 °C, the number of slip bands obviously
increased. Interactions happened between slip bands with
different directions, resulting in elongated austenite grains.
The martensitic structure was formed in the deformed
microstructure. The deformation degree was higher than that
at room temperature. The corresponding microstructure is
identified in Fig. 4(d).

Figure 5(a) and (b) shows that at room temperature there
was deformation mainly accomplished by slip bands and
dislocation substructures, along with a small amount of
deformation twins. Moreover, dislocations moved easily and
were annihilated because of dislocation—dislocation interactions
during the movement. This resulted in indistinct sliding
boundaries and lowered dislocation density in steel, along with
local area high-density dislocation loops and tangled networks.
For example, this microstructure is observed at 300 °C in
Fig. 5(c) and (d). Similar results for microstructure evolution of
316LN stainless steel during creep and fatigue were obtained
by Prasad Reddy et al. (Ref 24). With the temperature reduced
to — 40 °C, the deformed microstructure was similar with that
at room temperature. Under this condition, while the quantities
of slip bands and dislocation substructures declined slightly, the
number of deformation twins increased rapidly. Meanwhile,
deformation twins with different directions interacted, as seen
in Fig. 5(e) and (f). The nucleation sites were provided by the
joint impacts from the suppression of temperature rise of the
samples at low test temperature and the twin dislocation
intersection. As a result, the amount of martensite transforma-
tion increases.

Fig. 4 OM images of microstructure near the tensile fracture: (a) before tensile; (b) room temperature (25 °C); (c) 300 °C; (d) — 40 °C
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Fig. 5 TEM images of microstructure near the tensile fracture: (a) and (b) room temperature (25 °C); (c) and (d) 300 °C; (e) and (f) — 40 °C
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Fig. 6 XRD patterns of 316LN austenitic stainless steels after uni-
axial tensile tests at different temperatures

3.3 XRD Analysis

The XRD patterns of 316LN austenitic stainless steel after
uniaxial tensile tests at different temperatures are shown in
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Fig. 6. Compared with the samples without deformation, no
additional diffraction peaks were not found when the defor-
mation temperature was above the room temperature. The
deformation-induced martensitic transformation did not occur
in the 316LN austenitic stainless steel after tensile deformation
under this condition. As the temperature was reduced to — 20
and — 40 °C, diffraction peaks of the o -martensite were present
near the fracture surface of austenitic stainless steel. The
fraction of o -martensite transformation increased from 17.3%
(— 20 °C) to 34.9% (— 40 °C). Meanwhile, deformed at —
40 °C, the amount of o-martensite transformation was only
13.6% at the place ~ 20 mm apart from the fracture surface. In
fact, the deformation-induced martensitic transformation of
316LN austenitic stainless steel depends on strain, stress, strain
rate, deformation temperature, and so on. Larger strain leads to
more defects and easier martensite nucleation around the
defects (Ref 25). Shrinivas et al. (Ref 26) stated that the
martensite of 316L austenitic stainless steel nucleated mainly in
the intersection area of the shear bands, as influenced by the
stacking fault energy. Thus, in order to induce martensitic
transformation, large strain should be applied to materials. In
austenitic stainless steels the formation of martensite has been
frequently observed during deformation at room temperature or
below (Ref 27-29). In situ observations on Fe-Ni-Cr stainless
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Fig. 7 Fractography of the 316LN austenitic stainless steels specimens tested at (a) — 20 °C; (b) room temperature (25 °C); (c) 300 °C (per-

pendicular to tensile direction)

steels showed that e-martensite was formed along with stacking
faults, while o -martensite nucleation seemed to be associated
with dislocation pile-ups (Ref 28, 29). In the present study, the
deformation microstructure formed below room temperature is
similar to the one reported in Ref 30. The amount of o-
martensite reversely increased with the temperature.

