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In this work, the effects of grain size and deformation temperature on me-
chanical properties and failure behaviour of 316L austenitic stainless steel
(ASS) are investigated. The cold, warm and hot deformation are carried out
at temperatures of 25, 500, and 800°C for the strain rate of 1.107% s7'. The
results show that strength and workhardening index of all samples decrease
with increasing test temperature; however, decrement in strength and work-
hardening index is more less in coarse grained samples compared to the finer
grained samples. This is due to dynamic strain ageing (DSA) occurred in the
coarse grained samples which showed more pronounced serrated behaviour
after testing at 500 or 800°C due to interaction of mobile dislocations and
solute atoms.

Key words: metals and alloys, quenching, precipitation, diffusion, metallog-
raphy.

V¥ 1iii poboTi mOCITiAMKEeHO BILIMB PO3Mipy 3epeH Ta TemiepaTypu gedopmarrii
Ha MeXaHiuHi BJIaCTMBOCTI Ta IMOBENiIHKY PYHHYBAaHHA ayCTEHITHOI HEPyKaBio-
voi crayi 316L (ASS). XosomHa, Temaa Ta rapsada gedopmailii IpoBOAUINCEH 34
remnepatyp 25, 500 ta 800°C npu msBugkocti gedopmanii 1-1073 ¢L. Pesyib-
TaTU IIOKAa3aJid, III0 MIiIHIiCTh Ta IMMOKA3HUK JedopMalliiiHoro 3MillHEHHS BCixX
3pasKiB 3MEHMIYIOThCA i3 36iJLIITEHHAM TeMIlepaTypu BUIPOOOBYBaHHSA, OJ-
HaK 3MEHIITeHHA MiITHOCTi Ta ITOKAa3HUKA 3arapTOBYBAHHA € MEHIIIUMHU B I'PY-
603epHUCTUX B3pasKax MOPiBHAHO 3 mApidHO3epHHCTMMHU 3paskamu. lle
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moB’A3aH0 3 AuHAMiuHuUM Aedopmaliinum crapiaaam (DSA), o Bigdymocsa B
rpy003epHUCTHX 3pa3Kax, AKi BUABUIN OiJIbII BUpPaKeHy 3y0UacTy IOBEIiHKY
micyas BunpodOysanb 3a remmnepatrypu 500 a6o 800°C 3aBaaKu B3aeMOLil pyxo-
MUX JHCJOKAIIill Ta PO3UMHEHNX aTOMIiB.

KarouoBi cioBa: MeTaJyin Ta CTONM, rapTyBaHHA, HpenuIriTania, tudysis, me-
Tasorpadis.

(Received September 8, 2020; in final version, March 12,2021 )

1.INTRODUCTION

Austenitic stainless steel (ASS) have an important place among the
stainless steel commonly used in different fields of industry because of
its corrosion resistance, high temperature resistivity and good welda-
bility [1—-3]. This steel also shows high workhardening rate during de-
formation. Therefore, different deformation mechanisms can be acti-
vated and improve the mechanical properties by the introduction of
dislocation and deformation induced martensite [4—6]. However, the
workhardening always occurs during cold deformation. Nevertheless,
the martensitic transformation due to deformation can increase the
workhardening rate[7].

ASS cannot be hardened by heat treatments. Due to the austenite
structure at room temperature and high temperatures, these steels do
not show any phase transformation and therefore do not harden by
heat treatment. As a result, different techniques such as grain refin-
ing, solid solution strengthening, and cold working accompanied by
deformation induced martensitic transformation have been used to
strengthen these alloys [8—14]. However, literature studies indicated
that although the effects of the grain refining, solid solution strength-
ening and workhardening on the room temperature mechanical proper-
ties have been clarified, the influence of these strengthening mecha-
nisms on elevated temperature mechanical properties have not been
investigated in detail. As is known one of the methods controlling the
properties of steel is the grain refinement. The number of grains in-
creases by reducing the grain size and, thus the amount of grain
boundaries increases. Any dislocation increases the strength of the
steel by moving just a short distance before encountering a grain
boundary. Hall-Petch equation reveals the relationship between grain
size and yield strength [15]. Small grain size increases the strength
and toughness of the steel at room temperature, however it decreases
the strength and toughness at elevated temperatures.

