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The deformation behavior of a selective-laser-melt-processed 316-L alloy (SLM-316L) under compression
was determined together with a commercial annealed-extruded 316L alloy bar (C-316L) for comparison.
Strain rate jump tests and hardness tests on the untested and compression tested samples were also
performed. Extensive microscopic observations on the deformed and undeformed samples showed a
twinning-dominated deformation in SLM-316L, similar to twinning-induced-plasticity steels, while a
martensitic transformation-dominated deformation in C-316L alloy, similar to transformation-induced-
plasticity steels. Within the studied quasi-static strain rate regime, the measured higher strain rate sensi-
tivity of SLM-316L was ascribed to the lower distances between the nano-twins, in the level of 100 nm, than
the distances between martensite plates, in the level of 1000 nm. A higher hardness increase in the
martensite transformation region as compared with the twinned region proved the higher work hardening
of C-316L. The hardness tests in the micron and sub-micron levels further confirmed the previously
determined relatively low resistances of the dislocation cell walls (sub-grain) to the dislocation motion in
SLM-316L alloy.
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1. Introduction

Selective-laser-melt (SLM) metal additive manufacturing
(AM) is a near-net-shape manufacturing technique, reducing
the secondary processing steps (Ref 1). Extremely high (103-
108 K/s) (Ref 2) cooling rates in SLM cause residual stresses
(Ref 3-5), inhomogeneous microstructure, variable mechanical
properties, and porosities (Ref 6-8). The SLM-processed 316-L
alloy (SLM-316L), for example, develops a microstructure
composed of columnar grains aligned through the laser building
direction and sub-grains of micro/nano size inter-grain cells

(cell structure) (Ref 9-18). A twinning-induced-plasticity
(TWIP) of SLM-316L alloy was also previously reported
(Ref 14,16,17,19). The measured yield strengths are higher than
those of conventionally processed ones (Ref 16,20,21), and the
anisotropy in the yield, flow stress, and ductility has also been
reported; the yield and flow stress are higher in the normal to
the building direction, and the ductility is vice versa (Ref
16,17). As twinning is an important deformation mechanism in
SLM-316L at quasi-static strain rates, the response of the alloy
to strain rates is to be identified. The effect of strain rate on the
tensile flow stress of SLM-316L stainless steel was previously
determined between 5 9 10�5 and 1 9 10�1 s�1 (Ref 22). The
measured strain rate sensitivity of SLM-316L was reported
much higher than that of coarse-grained 316L, with a smaller
deformation activation volume. It was suggested that the plastic
deformation rate-controlling scale of SLM-316L was three
orders of magnitude smaller than the measured average grain
size. Contrarily, the rate sensitivity of an SLM-316L alloy was
reported smaller than that of a C-316L alloy under compression
between quasi-static and high strain rates up to � 2000 s�1

(Ref 23).
The present study is a continuation of the above studies and

focused on the compression flow stress and hardness behavior
of an SLM-316L within the quasi-static strain rate range (10�4-
10�2 s�1). The strain rate sensitivity was determined in the
normal to the building direction, and strain rate jump tests were
performed to clarify the existence of any strain rate effect. The
strain rate sensitivity of a commercially available commercial
extruded-annealed 316L bar (C-316L) was also determined for
comparison within the same strain rate regime. Extensive
microscopic studies were also performed on the deformed
cross-sections of SLM-316L and C-316L samples tested at low
strain rates to correlate the detected hardness, flow stress, and
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strain rate sensitivity difference between the two alloys with
deformation microstructure.

