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The strain rate dependent compressive flow stresses of a Selective-Laser-Melt 316L (SLM-316L) alloy and a
commercial (annealed-extruded) 316L (C-316L) alloy were determined, for comparison, between 1x10™* and
~2500 s and between 1x10™ and ~2800 s, respectively. The Johnson and Cook flow stress material model
parameters of both alloys were also determined. The microstructural examinations of the deformed cross-sections
of tested specimens (interrupted tests) showed a twinning-induced-plasticity in SLM-316L alloy and a martensitic
transformation-induced-plasticity in C-316L alloy. Twin and martensite formations were detected microscopi-
cally higher in the dynamically tested specimens until about 0.22 strain, while the twin and martensite forma-
tions decreased at increasing strains due to adiabatic heating. The rate sensitivity of SLM-316L was determined
slightly higher than that of C-316L within the quasi-static strain rate range (1x10* and 1x102 s1), while the rate
sensitivities of both alloys were similar in the quasi-static-high strain rate range (1x10" and ~2500-2800 s’!) at
low strains. A more rapid decrease in the rate sensitivity of C-316L at increasing strains was found in the quasi-
static-high strain rate range. The similar activation volumes of both alloys, corresponding to the dislocation

intersections, indicated a similar thermally activated deformation process involvement in both alloys.

1. Introduction

The microstructure of metal additive Selective-Laser-Melt 316L
(SLM-316L) alloy exhibits columnar grains (parallel to the laser building
direction) and the micro/nano size sub-grain or sub-cell (intercellular
structure) inside larger grains [1-11]. These sub-grains are formed by
the dislocation networks and contain heavy atoms, Cr and Mo [1,12].
Also, a crystallographic fiber texture in which <100> directions were
aligned in the build direction was commonly reported, while the texture
was altered into <110> and <111> directions by reducing hatching
spacing and by increasing laser power [10,13-17]. Rotating scanning;
however, induced a (110) fiber texture in the build direction and a
near-random crystallographic orientation in the transverse to the build
direction [18]. Furthermore, SLM-316L alloy is deformed by a
twin-induced-plasticity (TWIP) [7,9,10,19] with an increased yield
strength as compared with conventional 316L (C-316L) alloys [9,12,20].
The yield strengths of SLM-316L and C-316L alloys at quasi-static strain
rates ranged 450-590 MPa and 160-365 MPa, respectively [21]. The
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increased yield strength of SLM-316L is ascribed to relatively high
dislocation densities, >1x10'°> m™ [9,22,23]. Although the quasi-static
mechanical properties and deformation mechanisms of SLM-316L
have been widely investigated and well clarified, there have been few
studies on the deformation response at increasing strain rates as will be
explained below.

As a benchmark, the mechanical response of C-316L alloy at
increasing strain rates will be outlined here. In an early study in 1985, a
nuclear grade 316H specimens were plastically pre-strained and
unloaded at 0.004 s, then reloaded at 500 s’ in a tension Split Hop-
kinson Pressure Bar (SHPB) [24]. The material showed a moderate
strain-rate sensitive flow stress behavior without any strain-rate-history
effect. A strain rate sensitive tensile flow stress behavior was reported
for a C-316L alloy between 0.02 and ~100 st [25]. Adiabatic shear
localization in an annealed-rolled C-316L alloy was investigated using
an SHPB and hat-shaped specimens [26,27]. The annealed alloy
exhibited a substantial work hardening and adiabatic shear band for-
mation following the peak shear stress. The compression flow stresses of
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a sintered 316L alloy from 102 to 7.5x10° s [28] and a biomedical
grade 316L alloy from 1x10% s to 5 10% s were determined between
25 and 800 °C [29,30]. The compressive flow stress of the sintered alloy
increased with increasing strain rate from quasi-static to dynamic strain
rates, while an increased strain rate sensitivity was found in the dynamic
strain rate range after about 3x10° s? [28]. The flow stress and
work-hardening rate of the biomedical 316L alloy increased with
increasing strain rate but decreased with increasing temperature [29,
30]. The strain rate sensitive flow stresses of C-316L alloy were also
reported in other studies [31-33].

There have been however few studies on the strain rate sensitive flow
stress behavior of SLM-316L alloy. The strain rate sensitivity of a laser-
melt-deposited 316L was determined between 1x10° and 1 s™! in tension
[34]. The laser melt deposited 316L alloy was reported to exhibit a
higher strain rate sensitive flow stresses than C-316L alloy. A similar
result was also reported in Ref. [35] in which the tensile flow stress
strain rate sensitivity of SLM-316L alloy was found to be higher than that
of C-316L alloy between 5x10° and 1x10! s'. The increased rate
sensitivity of SLM-316L as compared with C-316-L was reported, in the
same study, due to the reduced deformation activation volume of
SLM-316L. A recent study performed under compression at quasi-static
and high strain rates (up to ~2000 s) however has shown a contra-
dicting result with above studies: SLM-316L alloy exhibited a lower
strain rate sensitivity than C-316L alloy [36].