Also, DSA in ASS appears to occur in the austenite phase at elevated
temperatures depending on the strain rates. As found, the activation
energy of DSA in the ASS process was nearly as equal to the activation
energy of C and N diffusion in the austenite phase [16]. DSA is the in-
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teraction between moving dislocations and solute atoms during plastic
deformation and is believed to reduce the ductility of the material.
However, in this study, some alloys showed an increase in the ductility
stage during the DSA of ASS. One possible explanation was the for-
mation of twins in ASS. In the ASS strain-ageing process, twisting oc-
curs in some compositions when dislocation motion ceases or is limited
by solute atoms. This is known to cause the formation of each twin that
lead to some sheared strain in the lattice [17].

Over the past 60 years the effect of grain sizes and DSA on mechani-
cal properties of different alloys has been studied. Although these
studies have shown the effects of grain sizes and DSA on mechanical
properties, much work should be done before a full understanding is
reached. The aim of the present work is, therefore, to find out how me-
chanical properties of 316L ASS are affected by plastic deformation
depending on different grain sizes and testing temperatures. On the
other hand, interpretation of the fracture mechanism can provide val-
uable information about the cause of failure.

2. EXPERIMENTAL PROCEDURE

316L ASS with chemical composition given in Table 1 was used in the
present experimental study. 2 pieces of 316L ASS were commercially
supplied with @20 mm diameter and 1000 mm length. 24 samples of
Z20x70 mm were cut from this steel in order to use them in the as-
received and heat treated conditions which were applied to form differ-
ent grain size. Samples in the dimension of J20x70 mm except to those
in the as-received conditions were heat treated at 1100°C for 60 min
(HT60), 160 min (HT160) and 260 min (HT260) and then quenched in
the cold water. Tensile test samples obtained from as-received and heat
treated samples were prepared according to TS EN ISO 6892-2 standard
after facing turning, straight turning precision longitudinal machining
and threading operations on the lathe, respectively. Tensile test samples
were then subjected to cold, warm and hot tensile deformation at 25,
500, and 800°C with a strain rate of 1-10 s™! using MTS (100 kN Servo-
hydraulic Test Device). In this process, a total of 6 test samples, 2 for
each test temperature, were used for one condition. Totally 24 test sam-
ples were used for as-received and heat treated conditions. After each
test, maximum tensile strength, flow stress at 3%, elongation and
workhardening index (n) were determined for each sample subjected to
tensile test at different temperatures. To calculate the workhardening

TABLE 1. Chemical composition of 316L ASS.

Elements C Si | Mn Ni Cr Mo N S P Fe
wt. % 0.024|0.38(1.30(10.10|16.57|2.03|0.041 | 0.004 | 0.029 |Bal.
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index, true stress o and true strain € were determined for the region of
uniform plastic deformation up to maximum load. The slope of the latter
relationship defines the work hardening index n [18].

Microstructural investigations were carried out using Nikon
Epiphot brand optical microscope with a magnification capacity of
X50-X1000; images were captured and analyzed by Clemex software.
Changes in microstructure were examined by taking images at differ-
ent magnifications from different regions of each sample. Samples
prepared using conventional sample preparation methods were sub-
jected to electrolytic etching in solution consisting of 89% pure water,
10% oxalic acid and 1% nitric acid mixture. The electrolytic etching
was carried out at room temperature using 15—20 V potential at 2 am-
pere current. In addition, the fracture surface examination of tensile
samples was carried out using Carl Zeiss Ultra Plus Gemini FE-SEM
brand scanning electron microscope (SEM). Microstructure and frac-
ture surface of as-received and heat treated samples tested at different
temperatures were compared with each other to determine the effect of
different grain sizes on mechanical properties of 316L ASS. The meas-
urement of grain size was done by intercepts along a test line oriented
at 45°. At least 500 grains, cut by intersecting line, were counted for
each sample. After counting the grains, the total length of the inter-
secting lines was divided by the number of grains cut by intersecting
line to determine mean linear intercept grain size [18, 19].