2. Materials, Processing, and Experimental
Techniques

The test samples were fabricated in a laser powder bed
fusion AM Concept Laser M2 Cushing device (400 W
continuous-wave fiber laser) using gas atomized 316L powders
with an average size of 10-45 lm under a nitrogen atmosphere.
The power, scanning rate, hatching space, and spot size of the
incident beam were, respectively, 370 W, 900 mm s�1, 95 lm,
and 160 lm. A multidirectional scanning (biaxial scanning)
laser-pattern rotated 90� between adjacent layers and patented
by the manufacturer was used to construct the samples with a
constant layer thickness of 30 lm. The hardness and compres-
sion test samples were machined from a 6x13x130 mm
rectangular bar fabricated in the z-direction or building
direction (Fig. 1a). After removing the supports and machining
the bar 0.5 mm from each side, the cylindrical compression test
samples, 5 mm in diameter and 5 mm in length, were prepared
using an electro-discharge machine (Fig. 1a). Quasi-static
compression tests were performed in a Shimadzu AG-X
Universal Test machine at 1 9 10-4, 1 9 10-3, and
1 9 10�2 s�1, using a tool steel ring around the test samples
to compress the samples until about various prescribed strains.
The compression tests were performed on the x-axis (the yz-
plane, parallel to the biaxial plane, Fig. 1b and c). The strain

was calculated both from the machine compliance corrected
stroke and the video extensometer displacement (placed on the
edge of the compression test plate). A total of three tests were
performed at each quasi-static strain rate. For comparison, the
compression tests (5 mm in diameter and 5 mm in length) and
Vickers Hardness tests were also prepared on C-316L alloy.
The loading axis was the extrusion direction (ED). The
chemical composition of the alloy is tabulated in Table 1, and
the average grain size was determined � 40 lm by the linear
intercept method.

Nano-indentation tests were performed in the yz- and xy-
planes using a Bruker Hysitron TI 980 (Bruker MA, US) and
CSM Instruments NHTTX 01-03089 (Anton Paar, DE)
equipped with a Berkovich tip (tip radius is approximately 25
nm for both nano-indenters). The calibration was performed in
accordance with the methods described by Oliver and Pharr
(Ref 24,25). The machine compliance calibration was made by
calculating the slope of load vs. stiffness as a function of
indenter displacement. The nano-hardness was made normal to
the yz-plane (parallel to the x-axis, through melt pools) (Fig. 1b)
and the xz-plane (parallel to the z-direction) (Fig. 1c). Vickers
Hardness tests were performed on the polished and polished-
etched surfaces of mounted samples in a Shimadzu Micro
Vickers Hardness Tester by applying the loads at 0.49, 0.98,
1.96, 2.94, 4.9, 9.81, and 19.61 N for 10 ms. X-ray diffraction
(XRD) was used to determine the crystallographic structure and
phase quantification of SLM-316L and C-316L untested and
compression tested samples. XRD analysis was performed on a
Philips X�Pert Pro x-ray diffraction device using CuKa
radiation (k = 1.54 Å) at 40 kV. The XRD analysis was carried

Fig. 1 (a) SLM-316L bar sample and the optical micrographs of nano hardness tests through (b) yz-plane (parallel to the x-direction) and (c)
xz-plane (parallel to the z-direction), (d) optical micrograph showing the columnar grains in the yz-plane and (e) the cell structure within the
grains
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from 40� to 150� intervals at a 0.02�s�1 scanning rate. The
weight percentage of the martensite in C-316L specimens was
determined by the Rietveld profile refinement method (Ref 26)
using a High Score X�pert program. This method is based on
monitored intensities in an XRD pattern. A least-squares
approach is used to refine a theoretical background profile until
it matches the measured pattern profile. The integrated
intensities of individual peaks for each phase in the alloy or
mixture are determined to calculate weight percentages.

The density of SLM-316L specimens was determined by the
Archimedes method as

q ¼ wair qwater
wair � wwater

ðEq 1Þ

where w is the weight and q is the density. The percent porosity
(%P) was calculated as

%P ¼ 100 1� q
qb

� �
ðEq 2Þ

where qb is the density of bulk 316L alloy, which was
determined by measuring the density of C-316L alloy using the
same Archimedes method. The metallographic samples were
etched using an etching solution composing of 10% HNO3,
20% HCl and 20% Glycerol. The microscopic analysis was
performed in a Meiji IM7 100 optical microscope and an FEI
Quanta 205 FEG and Philips XL 30SFEG scanning electron
microscope (SEM).