As a continuation of the above studies, present study investigates the
strain rate sensitivity and deformation microstructure of an SLM-316L
alloy under compression at quasi-static strain rates, 104-102 s, and
between quasi-static and high strain rate, ~2500 s’'. For comparison, a
commercially available annealed-extruded C-316L alloy was also tested
at 104102 s and ~2800 s. The compression test specimens of SLM-
316L were tested normal to the SLM building direction and the C-316L
specimens through the extrusion direction. In a previous study [37], the
rate sensitivities and deformation microstructures of both SLM-316L and
C-316L alloys were investigated in the quasi-static strain rate range,
between 1x10" and 1x10°2 5. In present study, the strain rate range was
extended to high strain rates, the constitutive equations of both alloys
were determined and additionally interrupted tests at high strain rates
were performed in order to analyze the deformation microstructure
development as functions of strain and strain rate. The XRD measure-
ments on the untested specimens and the specimens tested until about a
prescribed strains were made in order to determine crystal phases in
both alloys.

2. Materials and methods
2.1. Sample preparation

The test specimens for the compression tests were extracted from the
rectangular SLM-316L bars fabricated in a Laser-powder bed fusion AM

(a)

=

Re)

- L3 A3 L3 7
o ” % y
= = /.v/(b
T « 45 second layer AV
o0 X AW

£ M,

5 v ]
= . 4
3 Al M
8 450 first layer AW

3 . 7V

I \/;\,/;vl\,J\,J\,J(,;[,:[ :[

Materials Science & Engineering A 838 (2022) 142743

Concept Laser M2 Cusing device using nitrogen gas as a protective at-
mosphere. The bars were fabricated using a gas atomized 316L powder
with a mean powder diameter of 50 pm. The following process param-
eters were used in the SLM: the power = 370 W, the scanning rate = 900
mm s}, the hatching space = 115 pm and the spot size of the incident
beam = 160 pm. A biaxial scanning in which the laser pattern was
rotated 90° between adjacent layers (Fig. 1(a)) with an energy density of
~120 Jmm and a 30 pm constant layer thickness was used to construct
the samples. The used axis notation is as follows: the building direction
is the z-axis and the directions normal to the melt pools in the biaxial
plane are the x- and y-axis as shown in Fig. 1(b). It is also seen in Fig. 1
(b) that melt pools appear as overlapping semi ellipse rather than nail-
tops due to the used rotating scanning strategy.

Quasi-static and high strain rate cylindrical compression test speci-
mens were machined from a 6x13x130 mm as-built rectangular bar
shown in Fig. 2(a). After removing the support (bottom of the bar) and
machining 0.5 mm from each side of the bar, the compression test
specimens, 5 mm in diameter and 5 mm in length were cut using an
electro-discharge machine (Fig. 2(a)). The compression tests were con-
ducted parallel to the biaxial plane in the x-direction, as shown in Fig. 2
(a). In order to determine the homogeneous mechanical properties along
the SLM-built bar, hardness tests were performed from the bottom
(support) to the top of the bar. The hardness profile in Fig. 2(b) indicates
that at a distance above 25 mm from the bottom, the average hardness
values become homogenous along the bar. Therefore, the compression
tests specimens were prepared 25 mm away from the bottom of the bar.
Cylindrical samples of an annealed extruded-316 L alloy bar of Viraj
Impoexpo (5 mm in diameter and 5 mm in length) were also prepared
using the same method. The major alloy compositions of the used SLM
powder and C-316L are listed in Table 1.

Samples for metallographic analyses were prepared in a precision
diamond saw under a continuous flow of water. Bakelite-mounted
samples were then ground and polished using diamond suspensions
and then etched by a solution of 10% HNO3, 20% HCl and 20% Glycerol.
Microscopic analyses were performed in a Meiji IM7 100 optical mi-
croscope and a FEI Quanta 205 FEG and Philips XL 30SFEG scanning
electron microscope. The crystallographic structures of untested and
compression tested specimens were determined using a Philips X Pert
Pro X-Ray Diffraction (XRD) device (Cu-Ka radiation, A = 1.54 A° and
40 kV). Vickers Hardness (HV) tests were conducted on the polished and
polished-etched surfaces of metallographic samples in a Shimadzu Micro
Vickers Hardness Tester by applying 19.61 N loads for 10 ms (10
repeating tests). The density and porosity level of the used SLM-316L
were given elsewhere [22], and 7821 + 5 kg m™ and 0.22%, respec-
tively. The porosity level is comparable with the reported density of an
SLM316-L alloy using the similar processing parameters [35]. The po-
rosities of SLM316-L alloys processed using different scanning strategies
are also noted generally less than one percent [38].

z (building direction)

b) . -

Fig. 1. The schematic of (a) the rotating scanning between adjacent layers and (b) melt pools and directions, x-, y- and z-axis.
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Fig. 2. (a) The schematic and picture of as-built SLM-316L bar and the picture of an extracted cylindrical compression tests specimen showing the loading direction

and (b) hardness and average hardness variations along the bar height.