3. RESULTS AND DISCUSSION

Microstructure of the as-received, HT60, HT160 and HT260 samples is
seen in Figs. 1, a—c and d, respectively. Table 2 also reveals measured
mean linear intercept grain sizes of as-received, HT60, HT160 and
HT260 samples. As is seen from Fig. 1 and Table 2 that all samples con-
sist of austenite grains with different sizes. For example, austenite
grain size was measured as 15 um in as-received sample and it in-
creased to 22, 28 and 36 um when the samples were austenitised at
1100°C for 60 min (HT60), 160 min (HT160) and 260 min (HT260) and
then cooled in water, respectively.

This is an expected result because, atomic diffusion is rapid at high
temperature, eventually, coarse grains result in the steel due to com-
petitive growth of large grains against small grains. Grain growth in-
volves the grain boundary movement and allows some grains to grow
more than others. Diffusion of atoms across the grain boundary is re-
quired, and, consequently, the growth of the grains is related to the
activation energy required for an atom to jump across the boundary.
Low activation energies or high temperatures increase the grain sizes.
Many heat treatments of metals, including holding time at high tem-
peratures, must be controlled to prevent grain growth [15].
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Fig. 1. Microstructure of 316L. ASS: a—as-received, b—HT60, c—HT160,
and d—HT260 conditions.



678 Halil KATIKSIZ and Sileyman GUNDUZ

The change in maximum tensile strength, flow stress at 3% and elon-
gation values of as-received, HT60, HT160 and HT260 samples is shown
in Fig. 2. The maximum tensile strength and flow stress at 3% of as-
received, HT60, HT160 and HT260 samples tested at a deformation rate
of 1.10® s7! showed a continuous decrease with increasing test tempera-
ture from 25°C to 500°C and 800°C. However, the decrease in strength
values at 500°C is lower than at 800°C (see Fig. 2). The results of this
study are similar to those of Muhamed et al. [20]. The authors investi-
gated the DSA behaviour of 316L ASS and subjected the samples to a hot
tensile test in the 25—800°C range. They found that the strength values
decreased slightly in the range of 25—-500°C, but in the tensile test per-
formed over 500°C, the decrease in strength values accelerated. In addi-
tion, Tastemiir and Glindiz [21] studied tensile properties of AISI H10
steel in the temperature range of 25—700°C under as-quenched condi-
tions. The tensile properties showed an increase in YS and UTS of as-
quenched samples tested at 200 or 300°C consistent with DSA. Further
increase in the testing temperature has decreased YS and UTS.

However, the elongation in 316L ASS falls gradually with increase
in testing temperature to 500°C under as-received, HT60, HT160 and
HT260 conditions. The tested samples showed the lowest ductility of
14% for as-received, 35% for HT60, 37% for HT160 and 35% for
HT260 test pieces. When the testing temperature increased to 800°C,
the elongation of the as-received, HT60, HT160 and HT260 samples
also increased. Small variation in strength values and a decrement in
elongation after testing at 500°C indicated that DSA occurred in 316L
ASS under as-received, HT60, HT160 and HT260 conditions. DSA
generally takes place in steels due to the interactions between disloca-
tions and solute atoms [22]. Gupta et al. [23] investigated microstruc-
ture and mechanical properties of Cr—Mo—V steels and showed that the
elongation decreases when the testing temperature increases reaching
minimum values at around 350—400°C. However, elongation revealed
an increment above 400°C.

When the mechanical test results of as-received, HT60, HT160 and
HT260 samples are compared with each other, it is seen that there are sig-
nificant differences in mechanical properties. For example, room temper-

TABLE 2. Mean linear intercept grain sizes of as-received and heat treated samples.

Samples Mean linear inter:;:gtd if;?:;iiirf)es (um) to (stand-
As-received 15+0.47
HT60 22+0.69
HT160 28+0.87

HT260 36+1.12
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ature test results indicated that the flow stress at 3% of the as-received
samples is 786 MPa, but it showed continuous decrement in the HT60,
HT160 and HT260 to 412, 396, and 361 MPa, respectively.

