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This study assessed the quasi-static and dynamic tensile properties of additive manufactured 316L stainless steel
through a series of direct tensile tests. The fabrication of the additive manufactured 316L stainless steel speci-
mens was achieved through the laser powder bed fusion (LPBF) technique, with specimens prepared in various
building orientations. For comparison, traditional rolled 316L stainless steel was also tested in various rolling
orientations. The influences of the strain rate and rolling/building orientations on the tensile behaviour of rolled
and LBPF printed 316L stainless steels were investigated. Fracture morphology and mode were also observed
using the scanning electron microscopy (SEM) technique. Furthermore, experimental data was fitted by the
Cowper-Symonds model to determine the strain rate effects on the material yield and ultimate strengths. To
describe the quasi-static and dynamic tensile behaviours of the rolled and LBPF printed 316L stainless steels, a
modified Johnson-Cook (J-C) model incorporating the Voce hardening model and considering the strain rate

effect was employed.

1. Introduction

Additive manufacturing, also referred to as three-dimensional (3D)
printing, is a rapid prototyping technology that uses digital models to
create highly dense microstructures through layer-by-layer deposition of
adhesive materials, including polymer, ceramic, resin, metal wire and
powder, etc. [1-7]. In comparison to the traditional rolling or casting
techniques, additive manufacturing offer advantages in metal fabrica-
tion such as efficient metallic material utilisation, streamlined
manufacturing processes and potential for improved material properties
[8-10]. Moreover, this technology enables a one-step formation of
metallic structures in a specific direction, eliminating the need for
welding treatment at weak junction points and enhancing overall
structural integrity. With these advantages, additive manufacturing
technology helps produce large-scale and high-strength metallic struc-
tures featuring complex geometric shapes and internal configurations,
making it highly promising for widespread applications in automotive,
aerospace and protective engineering. With the significant advance-
ments in the application of additive manufacturing for metallic
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materials in recent years [11-14], mainstream printing methods
encompass material extrusion (MEX), binder jetting (BJT), material
jetting (MJT), sheet lamination (SHL), vat photopolymerization (VPP),
directed energy deposition (DED), and powder bed fusion (PBF) [15,16].
Representative techniques within the PBF method include selective laser
sintering (SLS), electron beam melting (EBM), laser powder bed fusion
(LPBF) (or selective laser melting (SLM)), among others. LPBF, which
was originated in the 1990s [17], has emerged as a widely employed
additive manufacturing technique. Its popularity stems from the ability
to flexibly adjust process parameters, such as the laser power, scanning
speed and spacing, enabling the production of intricate geometric
structures with exceptional precision and surface quality.

316L stainless steel is a low-carbon alloy known for its corrosion
resistance, good toughness and cost-effectiveness. The additive manu-
factured 316L stainless steel can be applied to aircraft landing gear,
automotive components or protective structures. However, these struc-
tures are susceptible to impact and blast loads during their service life or
extremely hazardous conditions. Alongside investigations into the quasi-
static macroscopic mechanical properties [18,19], surface state [20],
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microstructure [21], laser process parameters [22] and microscale
modelling [23], significant research efforts have been dedicated to
exploring the dynamic compressive behaviour of additive manufactured
316L stainless steel at high strain rates more than 1000 s~ [24-29]. The
dynamic response and failure of laser additive manufacturing 316L
stainless steel exhibit a complex process, influenced by a combination of
macroscopic behaviours including strain hardening, adiabatic shear
localisation, as well as microscopic behaviours such as dislocation slip
and dynamic recrystallization.