Table 1
The chemical compositions of the SLM powder and C-316L
C Mn Si Ni Cr Mo N
SLM <0.03 10.0-13.0 16.5-18.5 2.0-2.5
C-316L 0.022 1.40 0.45 10.04 16.30 2.05 0.069

2.2. Quasi-static and high strain rate tests

Quasi-static compression tests were performed at three different
strain rates, 1x10‘4, 1x10 and 1x1072 s'l, in a Shimadzu test machine
using a video extensometer and high strain rate compression tests were
performed in an SHPB test apparatus. Interrupted tests at quasi-static
and high strain rate were performed until about predetermined engi-
neering strains in order to determine the deformation microstructure
development as functions of strain and strain rate. In these tests, test
specimens were inserted inside tool-steel rings having a 19 mm outer
and a 10 mm inner diameter with 4.5, 4, 3.5 and 3 mm thicknesses
corresponding to the final engineering strains of 0.1, 0.2, 0.3 and 0.4
engineering strains (0.11, 0.22, 0.36 and 0.51 true strains) in the test
specimens, respectively. When the ring was compressed together with
the specimen, the force values increased abruptly; thereafter, the test
was stopped.

The schematic of the used SHPB set-up is shown in Fig. 3(a). The
SHPB set-up consisted of a 19.40 mm diameter Inconel 718 bar; 2000
mm-long incident bar, 1800 mm-long transmitter bar and 50 mm-long
striker bar. The modulus and density of the bar are sequentially 204 GPa
and 8394 kg m™>. In order to not to damage the bar-end surfaces,
impedance matched 5 mm-thick tool steel inserts were used at the bar
ends. Initial tests were performed on an Al alloy with and without using
inserts to check any artificial wave reverberations from the inserts. Both
ended with the same stress-strain behavior. The stresses on the bars were
measured by a full Wheatstone-bridge configuration of 350 Q foil strain
gages. After recording the waves using an oscilloscope and amplifier, the
strain (¢;), stress (o5) and strain rate (&) of the sample were using the
following relations
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Fig. 3. (a) The schematic of the SHPB test set-up and (b) incident, transmitter

and reflected wave voltage reading without pulse shape and with pulse shaper
and constraining ring.
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where L, Ap, As, Ep, Cp, and t are the specimen length, the bar cross-
sectional area, the specimen cross-sectional area, the bar elastic
modulus, the bar elastic wave velocity and the time, respectively. ez and
er are sequentially the reflected and transmitted strains. The SHPB pulse
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shaping is widely used in order to induce a gradually-rising incident
wave [39,40]. In this method, a thin layer of a ductile metal sheet is
placed at the front of the incident bar so that the deformation of the
metal sheet in between the striker and incident bar shapes the incoming
incident bar stress. In the present study, a copper sheet in 10x10x1 mm
size was placed at the front of the incident bar by applying a thin layer of
lubricant. Fig. 3(b) shows typical voltage-time readings of the SHPB test
without and with using a pulse shaper and a constraining ring. As is seen
in the figure, the pulse-shaper induces, a more gradually-rising stress
wave on the incident bar and also results in lesser variations of strain
rate during a test. In classical SHPB tests, the strain gages on the incident
and transmitter bars are placed at an equal distance from the spec-
imen/bar interfaces so that the reflected and transmitter waves start at
the same point on the time axis. The use of pulse shaper however in-
creases the time duration of the incident wave, resulting in an interac-
tion between the end of the incident wave and the start of the reflected
wave (shown by a circle in Fig. 3(b)). A strain gage (strain gage 1 in
Fig. 3(a)) was mounted on the incident bar to measure the incident and
reflected waves separately. In this case, the strain gage 1 reading was
shifted on the time axis until the reflected and transmitted waves started
at the same point in the time domain. The use of two strain gages on the
incident bar of the used SHPB also allows measuring the wave disper-
sion. The similar wave profiles measured from two strain gages show
negligible dispersion in the Inconel bars.

In the interrupted high strain rate tests, after the specimen is com-
pressed until about the predetermined strain, the ring and specimen are
deformed together as depicted in Fig. 3(b). Due to the high mechanical
impedance of the tool steel ring, the specimen is elastically deformed
when it is compressed together with the tool steel ring. As soon as the
ring is compressed as seen in Fig. 3(b), the reflected wave becomes zero
and the incoming wave is fully transmitted to the transmitter bar. By this
way, the specimen was deformed until about 0.11, 0.22, 0.36 and 0.51
true strains in the SHPB tests.