3. Results and Discussion

3.1 Density and Microstructural Characterization

The average densities of SLM-316L and C-316L were,
respectively, 7821 ± 5 kg m�3 and 7838.5±5 kg m-3 deter-
mined by the Archimedes method. The percent porosity in
SLM-316L was 0.22, comparable with the reported density
using the similar processing parameters (Ref 22). The XRD
spectra of the untested samples of SLM-316L and C-316L
shown in Fig. 2 furthermore confirm a fully austenitic phase (cÞ
in both alloys, while the compression tested (51% strain) C-
316L sample exhibits martensite phase (a

0
(110) and a

0
(211)

peaks in Fig. 2). The martensite content of the undeformed and
deformed C-316L samples was calculated using the a

0
(110) and

c(111) peaks in Fig. 2.
The microstructure of SLM-316L in the yz-plane is

composed of columnar grains, as seen in Fig. 1(d). The width
of these grains is 20-50 lm, and the lengths are several times
the melt pool size. A crystallographic fiber texture formation is
usually reported for SLM-316L:<100> directions are aligned
in the building direction (z-axis) (Ref 17,27-31). Rotation
scanning, however, causes a mismatch in the positions of melt
layers, leading to overlapping semi-ellipse melt pools rather
than nail-top appearance and interrupted columnar grains, as

seen in Fig. 1(d). Furthermore, rotation scanning results in a
strong <110> fiber texture along the building direction and
random orientations of the directions normal to the building
direction (Ref 32). A well-known cellular microstructure/sub-
structure (sub-grain) development in the grains is also seen in
Fig. 1(e). The lengths of the cellular structure may be up to
several times the melt pool size as with columnar grains, and
the widths range 0.7-1 lm (shown in the inset of Fig. 1e). The
microstructure of SLM-316L in the yz-plane consists of biaxial
(± 45�) melt pools, as seen in Fig. 1(c). The grain development
during laser melting and solidification in xz-plane is different
from the parallel to the building direction and is mostly
composed of equal-axed grains with the sizes of 20-50 lm.
Similarly, a cellular microstructure/sub-structure development
was also seen in this plane.

3.2 Compression Tests and Strain Rate Sensitivity

The compression true stress-strain curves of SLM-316L and
C-316L at 10�3 s�1 are shown in Fig. 3(a) until about 0.5 true
strain, together with the representative work hardening (WH)
curves for each alloy. SLM-316L has a higher average yield
strength (proof strength), 510 ± 10.2 MPa (12 tests), than
C316L, 360 ± 11.6 MPa. Since both alloys have broadly
similar grain sizes (excluding sub-grains in SLM-316L), the
higher yield strength of SLM-316L is ascribed to the higher
dislocation density of SLM-316L (Ref 16). The dislocation
density for an SLM-316L alloy was previously reported as
� 1.14 9 1015 m�2 (Ref 16), and taking the average disloca-
tion density of C316-L alloy 3.8 9 1014 m�2 (Ref 33), the

Table 1 Chemical composition of C316-L (Viraj Impoexpo)

C Mn Si S P Ni Cr Mo Cu N Co Fe

0.022 1.40 0.45 0.021 0.034 10.04 16.30 2.05 0.38 0.069 0.19 Bal.

Fig. 2 XRD spectra of untested and compression tested (51%
strain) SLM-316L and C-316L samples
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dislocation density strengthening (Dr) was determined to be
158 MPa based on Taylor�s equation (Ref 34) given as

Dr ¼ MaGb
ffiffiffi
q

p ðEq 3Þ

where M is the Taylor�s factor (2.9), b is the Burgers� vector
(0.255 nm) a is an empirical constant (0.23), and G is the shear
modulus (65 GPa) (Ref 35,36). This value of strengthening
closely matches with the difference (150 MPa) in the yield
strengths between the two alloys. However, the WH of C-316L
is higher than that of SLM-316L until about large strains as
seen in Fig. 3(a). The WH curves also distinguish three distinct
deformation regions in Fig. 3(a): I-slip dominated, II- twinning
and/or martensite transformation-induced slip deformation
dominated, and III-reduced WH region. From the microscopic
studies, which will be elaborated on later, SLM316-L is found
to exhibit a twinning-dominated deformation, while C-316L is
a martensite transformation-dominated deformation, both start-
ing nearly at the same strain � 0.07 and continue until about
� 0.3 strain (Fig. 3a). Figure 3(b) shows the variation of the
flow stress at 0.10 and 0.05 strains with a logarithm of strain

rate. The strain rate sensitivity parameters (b) of both alloys
were determined based on the thermally activated deformation
mechanism by the following relation (Ref 37).