The reason for this drop in flow stress at 3% is related to grain size
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Fig. 2. Mechanical properties of as-received, HT60, HT160, and HT260 spec-
imens tensile tested at 25, 500, and 800°C.
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(see Fig. 2). Because, the grain boundary decreases with increasing the
grain sizes and as a result, the dislocations move more easily, causing
the strength values to decrease [24]. As it is known the grain sizes af-
fect the mechanical properties of steel such as YS and hardness, the
ductile-brittle transition temperature and susceptibility to environ-
mental embrittlement according to Hall-Petch equation:

Gy =G0+ k,d /2, (1)

where o, is the yield stress, oo is a material constant, &, is a strengthen-
ing coefficient and d is the average grain size. So, the smaller the grain
size means the higher the strength. This happens due to the interac-
tions between dislocations and grain boundaries which increase when
the grain size is smaller [25]. Therefore, it is seen that flow stress at
3% decreases due to the increase in grain size of the samples. The ef-
fect of grain size on strength was found to be reduced by increasing the
test temperature to 500 and 800°C. As the grain boundary area de-
creases with increasing grain size, a large-grained material above the
equicohesive temperature may have higher strength than the small-
grained one [26].

In addition, the workhardening index (n) of as-received, HT60,
HT160 and HT260 samples were calculated to determine the effect of
grain size on workhardening and the occurrence of DSA. The increase
in the workhardening index (n) value is one of the most important pa-
rameters indicating that DSA occurs. Figure 3 shows the workharden-
ing index (n) of the as-received, HT60, HT160, and HT260 samples
calculated based on testing temperatures. As shown in Fig. 3, the n
values of HT160 and HT260 samples increased with the increase in

0.40A
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—e— 60 min
0.20{ —&— 160 min
—¥— 260 min

ool T TT—m——
0 200 400 600 800
Testing temperature, °C

Workhardening index, n

Fig. 3. Workhardening index values of as-received, HT60, HT160, and HT260
samples.
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testing temperature and reached its highest value at 500°C. When the
test temperature increased to 800°C, the n value decreased. However,
the n values of as-received and HT60 samples revealed a decrease com-
pared to those of the room temperature value after testing at 500 and
800°C. Deformation processes are divided into three groups as cold,
warm and hot deformation according to the ratio of deformation tem-
perature to metal melting temperature. If the ratio of deformation
temperature to melting temperature is less than 0.3, it is called cold
deformation, between 0.3—0.5 is warm deformation and if it is greater
than 0.5 it is called hot deformation. In the present work, deformation
at 800°C is higher than 0.5, so it falls into hot deformation category. In
the hot deformation process, deformation hardening and deformed
grain structure are removed by the formation of new grains as a result
of recrystallization formed during deformation [26]. Therefore, the n
values of the samples tested at 800°C were found to be low.

When the n values of as-received, HT60, HT160 and HT260 samples
were compared with each other, the n value of the HT260 with the
largest grain size of 36 um was found to be the highest for all test tem-
peratures. It was observed that the n values decreased with the de-
crease in grain size to 28 um (HT160), 22 um (HT60) and 15 um (as-
received). These results show that heat treated HT60, HT160 and
HT260 samples are more affected by DSA than the as-received sam-
ples. Ginduz [27] studied the DSA of niobium microalloy steel under
as-received, air and stainless steel tube cooled conditions. For this
purpose, samples prepared for different conditions were tested in the
temperature range of 25—450°C. The results indicated that the work-
hardening index (n) values increased in the temperature range of 200—
400°C due to DSA.

The increase in n values due to the increase in grain size can be at-
tributed to the presence of more C or Cr atoms in the grain. The move-
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Fig. 4. Stress—strain diagrams for the samples tested at 25°C.
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ment of dislocations was prevented more effectively by C or Cr atoms
in the grain and n values reached the highest values especially in
coarse grained HT260 samples. Grain size significantly affects strain
ageing hardening of steels [28]. In the present experiment work, the
annealing time at 1100°C increased from 60 minutes to 160 and 260
minutes caused an increase in the grain size from 22 pym to 28 um and
36 um, respectively. The grain boundary is suitable place for the diffu-
sion of interstitial or substitutional atoms [29]. Therefore, diffusion of
Cr and C atoms to grain boundaries during the solution heat treatment
reduces Cr and C concentration in the grain. As grain size increases,
the concentration of Cr and C atoms diffusing to grain boundaries de-
creases due to increasing distance of which these atoms need to travel
to reach the grain boundary for the fast diffusion. Similar results are
seen in Alshalfan’s study [30] who showed that higher amount of C at-
oms easily diffuse to the grain boundary due to small-grained struc-
tures provided a short diffusion distance between the interstitial at-
oms and the grain boundaries, As a result, as the grain size increases,
the amount of the interstitial or substitutional atoms diffusing to the
grain boundary decreases and a high concentration of the interstitial
or substitutional atoms remain in the grain causing DSA. One of the
most important indications of DSA is the presence of serrated behav-
iour in the homogeneous plastic deformation region of the stress—
strain diagram.