3. Results
3.1. Microstructural characterization and hardness

The optical and SEM micrographs of the untested SLM-316L parallel
to the biaxial plane are shown in Fig. 4(a). A crystallographic fiber
texture of (110) in the build direction (z-axis) and a random distribution
of (100), (110) and (111) directions transverse to the build direction (x-
and y-axis, £45° to the scanning directions) were previously shown for
the investigated SLM-316L [22]. Rotating scanning breaks the epitaxy of
columnar growth [18]. The broken columnar grains of the studied
SLM-316L alloy are shown by dotted lines across the melt pools in Fig. 4
(a). The average width of these broken grains were determined 29.27 +
4.4 pm by linear  intercept  method. A cellular
microstructure/sub-structure inside the grains is seen in the inset of
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Fig. 4(a). The widths of the cells were ranged 0.7-1.67 pm. The optical
micrographs of the grain structure of commercial annealed-extruded
316-L are shown in Fig. 4(b). The typical polygonal equiaxed austenite
grains are also seen in these figures. The average grain size measured
24.3 + 3.22 pm by the same linear intercept method. The measured
mean hardness values in the x-axis (tip normal to x-axis) and in the z-axis
of SLM-316L are 220 + 9 HV and 215 + 7.6 HV, respectively. The mean
hardness value of extruded C-316L was found lower than x- and z-axis of
SLM-316L and 211 + 6 HV.

3.2. Quasi-static and high strain rate compression behavior

Compression stress-strain curves of the investigated alloys were
previously determined at 1x10™#, 1x10°3, and 1x102 s’ and reported in
Ref. [37]. The strain rate jump tests at 1x10'4, 1X10'3, and 1x1072 st
were also performed in the same study, which provided a higher stress
rise in SLM-316L. The average yield strengths (proof strength) were
determined 510 + 10.2 and 360 + 11.6 MPa sequentially for SLM-316L
and C-316L.

The representative compression true stress-true strain curves and
true strain rate-true strain curves of both alloys are shown in Fig. 5(a).
Since the high strain rate SHPB tests on both alloys were performed at
the same gas-gun pressure (the same incident stress), softer C-316L
exhibited higher strain rates as seen in Fig. 5(a). The strain rate is not
constant in the SHPB tests and varies between 2500 and 3150 s for
SLM-316L and between 2800 and 3250 s™! for C-316L, between 0.1 and
0.4 true strain (Fig. 5(a)). Fig. 5(b) shows the true-stress-true strain
curves of SLM-316L at quasi-static and dynamic strain rates (three tests
at each strain rate). In the high strain rate tests (2500-3150 s'l), the
sudden increase of stress is due to a higher mechanical impedance of the
ring deformation after a predetermined strain, as marked in Fig. 5(b).
Not shown here, similar interrupted tests were also performed at 1x10°
s\ Fig. 5(c) shows the true-stress-true strain curves of C-316L at quasi-
static and dynamic strain rates. Note that SHPB tests result in large stress
oscillations at the beginning of stress-strain curves, partly due to the
geometrical artifacts induced by the specimen-bar contacts and partly
due to the non-equilibrium stress condition at these initial strains [41,
42]. Nevertheless, it is clearly seen in Fig. 5(b) and (c), both alloys show
a strain rate sensitive flow stress behavior: as the strain rate increases
from quasi-static to high strain rate, the flow stress increases.

The work hardening (WH) of both alloys at quasi-static and high
strain rates are shown in Fig. 6 together with the corresponding true
stress-strain curves. The quasi-static WH of C-316L is seen higher than
that of SLM-316L (Fig. 6). The quasi-static WH of both alloys maybe
considered in three deformation regions. These regions corresponded to
a rapidly reduced WH region at about 0.07 strain (I), a more slowly
reduced WH region between 0.07 and 0.27 strain (II) and again a rapidly
reduced WH region at the strains above 0.3 (III). Although the dynamic
WH in C-316L is higher than the quasi-static HW at low strains, both

Fig. 4. The micrographs showing (a) the microstructure parallel to biaxial plane of SLM-316L and the sub-grain structure (b) the microstructure of C-316L normal to

extrusion direction.
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become equal to each other between 0.14 and 0.23 strain. After 0.23
strain, the dynamic WH decreases rapidly below the quasi-static WH.
However, the dynamic WH of SLM-316L alloy is higher than the quasi-
static HW until about 0.23 strain as seen in Fig. 6. The dynamic WH of
SLM-316 alloy also reaches the quasi-static and dynamic HW of C-316L
at about 0.18 strain. The rapid reduction of the dynamic WH of both
alloys as compared with the quasi-static WH after about 0.20-0.23 strain
is due to the adiabatic heating of the dynamically tested specimens,
which reduces the deformation resistance. It is also noted that dynamic
loading decreases the extent of region II. In the WH curves of the quasi-
static loading of the same alloys, the region I is considered as the slip
dominated, the region II as the twinning and/or martensite
transformation-induced slip deformation dominated, and the region III
as the slip dominated [37]. The twinning-dominated deformation of
SLM-316L and the martensite transformation-dominated deformation of
C-316L start at about 0.07 strain and continue until about ~0.3 strain.