3.4 Fractography Analysis

Figure 7 shows the fractography of the 316LN austenitic
stainless steel specimens tested at — 40, 25 °C (room temper-
ature), and 300 °C. The SEM observations reveal that the
fracture surfaces were completely ductile fracture at low
temperature, but turned to a mixture of transgranular fracture
and dimple fracture at high temperature. Very similar elonga-
tions over 80% were reached for the 316LN austenitic stainless
steel treated equal to and below room temperature. The rates are
much higher than these obtained for 100-300 °C, as shown in
Fig. 2 and 3. The sharp decrease in the elongation at higher
temperature is mainly due to the slow growth of the austenite
grains. This weakens the binding force of the grain boundary
and reduces the plasticity and toughness. Similar phenomenon
was observed in Ref 7, where the elongation of 316LN
austenitic stainless steel was about 40% at 100-700 °C. After
treated at 300 °C, the fracture surface possesses several large
and deep dimples with an average size of 12 &3 pm, and many
small and shallow dimples (2 &1 um). Choudhary et al. (Ref
31) stated that due to the dynamic strain aging, a low elongation
of 316LN austenitic stainless steel was formed after deforma-
tion at 300 °C. When test temperature was reduced to 25 °C, a
large amount of small and shallow dimples was observed on the
fracture surface. In local area a small amount of large and deep
dimples stayed at the bottom of the large dimples, denoting the
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possible formation of secondary phase particles. Further
decreasing the test temperature to —40 °C, the steel possesses
large and deep dimples at the fracture surface and some
secondary phase particles at the bottom of the dimples. This
indicated that the 316LN austenitic stainless steel had better
toughness via low-temperature deformation. The present results
are consistent with the findings of Qin et al. (Ref 13). In their
studies, the elongation tested at 77 K was higher than that at
300 K. Similar results were also reported in Ref 6 and
attributed to substantial difference of strain hardening rate
under different tensile temperatures. For the room temperature
test, the elongation decreased by cold working. However, the
trend does not apply to the cryogenic test, indicating the limited
influences on cryogenic elongation at failure from the cold
working. Ref 18 proposed a possible micromechanism to
explain the void growth kinetics in austenitic stainless steels.
Deformation-induced martensite affects the void growth char-
acteristics by the factors of (i) retardation of void nucleation at
early transformation softening and (ii) counteraction of the
strain softening effect due to void growth by transformation
hardening. The decrease in void growth can be explained by the
obstruction of void growth due to rapid nucleation of defor-
mation-induced martensite. The enhanced ductility is mainly
due to the delayed necking because of the enhanced void
nucleation and suppressed void growth (the presence of finer
voids at —40 °C in Fig. 7). This phenomenon actually enables
material to accommodate a large necking strain.

Figure 8 shows the surface morphology of the 316LN
austenitic stainless steels specimens after tensile testing at room
temperature. It can be seen that severe deformation occurred
near to the fracture. The slip bands with different directions
interacted with each other and formed wrinkles. Meanwhile, in
local areas long and narrow cracks were observed, as indicated

Journal of Materials Engineering and Performance
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Fig. 8 Surface morphology of the 316LN austenitic stainless steels specimens after tensile at room temperature. (a) near the fracture; (b)
10 mm distance from the fracture; (c) the magnification of the elliptical area of (b); (d) 20 mm distance from the fracture (parallel to the tensile

direction)

by the arrows in Fig. 8(a). Figure 8(b) depicts the surface
morphology at a distance of 10 mm from the fracture zone. The
wrinkles were formed, but the morphology was mainly wave
texture. In the local area, a small amount of cracks existed and
most slip bands in the austenite grains were parallel to each
other. Figure 8(c) shows the magnification of the elliptical area
in Fig. 8(b) with wrinkles. The deformation morphology of the
316LN austenitic stainless steel is 20 mm away from the
fracture surface as shown in Fig. 8(d). The deformation in
Fig. 8(d) was smaller than those in Fig. 8(a) and (d). The
deformation morphology has the shape of parallel slip bands,
and causes kink steps following its non-uniformity (arrows in
Fig. 8d). From Fig. 8, it can be concluded that there exists big
deformations close to the fracture surface. Meanwhile, more
wrinkles can be formed and in local areas of cracks. The similar
results were also found in Ref 32. It stated that the fracture
failure of the 316LN austenitic stainless steel was attributed to
the decrease of surface roughness and increase in extensive
twinning. Similar phenomenon was observed in situ SEM
tension test of high-nitrogen austenitic stainless steels (Ref 33).
The formation of microcracks was due to additional slip
systems as a result of the larger space between the slip bands.
The surface morphology of the specimens after tensile testing at
lower or higher temperature was similar to the room temper-
ature results.