Figures 4—6 show the stress—strain diagrams of as-received, HT60,
HT160 and HT260 samples tested at 25, 500, and 800°C. As is seen, the
stress and strain diagrams obtained after testing at 25°C, did not show
any serrations, because Cr retards the C diffusion to dislocations at
lower temperatures in 316L ASS [15]. However, serrated yielding was
observed in all samples as the test temperature raised to 500°C or
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Fig. 5. Stress—strain diagrams for the samples tested at 500°C.
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800°C for the strain rate of 1-1073 s7!. The magnitude of the serrations
decreased from the curves at 800°C. DSA refers to the interactions be-
tween diffusing solute atoms and mobile dislocations. Buona et al. [31]
calculated the activation energy as AH = 126.7 kJ-mol™ for strain age-
ing in AISI 430 stainless steel. This value is bigger than the activation
energy for strain ageing in low carbon steels, 84.2 kJ-mol!. However,
it can be said that the affinity of Cr for C atoms changes the activation
energy for diffusion of the latter in 316L ASS to such an extent. Thus,
as-received and heat treated samples showed serrated behaviour at 500
and 800°C, because Cr cannot retard the C diffusion to dislocations at
higher temperatures in 316L ASS. Also, deformation rate and temper-
ature affecting the solute atom diffusion and dislocation movement,
play an important role in the event of DSA. The solute atom diffusion
is slow compared to dislocation for the occurrence of DSA at a high
strain rate and low temperature. However, solute atoms can move with
the dislocations at a low strain rate and high temperature resulted of
DSA disappear. Thus, DSA is seen at intermediate strain rates and
temperatures [27, 32].

When the serrations behaviours of as-received, HT60, HT160 and
HT260 samples are compared with each other, it was observed that
HT60, HT160 and HT260 samples revealed more pronounced serra-
tions compared to that of the as-received samples because of the higher
amount of solute atoms in solution [33]. Dissolution of carbides occurs
in the HT60, HT160 and HT260 samples heat treated at 1100°C for dif-
ferent times and then cooled in water results in higher amount of so-
lute atoms in solution. It was indicated that strain ageing effects can
approach their maxima at interstitial content of only about 0.002%.
The content of interstitial solute atoms in solution must be decreased
to about 0.0001% (1 ppm) or less to eliminate the effects of strain age-

1 1 — As received

| 2 2 -60 min
200 {\< 3 —160 min

4 - 260 min

100 -

Stress, %

o0 30 60 90 120
Strain, %

Fig. 6. Stress—strain diagrams for the samples tested at 800°C.
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ing. Incomplete precipitation of carbides occurs during quenching af-
ter heat treatment, which increase the amount of free C in solution of
the heat treated samples [34].

This cause more pronounced serrations in HT60, HT160, and HT260
compared to the as-received samples after testing at 500 and 800°C. It
was also observed that the magnitude of serrations decreased after in-
crement in testing temperature from 500 to 800°C. The more precipi-
tation occurred in the samples tested at 800°C than samples tested at
500°C. This cause less solute atoms in solution resulted in weak serra-
tions in HT60, HT160 and HT260 samples compared to the as-received

Mass percent, %

Spectrum C Si Ti Cr Mn Fe Ni Mo

0.34 0.08 1.29 19.30 3.85 74.57 0.25 0.31
6.11 0.37 0.00 14.70 1.97 67.14 8.47 1.24
0.00 0.22 0.93 18.39 3.17 77.03 0.00 0.25
6.54 0.43 0.23 15.02 1.32 65.51 9.68 1.27

N

Mean value:  3.256 0.28 0.61 16.85 2.58 71.06 4.60 0.77
Sigma: 3.56 0.16 0.60 234 1.15 5.60 5.19 0.56
Sigma mean: 1.78 0.08 0.30 1.17 0.57 2.80 2.60 0.28

d

Fig. 7. SEM microstructure of as-received samples tested a—25°C, b—500°C,
¢—800°C, and d—EDS analyse results of the samples tested at 800°C.
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samples.