3.3. Constitutive relations and strain rate sensitivity

The flow stresses of both alloys were fitted with the Johnson and
Cook (JC) flow stress equation given as [43].

6:(A+Be”){l+cln(£)} (17 {TT:TT]M) Q)

where, ¢ and ¢ are the equivalent true stress and true plastic strain,
respectively. A, B, n, c and m are the JC parameters; n is the strain
hardening coefficient, c is the strain rate sensitivity, T is the deformation
temperature, T, is the reference temperature, Tj, is the melting tem-
perature, m is the thermal softening parameter, and ¢ and &, are
sequentially the strain rate and reference strain rate (1)(10'3 s'l). Eqn. (4)
is modified by replacing (A +Be") with the stress-strain curve (o, (¢)).
The values of o,(¢) were determined by interpolating the experimental
true stresses with true strain at 1x10° s. To calculate the strain rate
sensitivity parameter c, the true flow stresses at 0.11, 0.22, 0.36 and
0.51 strains are drawn against the logarithm of true strain rate and then
the true flow stresses are fitted with Eqn. (4) as shown in Fig. 7(a) and
(b), sequentially for SLM-316L and C-316L. The c values of SLM-316L
decreases from 0.18 to 0.011 when the true strain increases from 0.11
to 0.56, as seen in Fig. 7(a). A similar reduction of the ¢ values is also
seen in C-316L within the same strain range, from 0.0185 to 0.009
(Fig. 7(b)). Different from SLM-316L, the c values of C316L decrease
from 0.0185 to 0.0155 sequentially at 0.11 and 0.22 strain to a value of
0.013 when the flow stress is fitted between 1x10™* s and 1x102 5! as
tabulated in the table in Fig. 7(b). The relatively lower c values of both
alloys at increasing strains are partly due to the increased extent of
adiabatic heating at increasing strains. The rate sensitivity parameters of
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SLM-316L and C-316L as tabulated in Fig. 7(a) and (b) are very similar
to each other at low strains, 0.11 and 0.22, while at increasing strains
the rate sensitivity of SLM-316 becomes slightly higher than that of C-
316L. In the quasi-static strain rate range; however, the rate sensitivity
of SLM-316 is higher than that of C-316L. For comparison, the data in
Fig. 7(a) and (b) were also fitted with the following relation [44],

oc=K¢" 5)

where K is a constant and m' is the strain rate sensitivity parameter,
which is
+_din(o)
B d 111(8) T.e

©

The fitting results of the flow stress data with Eqn. (5) are shown in
Fig. 7(c) for SLM-316L and C-316L at 0.11 and 0.22 strain, respectively.
The m' values are tabulated sequentially within the quasi-static strain
rate range (1x10"*-1x10"2 s'1) and within the quasi-static-high strain rate
range (1x10™*- up to 3150 and 3250 s'!) in the same figure. The m’ values
of SLM-316L and C-316L are also very similar as seen in Fig. 7(c); for
SLM-316L ranging 0.0166-0.051 at 0.11 strain and 0.0177-0.0147 at
0.22 strain and for C-316L ranging 0.0131-0.0164 at 0.11 strain and
0.0129-0.0139 at 0.22 strain. Again, SLM-316 shows a higher m’ value
in the quasi-static strain rate range.

The ¢ parameters of SLM-316L and C316-L were fitted with true
strain into a polynomial equation, as shown in Fig. 8(a). As noted in the
same figure, the ¢ parameters of both alloys are almost the same at 0.11
strain, while at increasing strains a more rapid decrease is seen in the ¢
parameter of C-316L. The temperature softening parameter (m) of both
alloys were determined by fitting the quasi-static compression yield
strengths (taken from the literature) with the flowing relation: ¢ =

m
or (1 - [TTM :TT'J ), where o, is the room temperature yield strength. As

is seen in Fig. 8(b), taking the m value equals to 1 for both alloys, results
in a good match with the strength-temperature curves.

The predicted JC and experimental true stress-true strain curves at
quasi-static strain rates (1x10* and 1x102 s1) and high strain rate
(SHPB) are shown Fig. 9(a) and (b) for SLM-316L and C-316L, respec-
tively. Using the determined c values, the adiabatic stress-strain curves
were predicted by taking T = T, while the isothermal curves were
calculated using the following equation by taking m = 1,

(A+Be") {1 +cln (—)] @
(- [])

In the same curves in Fig. 9(a) and (b), the temperature rise (AT) was
calculated using the flowing relation,