3.5 Microhardness

Figure 9 shows the microhardness of the 316LN austenitic
stainless steels samples near tensile fracture. The microhardness
increased with the decrease of the test temperature. Treated
with temperature below 25 °C, the steel microhardness changed
slowly. The microhardness decreased only by 9.1% from 396
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Fig. 9 Microhardness of the 316LN austenitic stainless steels sam-
ples near tensile fracture

HV (= 40 °C) to 360 HV (25 °C). Meanwhile, once the test
temperature was higher than the room temperature, the change
of the microhardness was sharp, and the value was reduced by
31.3%, from 360 HV (25 °C) to 247 HV (300 °C). The
microhardness near the fracture surface at different test
temperatures was obviously higher than that after solid solution
treatment (170 HV). Compared with the original sample before
deformation, the microhardness near the fracture zone increased
by 133 and 45% when the test temperatures were — 40 °C and
300 °C. When the test temperature was below room temper-
ature, the deformation microstructure was in the form of
dislocation tangles and deformation twins. There were more
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dislocation tangles closer to the fracture surface. Meanwhile,
the interaction of the deformation twins in different orientations
occurred, leading to the grain refinement of the austenite matrix
structure (Fig. 4d). Besides, the deformation-induced marten-
site transformation occurred at low temperature and the amount
of martensite transformation increased when the temperature
dropped. This lead to the large increase of the microhardness
near the fracture surface. Similar phenomenon was revealed for
the microhardness of the 316LN austenitic stainless steel after
tensile testing under temperature range of 25 to 1000 °C (Ref
7). In that study, the microhardness decreased with the tensile
test temperature. However, when the temperature was higher
than the room temperature, the deformation microstructure was
primarily dislocation tangles and dynamic recovery occurred.
Thus, with the combination effect of dislocation strengthening
and dynamic recovery, the microhardness at 300 °C was only
247 HV, much lower than the value at — 40 °C (396 HV).

4, Discussion

The present study illustrates microstructure evolutions of
316LN austenitic stainless steel deformed at different uniaxial
tensile test temperatures ranging from — 40 to 300 °C. Exper-
imental results clearly demonstrate that the test temperature
significantly affects deformed microstructure characteristics.
Depending on the deformation temperature, two types of
microstructure were formed after tensile testing at different
temperatures. Dominant microstructure changed from disloca-
tion tangle/slip bands to large deformation twins/slip bands
with the decrease in the test temperature. At the elevated
temperature (300 °C), deformation microstructure is consisted
of tangled dislocations, indicating that cross-slip occurred
during dislocation glide. After the test temperature dropped to
room temperature (25 °C), the deformation was mainly accom-
plished by slip bands and dislocation substructures, along with
a small amount of deformation twins. When the test temper-
ature further decreased to — 40 °C, the number of deformation
twins obviously increased and the distance of the deformation
twins reduced.

Due to the martensitic transformation, the stress concentra-
tion during lower temperature tensile testing reduced and
cracking was delayed. The deformation-induced martensite
transformation occurred at the largest deformation area, which
resulted in the strength increase. The deformation became more
difficult. The deformation propagated to other areas without
martensitic transformations and postponed the necking forma-
tion. The formation and transformation of martensite depended
on the accumulation of the strain energy. Due to the transfor-
mation induced plasticity (TRIP) effect, the strength and
elongation were improved. Sato (Ref 34) and Seetharaman
(Ref 35) found two transformation mechanisms from austenite
to martensite. (1) When the stacking fault energy of the base
metal was below 18 mJ/m?, the transformation of martensite
follows: vy-austenite — g-martensite — o-martensite. (2)
When the stacking fault energy of the base metal was higher
than 18 mJ/m? the transformation of martensite turns to: v-
austenite — twin — o/-martensite. Previous researches (Ref
36, 37) showed that the stacking fault energy of 316LN
austenitic stainless steels was about 10 mJ/mz; thus, the
transformation of martensite in 316LN austenitic stainless steel
followed the first mechanism. However, the diffraction peak of