b ¼ Dr

Dlnð _eÞ
ðEq 4Þ

where _e is the true strain rate. The slopes of the stress-ln (strain
rate) curves are tabulated in Fig. 3(b) for each alloy at 0.05 and
0.1 strain. As is seen in the same figure, SLM-316L has a
higher b-value at 0.05 and 0.1 strain within the quasi-static
strain rates. The average values of the b parameter (average of
0.05 and 0.1 strain) are 12.1 and 8.9 MPa for SLM-316L and
C-316L, respectively. Moreover, the b parameter increases with
increasing strain. The strain rate jump tests shown in Fig. 3(c)
further confirm the results of continuous loading stress-strain
curves. An increase of strain rate from 1 9 10-4 to
1 9 10�3 s�1 in the region I increased the flow stress of
SLM-316L by 20 MPa and C-316L by 15 MPa. In region II,
when the strain rate is raised to 1 9 10�2 s�1, the flow stress

Fig. 3 (a) The compression true stress-strain (three samples) and typical work hardening-strain curves of SLM-316L and C-316L, (b) the flow
stress versus ln strain rate at 0.05 and 0.1 strain, and (c) reloading stress-strain curves at quasi-static strain rates
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increases to 30 and 20 MPa for SLM-316L and C-316L,
respectively.

Figure 4(a) and (b) are the optical micrographs showing the
twin regions (arrows) in SLM-316L tested at 0.11 and 0.51
strain, respectively. Twinning occurs locally and passes through
the melt pool borders, as seen in the same figures. A more
intense twin formation (smaller distance between twins) is also
noted in the sample deformed at 0.51 strain. As with SLM-
316L, the intensity of martensite plate formation in C-316L is
noted to increase at increasing strains (0.11, 0.36, and 0.51),
Figs. 4(c), (d), and (e). At the lowest strain (0.11), discrete
martensite plates are seen in several grains (Fig. 4c), while few
grains are fully filled with the plates at 0.36 strain (shown by

the arrow in Fig. 4d). The martensite phase in the XRD
spectrum of C-316L in Fig. 2 for the sample deformed until
about 0.51 strain is determined about 45% by the Rietveld
profile refinement method. As the strain increases, the calcu-
lated weight percentages of martensite increase almost linearly,
as shown in Fig. 4(f).

The SEM micrographs were taken from the twin regions in
Fig. 5(a), (b), (c), and (d) (indicated by the arrows) were further
used to determine the distance between and thickness of
twinned regions. The distance between twinned regions
decreases from 6.5-8 lm with a thickness of � 1 lm at 0.11
strain (Fig. 5a), to 3.5-4 lm with a thickness of �1.2 lm at
0.22 strain (Fig. 5b, to 1.5-2.5 lm with a thickness of � 1 lm

Fig. 4 The optical micrographs showing twinned regions in SLM-316L tested until (a) 0.11 and (b) 0.51 strain and martensite in C-316L tested
until (c) 0.11, (d) 0.36 and (e) 0.51 strain, and (f) the martensite weight percent vs. true strain of deformed C-316L
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at 0.36 strain (Fig. 5c) and to less than 0.7 lm at 0.51 strain
(Fig. 5d). As proposed previously (Ref 38), SLM-316L shows
the twinning localized in certain regions on a very fine scale.
The distance between twinned regions slightly decreases as the
strain increases. The inset of Fig. 5(b) shows such a localized
twinned region with a thickness of 6.4 lm. The distance
between individual twins is in the order of 100 nm, which is
less than the size of a sub-grain (0.7-1 lm). The fraction of
twin regions also increases with increasing strain. Furthermore,
the bent sub-grain seen in Fig. 5(c) in the twinned regions
proves the twinning-activated deformation by the slip, resulting
in the reorientation of slip planes.