_ P [ode
PCp

o=

AT ®

where f and ¢, are the Taylor-Quinney coefficient [46] (fraction of
deformation work converted into heat) and the heat capacity, respec-
tively. For both alloys, the value of ¢, was taken 500 J kg K [47] and
T = 1425 °C. The value of $ for a cold rolled 316L specimen was re-
ported below 0.9 and increased with increasing strain [48]. The
measured f values of some metals and alloys have shown to depend on
the testing type [49]. For example, the value was found higher in
compression (0.7-0.9) than in tension for a CP-Ti. It was claimed that
the formation of twin boundaries stored less amount of deformation
energy; therefore, the value of § was higher in the compression tested
specimen due to larger fractions of twinning deformation. As will be
explained later, the tested SLM-316L deforms under compression by the
TWIP and C-316L by the transformation-induced-plasticity (TRIP).
Therefore, the value of § was taken 0.8 as an average for both alloys. The
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Fig. 8. The fitted value of (a) ¢ with strain and (b) compression stress vs.
temperature and fitted curve when m = 1, for SLM-316L and C-316L ([30,45]).

calculated isothermal and adiabatic curves in Fig. 10(a) and (b) indicate
that adiabatic heating becomes effective after about 0.1 strain. The
predicted and experimental SHPB true stress-true strain curves (adia-
batic show close agreements with each other until about the point A in
the same graphs. After the point A which corresponds to an adiabatic
temperature of 110 °C, the experimental stress-strain curves show a
reduced work hardening.

Both alloys showed no failure until about 0.51 true strains, as shown
in the deformation pictures of the compression tested samples at various
strains in Fig. 9(a) and (b). These prove a high ductility of both alloys
under compressive loads.
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Fig. 9. Adiabatic and isothermal experimental and predicted JC true stress-true
strain curves with the predicted adiabatic temperature (a) SLM-316L and (b)
C-316L.

3.4. Microscopy of deformed structures

Microscopic observations of the quasi-statically and dynamically
tested specimens revealed a TWIP in SLM-316L, while a martensitic
transformation-induced-plasticity in C-316L alloy in a previous study
[371. The quasi-static deformation microstructures of both alloys will be
compared in this section with the dynamic deformation microstructures
at the same final true strains.

Fig. 10(a—-d) show the optical and SEM micrographs of the deformed
SLM-316 specimens until about 0.11, 0.22, 0.36 and 0.51 strain,
respectively. The parallel twins crossing the melt boundaries are clearly
seen in Fig. 10(a and b). A higher twin fraction is found microscopically
at 0.11 and 0.22 strains in dynamically tested specimens as compared
with the quasi-statically tested specimens given in Ref. [37]. The higher
magnification micrographs clearly showed twin planes inside individual
grains passing through the melt pools. Furthermore, bent-twins seen in
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Fig. 10. The optical micrographs showing twinning and shear bands in dynamically tested specimens tested at about (a) 0.11, (b) 0.22, (c) 0.36 and (d) 0.51 strain.

Fig. 10(a) and (b) confirm concurrent plastic deformation via slip by was almost the same as the quasi-static tests, ~ 1 pm. The distances
dislocation motion. The distance between twinned regions (containing between individual twins are between 400 and 900 nm and the etch-pits
many twins) was between 1.5 and 2 pm at 0.11 strain, smaller than that in between the twins are also seen in the dynamically tested samples
of quasi-static tests (6.5-8 pm), while the thickness of twinned regions (shown in the inset of Fig. 10(a)). The sizes of these etch-pits are

twinning re_le

pm i e
HV t | det mag [ WD ure

20.00 kV CBS | 5000x | 11.1 mm | 9.64e-4 Pa

Fig. 11. The optical micrographs showing martensite plates in dynamically tested specimens tested at about (a) 0.11, (b) 0.36 and (c) 0.51 strain and (d) SEM picture
of twinning region in (c).



M. Giiden et al.

between 100 and 300 nm. On the other side, at increasing strains, at
0.51, adiabatic shear bands are seen, Fig. 10(d). These bands run parallel
to each other with a distance between 1.8 and 2.12 pm (shown in the
inset of Fig. 10(d)).

Fig. 11(a—c) show the optical and SEM micrographs of the deformed
C-316L specimens until about 0.11, 0.36 and 0.51 strain, respectively. A
heavy martensite formation is seen at the lowest strain in the dynami-
cally tested specimen, 0.11, (Fig. 11(a), as apposite to the discrete
martensite plates seen previously in the quasi-statically tested samples
[37]. At higher strains, 0.36 and 0.51, twin formations are also seen
(shown by circles in Fig. 11(b) and (c) and by an arrow in Fig. 11(d)).