1238—Volume 27(3) March 2018

e-martensite was not found in the present XRD patterns
(Fig. 6), neither from TEM observations (Fig. 10). This
indicated that o-martensite was mainly formed in 316LN
austenitic stainless steel after low-temperature tensile deforma-
tion. The content of e-martensite was low, or e-martensite
transition phase eventually transformed to o-martensite with
more deformation. Moreover, austenite has coherent relation
with martensite and high interfacial energy prevented crack
propagation, resulting in elongation increase. With further
strain increase and temperature decrease, the dislocation tangles
aggravated which prevent the dislocation movement. In order to
coordinate the severe plastic deformation, deformation twins
were formed. Meanwhile, the subgrain orientation was altered,
leading to release of stress concentration. Deformation twins
were restricted and interacted with each other, which hindered
dislocation motion, forming the twinning induced plasticity
(TWIP) effect. The elongation was improved. Under the
combination TRIP and TWIP effects, strength and elongation
of 316LN austenitic stainless steel at low temperature are
significantly higher than that at high temperature. As shown in
Fig. 2, once the deformation twins were formed in 316LN
austenitic stainless steel, the elongation was high. When the test
temperature was below room temperature, the elongation was
over 80%. Meanwhile, the elongation was reduced to 40%
when the test temperature was higher than the room temper-
ature. This was mainly due to microstructure changes. When
the test temperature was below room temperature, deformation
twins were formed and the amount of the deformation twins
increased sharply with the test temperature decrease. Besides,
the elongation improved by quantity of the martensite is also
ascribed to the TRIP effect (Ref 38, 39). Under the compre-
hensive function of TRIP and TWIP effect, the elongation was
remarkably increased when decreasing the test temperature.
Meanwhile, the elongation of 316LN austenitic stainless steel
significantly increases with the test temperature reduction.
When the test temperature was above the room temperature, the
microstructure was in the form of dislocation tangles and the
deformation twin did not occur, leading to poor work-hardening
capacity. As a result, the elongation was significantly reduced
with the test temperature increase, as shown in Fig. 2.
Twinning can contribute to failure in two ways. For one
thing, twinning increases strain hardening and hence accounts
for higher ductility (Ref 40). Twins may act as a barrier and the
dislocations pile up at the boundary, which increases the chance

Fig. 10 Microstructure of the deformation-induced martensite
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Fig. 11 Cracks and gauffers produced by the interaction between
twins

of crack initiation at the sharp ends of the twin. Another
possibility arises due to surface roughness (Ref 31), which
results in further twinning in the adjacent grain, as seen in
Fig. 11. Alternatively, it could lead to crack propagation along
the grain boundary. Thus, the elongation of 316LN austenitic
stainless steel at low temperature is significantly higher than
that at high temperature mainly due to the formation of the
deformation twin at low temperature, as shown in Fig. 2.

5. Conclusions

To conclude, the 316LN austenitic stainless steel after
uniaxial tensile tests were conducted at the — 40 to 300 °C
temperature range using electronic universal testing machine.
The microstructure and mechanical properties were systemat-
ically characterized and analyzed. The results are as follows:

1. The deformation-induced martensite transformation only
occurs at low temperature and increases in quantity fol-
lowing the temperature decrease. The corresponding yield
strength, tensile strength, microhardness and elongation
of 316LN austenitic stainless steel increase when tuning
down the test temperature. The increase in the mechani-
cal properties of 316LN austenitic stainless steel is attrib-
uted to the comprehensive function of TRIP and TWIP
effect.

2. Deformation microstructure changed from a dislocation
tangle/slip bands dominant to a large deformation twins/
slip bands dominant with decreasing test temperature.
The tensile fracture morphology is dimple rupture at low
temperature and a mixture of transgranular fracture and
dimple fracture at high temperature. However, the elon-
gation at or below the room temperature can reach about
two times higher than the one at high temperatures.
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