This is consistent with the SEM results as seen in Fig. 7 which shows
SEM microstructures of HT60 samples. It is seen from Fig. 7 that more
precipitates particles were observed in samples tested at 800°C. Figure
7 also reveals EDS analysis with the different points marked on the mi-
crostructure of samples tested at 800°C. As seen from Fig. 7 that

00 pm

Fig. 8. Fracture surface of HT160 samples tested a—25°C, b—500°C, c¢—
800°C.
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points 2 and 4 contain Fe, C, Cr and Mo. These elements showed that
(Cr, Mo) C are formed in HT60 sample after testing at 800°C in which
the sample revealed weak serration behaviour.

The fracture surface of the broken tensile test specimens was exam-
ined using SEM. Figure 8 shows fracture morphology of the HT160
samples for the testing temperatures of 25, 500, and 800°C. The frac-
ture surface of HT160 samples tested at 25°C showed a dimpled struc-
ture which is indicative of a ductile fracture. This indicates a ductile
fracture mode with the nucleation, growth and coalescence of micro-
cavities [35]. At 500°C, HT160 samples revealed cleavage facets and
dimples. The reduction in area is also decreased at 500°C suggested
that DSA occurred in HT160 samples. However, ductile dimples were
observed in HT160 sample after testing at 800°C, which increased the
elongation and reduction in area. In addition, Fig. 8 shows that when
the test temperature increased from 25°C to 500°C and 800°C, fracture
type changed from transgranular to intergranular fracture type. It is
known that the fracture type of metallic materials changes from
transgranular fracture to intergranular fracture type as the tempera-
ture increases [36]. In transgranular fracture, the cleavage planes or
shear planes are weaker than the grain boundaries and the fracture oc-
curs along the shear planes or cleavage planes within the grains. Inter-
granular fracture occurs along the grain boundaries due to weaker
grain boundaries.

4. CONCLUSIONS

In this work, the effects of the deformation on mechanical properties
of 316L ASS with different grain sizes were investigated. The cold,
warm and hot deformation were carried out at temperatures of 25,
500, and 800°C for 1-1073s7! strain rate. The obtained results are as fol-
lows.

1. The microstructure of 316L ASS consisted of austenitic structure
with different grain sizes under as-received and heat treated condi-
tions (HT60, HT160 and HT260). However, coarsening of austenite
grains occurred when the samples were austenitised at 1100°C for 60
min (HT60), 160 min (HT160), and 260 min (HT260) and then cooled in
water. Due to the rapid diffusion of atoms at high temperatures, grain
growth has occurred because small grains tend to combine.

2. Ultimate tensile strength and flow stress at 3% of as-received,
HT60, HT160 and HT260 samples tested at a deformation rate of 1.1073
s! showed a continuous decrease with increasing test temperature
from 25°C to 500°C and 800°C. It has been observed that the strength
values decreased slightly in the range of 25—500°C but the tensile test
performed over 500°C accelerated the decrease in strength values.

3. The elongation in 316L ASS falls gradually with increase in testing
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temperature to 500°C under as-received, HT60, HT160 and HT260
conditions. At above 500°C, elongation of steel increased. Small varia-
tion in strength values and a decrement in elongation after testing
500°C indicated that DSA occurred in 316L ASS under as-received,
HT60, HT160 and HT260 conditions.

4. The increase in grain size in the as-received, HT60, HT160 and
HT260 samples generally led to a decrease in ultimate tensile strength,
flow stress at 3% and elongation values. The effect of grain size on
strength was found to be reduced by increasing the test temperature to
500 and 800°C. Increased grain size caused an increase in workharden-
ing index (n) values in contrast to the strength values. This indicates
that more free Cr, C or N atoms present in the grain with increasing
grain size and effectively inhibit the movement of dislocations.

5. The fracture surface of the as-received, HT60, HT160 and HT260
samples showed transgranular fracture mode with microvoid morphol-
ogy induced by dimple coalescence after testing at 25°C. However, in-
tergranular fracture mode with dimples and cleavage facets were ob-
served at 500°C. Further increase in testing temperature to 800°C re-
sulted in intergranular fracture mode with more dimple pattern on the
fracture surface of the as-received, HT60, HT160 and HT260 samples.
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