The XRD spectra of the untested and the dynamically tested speci-
mens of SLM-316L and C-316L shown sequentially in Fig. 12(a) and (b)
confirm a fully austenitic phase (y) in both alloys. The XRD spectra of the
dynamically and quasi-statically tested and untested specimens of SLM-
316L were found similar. However, the dynamically and quasi-statically
tested C-316L specimens exhibited martensite phase a (110) and o
(211) peaks (Fig. 12(b)). The martensite content was calculated using
the o (110) and y(111) peaks in Fig. 12(c) for the quasi-statically tested
C-316L specimens and in Fig. 12(d) for the dynamically tested C-316L
specimens by the Rietveld profile refinement method [50] using a High
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Score X’pert program. As noted in Fig. 12(d) the relative intensity of o
(110) decreases after 0.22 strain in the dynamically tested specimens.
The weight percentages of martensite increase in the quasi-statically
tested specimens are almost linear with the strain as seen in Fig. 12
(d). Although the dynamically tested specimens have higher martensite
content at low strains, the martensite content remains nearly constant
after about 0.22 strain, which also agrees with the microscopic obser-
vations in Fig. 11(a-d). After 0.22 strain, the deformation in the
dynamically tested specimens is first dominated by twining and slip and
then by slip. While, the deformation is dominated by slip at increasing
strains in the dynamically tested SLM-316L specimens, which explains a
slower decrease in the ¢ values at increasing strains.

4. Discussion

The compression test results revealed a higher flow stress of SLM-
316L than C-316L at both quasi-static and high strain rates. As stated
earlier in the introduction part, the dislocation density of SLM-316L is
reported to be much higher than that of C-316L. The higher dislocation
density is generally accounted for the measured higher flow stress of
SLM-316L alloy [9].
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Fig. 12. XRD spectra of dynamically tested (a) SLM-316L and (b) C-316L specimens, (111) peaks of (c) quasi-statically and (d) dynamically tested C-316L specimens
and (e) martensite wt% vs. true strain curves of the quasi-statically and dynamically tested C-316L.
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The values of ¢ for a C-316L alloy are reported in Ref. [51] between
0.042 and 0.1, which are higher than the c values determined in present
study (0.0185 at 0.11 true strain). Eqn. (5) was previously fitted with the
experimental tensile yield strengths of an SLM-316L alloy between 107
and 10! s and the value of m’ was reported 0.0248 [35]. Comparably a
lower m’ value has been recently reported for an LAM deposited 316L
within a similar strain rate range, 0.0102 [34]. In the same study, the
rate sensitivity parameter of a C-316L alloy was determined 0.0065,
which is in contradict with the c values of C-316L alloy listed in Ref. [51]
and the m' values determined in present study. The differences in the m’
values between present and above studies are most likely due to the
difference in the strain rate range studied, the developed microstructure,
the sample orientation in SLM and applied test methods (compression
and tension). The rate sensitivity parameters reported in Ref. [51] for
example were determined between 1000 and 5000 s, referring a rate
sensitivity parameter in the high strain rate regime. The strain rate
sensitivity parameter reported in Ref. [35] was determined under ten-
sion in a quasi-static strain rate regime on the specimens which were
built horizontally, while the samples in present study were built verti-
cally and tested under compression between quasi-static and high strain
rate range. Furthermore, the scanning strategy, as stated earlier, affects
the texture formation. In the textured materials, the compression and
tension twinning stresses are shown to be different [52]. A higher
twinning stress under tension is expected, favoring the deformation by
slip [52].

The SLM-316L and C-316L specimens were deformed sequentially by
twinning and slip [53] and by the strain induced martensite
(a' -martensite) formation and slip [54,55]. The formations of mechan-
ical twins and « -martensite are influenced by the applied stress and the
stacking fault energy (SFE) [56]. The typical range of SFEs of stainless
steels was reported, 20-45 mJ m? for twinning, <20 mJ m? for
martensite and >45 mJ m™ for slip [19]. The stacking faults were pro-
posed to serve for the nucleation of twins [57]. The effective sites for
strain-induced martensitic nucleation were proposed to be the in-
tersections of shear bands consisting of e(hcp) martensite, mechanical
twins or dense bundles of stacking faults [54,55,58,59]. Lower is the
SFE, larger is the separation between the Shockley partials, which causes
a decrease in the extent of cross-slip. Twin planes are considered as the
obstacles for the dislocation motion and hence result in a strengthening
similar to the Hall-Petch grain size strengthening [56]. As the strain
increases, the number of twins formed also increases with a reduction in
the distance between twin planes. This comes with a decline in the
distance taken by the dislocations and hence an increase in the flow
stresses. The strengthening in C-316L is due to the formation of hard
martensite plates which is associated with the emissions of high number
of dislocations which hardens the austenitic matrix [60]. As with slip,
twining and also martensite occur when the applied shear stress is
greater than a critical stress on a highly stressed plane [61]. The twin-
ning stress was shown to have a weak or no dependency on temperature
[59] and strain rate [44]. The increased work hardening rates of the
dynamically tested SLM-316L and C-316L in the initial part of Region II
in Fig. 6, where the adiabatic heating is lower, tend to conclude that the
twin and martensite fractions increase at increasing strain rates. The
increased martensite fraction at low strains of high strain rate tests was
also reported previously for a 304 stainless steel. Martensite formation
was found higher at 10°% 5! than at 102 s until about 0.25 strain [62,
63]. The reduced work hardening rate of the dynamically tested speci-
mens in the Region II and Region III is due to the adiabatic heating of the
specimens. The temperature rise due to adiabatic heating, as stated in
previous works in a 304 stainless steel [64-67], reduces the driving force
for the martensite transformation. The fraction of twin formation is also
expected to decline with increasing temperature. The reduced work
hardening of experimental stress-strain curves after the point A in Fig. 6
is further attributed to a decrease in the m value after about 100 °C
which is also reported for 316L and 316LN alloys in Ref. [68].
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The deformation by dislocation glide is governed by the thermally
activated deformation mechanism [69]. The Thermally activated
deformation stress (o) is given by the following relation [70,71].