Figure 6(a) shows a region of martensitic transformation
near a grain boundary. The distance between martensite plates
is about 1 lm with a thickness of � 100 nm, as shown in the
inset of Fig. 6(a). As noted in the same figure, a low fraction of
twins is also seen (marked by arrows). The distance between
these twins is � 2 lm, but the thickness of the twinned region
is comparably smaller than that in the SLM-316L sample. As
the strain increases to 0.22, the fraction of the grains filled with
martensite plates increases, while the distance between plates
remains almost the same, 1 lm (Fig. 6b). Occasionally, twins
are also seen at this strain, and the distance between them is
� 1 lm (Fig. 6b). The inset of Fig. 6(b) shows a deformation
region in which twins are crossing a martensite plate. As the
strain increases to 0.36, more martensite plates are formed,
while the distance between martensite plates and twins remains
almost constant around 1 lm (Fig. 6c). At the largest strain,
0.51, nearly all grains are filled with martensite plates, with a
final distance of � 0.7 lm between them (Fig. 6d). The
thickness of and distance between twinned region and marten-

site plates are further tabulated as a function of deformation
strain in Table 2.

The tested SLM-316L samples deform via twinning and slip
similar to TWIP steels and C-316L martensitic transformation
and slip similar to transformation-induced plastic deformation
(TRIP) steels (Ref 39). A similar observation was made in a
recent study on the tensile behavior of an SLM-316L and C-
316L alloy (Ref 16). Increasing twin and martensite densities
resulted in WH of SLM-316L and C-316L, respectively.

The strain rate sensitivity in the thermal activation-con-
trolled deformation region will be inversely proportional to the
activation volume (V*) as (Ref 40).

V � ¼ MkT

b
ðEq 5Þ

where k is the Boltzmann constant (1.38 9 10�23 J K�1), and
T is the absolute temperature. An increase in strain rate
sensitivity of both alloys with increasing strain was therefore
ascribed to the reduction of the deformation activation volume.
Using the average b values, the activation volume is calculated
as 59b3 and 80b3 for SLM-316L and C-316L, respectively. The
activation volume for dislocation cross-slip is 10-100b3. The
formation of mechanical twinning and martensite was proposed
to depend on the applied stress and the SFE (Ref 41). The
typical range of SFEs for slip was reported as > 45 mJ m�2,
for twinning 20-45 mJ m�2 and/or phase transformation
< 20 mJ m-2 for stainless steels (Ref 19). The low values of
SFE induce a large separation between the Shockley partials,
which prevents the cross-slip (Ref 37). Therefore, the cross-slip
is not considered the rate-controlling in the investigated alloys.

Fig. 5 The SEM micrographs showing twinned regions in SLM-316L deformed until about (a) 0.11, (b) 0.22, (c) 0.36, and (d) 0.51 strain
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A slight positive temperature dependency (Ref 42) or no
temperature and strain rate dependency (Ref 43) were also
reported for the twinning stress, and the martensitic transfor-
mation is a diffusion-less process (Ref 44). By also considering
large grain sizes of both alloys, the deformation rate-controlling
step in both alloys is determined as the dislocation emission
from the twin and martensite boundaries (Ref 40). The higher
strain rate sensitivity of SLM-316L is presumed to indicate a
lower activation volume in the thermally activated deformation
process than C-316L at the studies strain rate regime. This is in
accordance with the measured distance between the observed
twins in SLM-316L, in the level of 100 nm, and the distance
between martensite plates, in the order of 1000 nm. Micro-
scopically found twining that dominated deformation of SLM-
316L may be due to the higher SFE of SLM-316L. The
presence of N increases the SFE energy (Ref 45), promoting
twinning rather than martensite transformation. As N2 was used
as a shielding gas in the fabricated SLM-316L samples, the N
content may increase over that of C-316L. A 50 ppm higher N

content was shown between 316L samples when the shielding
gas changed from argon to nitrogen (Ref 46). This may be
accounted for the detected difference in the deformation
behavior of tested 316L alloys. However, a further detailed
investigation is needed to verify the increased N content of
SLM-316L and its effect on the SFE.