,_M(AG, — kTiné,) MKT
- V—: V—:

)]

Iné = o; + kiIné

In Eqn. (9), AG, is the activation free energy, M is the Taylor’s factor
(~3), k is the Boltzmann’s constant, V* is the activation volume and k; is

do_
olné

the slope of ¢ — Ine curve, k; = ( ) = M The strain rate sensi-
Te

tivity is inversely proportional to the activation volume. The calculated
activation volumes of the tested SLM-316L and C-316L are tabulated in
Table 2 at different strains and different strain rate range (between 1x10°
#and 1x102 5! and between 1x10"* and 2500-2800 s™!). In the quasi-
static strain rate range, the activation volumes of SLM-316L are lower
than those of C-316L and the activation volumes decrease as the strain
increases from 0.11 to 0.22 strain. A similar trend is also seen in the

apparent activation volumes, V, (MkT ), of both alloys as tabulated

together with the corresponding m’ values in Table 2. In the quasi-static-
high strain rate range, the activation volumes of both alloys become very
much similar. The activation volume of SLM-316L between two strain
rate ranges are pretty similar, while the activation volume of C-316L is
slightly reduced in the quasi-static-high strain rate range. The activation
volumes of both alloys are in the range of 100 b® (where b is the Burgers’
vector, 0.255 nm [72]), corresponding to dislocation intersections [70].
The similar strain rate sensitivity of C-316L indicates a similar thermally
activated deformation process (slip by dislocation) involvement in both
alloys.

5. Conclusions

The strain rate dependent compressive flow stresses of a SLM-316L
alloy and a C-316L alloy having similar grain sizes were determined,
for comparison, between 1x10 and ~2500 s and between 1x10* and
~2800 s}, respectively. The JC material model parameters were also
determined for both alloys for the adiabatic and isothermal condition.
The microstructural examinations of the cross-sections of deformed
specimens exhibited a twinning-induced-plasticity in SLM-316L and a
martensitic transformation-induced-plasticity in C-316L alloy at both
quasi-static and high strain rates. In the dynamically tested specimens,
higher fractions of martensite and twin formation were detected
microscopically until about 0.22 strain. XRD measurements also
confirmed the higher fractions of martensite formation in the dynami-
cally tested C-316L specimens until about 0.22 strain. While, the adia-
batic heating of the dynamically tested specimens decreased the twin

Table 2
The deformation activation volumes in two different strain rate ranges.
Specimen/ Strain rate MkT Vv V'p3 m V.b3
. —— (MPa a
strain range \% (nm®)
s
C-316L 0.11 1x10°*- 8.03 1.54 92.7 0.0131 92.6
1x102 s
C-316L 0.22 1x10°4- 9.98 1.24 74.6 0.0129 83.2
1x102 s
SLM-316L 1x10°- 12.59 0.98 59.1 0.0166 62.3
0.11 1x102 s
SLM-316L 1x10°*- 15.20 0.81 48.9 0.0177 49.0
0.22 1x102 s
C-316L 0.11 1x10- 11.42 1.08 65.2 0.0164 63.8
2800 57!
C-316L 0.22 1x10*- 11.97 1.03 62.2 0.0139 62.3
2800 5™
SLM-316L 1x10°*- 12.62 0.98 59.0 0.0151 58.6
0.11 2500 s
SLM-316L 1x104- 14.15 0.87 52.6 0.0147 53.2
0.22 2500 s
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and martensite formation at higher strains. The rate sensitivity of SLM-
316L was determined to be slightly higher in the quasi-static strain rate
range, while the rate sensitivities of both alloys were determined to be
similar in the quasi-static-high strain rate range at 0.11 strain. A more
rapid decline at increasing strains in the rate sensitivity of C-316L was
found in the quasi-static-high strain rate range. The activation volumes
of SLM-316L between two strain-rate ranges were determined to be
similar, while the activation volume of C-316L was slightly reduced in
the quasi-static-high strain rate range. The activation volumes of both
alloys, corresponding to dislocation intersections, indicated a similar
thermally activated deformation process (slip by dislocation) involve-
ment in both alloys.
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