3.3 Hardness Tests

Figure 7(a) shows the variations of nano- and micro-
hardnesses of SLM and C-316L samples with the depth of
penetration (DOP). As seen in the same figure, the SLM-316L
samples in the yz-plane show a higher hardness value than
those in the xy-plane. The difference is likely due to the
difference in the texture, grain morphologies, and sizes; the
columnar grain widths in the yz-plane are several times smaller.
As the DOP decreases to the sub-micron sizes, the difference in
hardness values slightly decreases, but the difference still
exists; although the sub-cell sizes are almost the same for both

Fig. 6 The SEM micrographs showing martensite plates (also lesser number of twins) in C-316L deformed until about (a) 0.11, (b) 0.22, (c)
0.36, and (d) 0.51 strain

Table 2 The thickness of and distance between twinned region and martensite plates

Strain
value

Thickness of twinned
region, lm

Distance between twinned
region, lm

Thickness of martensite
plates, lm

Distance between martensite
plates, lm

0.11 1 6.5-8 0.1 1
0.22 1.2 3.5-4 0.1 1
0.36 1 1.5-2.5 0.1 1
0.51 < 0.7 0.1 0.7
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planes. It was previously shown that these cells are in high
dislocation density regions (dislocation networks) with higher
solute atom concentrations such as Cr and Mo (Ref 20). The
dislocation cell walls behaved as imperfect barriers to the
dislocation motion (Ref 20,47). The lower yield strength of C-
316L is also evident in Fig. 7(a). The response of C-316L to the
reduced DOP is almost similar to that of SLM-316L, and the
hardness increases as the DOP decreases. These results comply
with the above assessment on the relatively low resistance of
SLM-316L-cell walls to the dislocation motion. Figure 7(b)
shows the variations in the hardness of the recovered SLM and
C-316L samples after the prescribed compression strain. The
higher WH of C-316L is also reflected in the same figure in
which the hardness values of C-316L increase over those of
SLM-316L after about 0.4 strains. To account for the effect of
twinning and martensite on the strength, hardness tests were
performed in the regions of the heavy twins and no twins in
SLM-316L and heavy martensite and no martensite regions in
C-316L after about 0.11 strain. A higher hardness increase in
the martensite transformation is seen in Fig. 7(c), while the
increase in hardness in twinning is moderate. Twin planes act as
an obstacle to the dislocation motion and have an influence on
the flow stresses similar to the grain size, Hall-Petch relation
(Ref 41). As the deformation twins are continuously formed
with increasing strain, the distance between twin planes

decreases; hence, the distance taken by the dislocations, and
this results in an increase in the flow stress. Both the presence
of twin and martensite plates induce a more nonhomogeneous
indentation as compared with the regions of no-twin and no-
martensite, as seen in Fig. 8(a), (b), (c), and (d). The regions
with twins and martensite (Fig. 8a, c) also show lesser numbers
of slip lines as compared with the regions with no-twin and no-
martensite (Fig. 8a, b). The higher WH of C-316L than SLM-
316L is probably due to the higher resistance of the martensite
plate than the twin boundary to the dislocation motion.

4. Conclusions

The deformation characteristics of an SLM-316L alloy were
determined as compared with a C-316L alloy through com-
pression tests until about the prescribed strain, and hardness
tests were performed on the untested and compressed tested
samples. Extensive microscopic observations showed that
tested SLM-316L deformed dominantly by twinning and slip
similar to TWIP steels, while C-316L by martensitic transfor-
mation and slip similar to TRIP steels. Within the studied quasi-
static strain rate regime, SLM-316L showed higher flow stress
and strain rate sensitivity but a lower WH than C-316L. The

Fig. 7 (a) DOP vs. hardness, (b) the HV2 vs. true strain, and (c) HV0.5 of the regions of twin, untwin, and martensite and no martensite
regions after 0.11 compression strain
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higher strain rate sensitivity of SLM alloy was ascribed to the
lower distances measured microscopically between nano-twins
in the level of 100 nm in SLM-316L than the distance between
martensite plates in the level of 1000 nm. A higher hardness
increase in the martensite transformation region as compared
with the twinned region proved the higher WH behavior of C-
316L. The hardness tests in the micron and sub-micron level
further confirmed the previously determined relatively low
resistance of SLM-316L dislocation cell walls to the dislocation
motion. The higher WH of C-316L than SLM-316L is probably
due to the higher resistance of martensite plate than twin
boundary to the dislocation motion.
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