However, studies focusing on its dynamic tensile behaviour, partic-
ularly under the strain rate less than 1000 s™! (intermediate and high
strain rate levels [30]), still remain limited. Khodabakhshi et al. [31]
contrasted the dynamic tensile performance of laser additive manufac-
tured 316L stainless steel with conventional commercial 316L stainless
steel, covering a strain rate spectrum of 1 s_*. The research outcomes
highlighted that the strain rate minimally affected the tensile flow stress,
while the fracture strain of conventional 316L stainless steel notably
exceeded that of the additive manufactured counterpart. Within a low
strain rate range of 0.1 s_l, Li et al. [32] studied the tensile performance
of LPBF printed 316L stainless steel, observing increased yield strength
with higher strain rates alongside reduced ductility. Jiang et al. [33]
delved into the dynamic tensile behaviour of SLM printed 316L stainless
steel at a low strain rate range of 0.22 s *. They noted a decrease in both
the strain hardening coefficient and fracture strain as the strain rate
increased, with the flow stress exhibiting positive strain rate sensitivity.
Tancogne-Dejean et al. [34] examined the dynamic tensile behaviour of
BJT printed 316L stainless steel within a strain rate range of 160 s .
Their findings indicated an improvement of the flow stress with the
strain rate, without evident variations in the hardening rate. Carassus
et al. [35] assessed the dynamic tensile performance of SLM printed
316L stainless steel with three various thicknesses of 0.5 mm, 0.75 mm
and 1 mm within a strain rate range of 1000 s™!. The experimental re-
sults suggested a minimum specimen thickness exceeding 0.75 mm to
fulfil test requirements due to weaker inter-layers. Li et al. [27] con-
ducted dynamic tensile tests and observed a positive strain rate effect on
the initial yield stress, whereas the strain hardening appeared
rate-independent within a strain rate range of 1000 s~ 1.

The anisotropic behaviour of additive manufactured metal materials
is a significant concern, as different building orientations can result in
non-negligible disparities in material response based on the loading
direction. Most current research on the anisotropic behaviour of addi-
tive manufactured metal materials primarily focuses on the quasi-static
conditions. Giiden et al. [36] assessed the mechanical properties of SLM
printed 316L stainless steel with various inclination angles relative to
the building direction (0°, 15°, 30°, 45°, 60°, 75° and 90°). The exper-
imental results showed that, as the inclination angle increased, both
yield strength and tensile strength increased, but ductility decreased. Li
et al. [27] also found that increasing the inclination angle led to higher
strength but reduced toughness. Carroll et al. [37] studied the tensile
behaviour of DED printed Ti-6Al-4V alloy in both longitudinal and
transverse building orientations through macroscopic mechanical tests
and microscale observations. It was revealed that transversely oriented
specimens exhibited superior toughness. Ni et al. [38] explored the
microstructure and mechanical properties of SLM printed
chromium-nickel-iron alloy 718. The test results indicated excellent
tensile strength in specimens produced in both longitudinal and trans-
verse directions, primarily because of the high cooling rate during laser
processing, resulting in a refined microstructure, while the strength and
ductility anisotropy were influenced by the columnar grain morphology.
Niendorf et al. [39] also observed anisotropy in SLM printed 316L
stainless steel depending on the building direction, resulting in varying
grain sizes and preferred textures. Researchers have shown interests in
investigating the dynamic compressive response of additive manufac-
tured metals with varying building orientations. Alaghmandfard et al.
[40] explored the dynamic compressive properties of Ti-6Al-4V alloy
printed adopting the EBM technique in both vertical and horizontal
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orientations within a strain rate range of 1100 s™!. The research out-
comes demonstrated that, under the same compressive strain rate,
vertically printed specimens displayed higher impact strength. This was
explained by the nearly parallel alignment of prior p-grain boundaries
with the impact direction and grain boundary strengthening. Yuan et al.
[41] comparatively analysed the dynamic compressive behaviour of
Ti-6Al-4V alloy SLM printed along the building, diagonal and trans-
verse directions within a strain rate range of 4593 s™!. The findings
highlighted the building orientation-dependent dynamic mechanical
properties of additive manufactured Ti-6Al-4V alloy, revealing signifi-
cant positive strain rate sensitivity in terms of the material strength.
The current study aims to explore the influences resulting from strain
rates and building orientations on the quasi-static and dynamic tensile
responses of LPBF printed 316L stainless steel within the strain rate
range of 535.28 s~!. Additionally, a comparative assessment is con-
ducted on the tensile properties between the traditional rolled and LPBF
printed 316L stainless steels. Their fracture morphology and mode are
further elucidated through the scanning electron microscopy (SEM)
observations. Utilising the test data, the Cowper-Symonds model is
calibrated to determine the strain rate effect on the yield and ultimate
strengths of both rolled and LPBF printed 316L stainless steels. Further, a
modified Johnson-Cook (J-C) constitutive model that integrates the
Voce hardening model and considers the strain rate effect is employed to
characterise their quasi-static and dynamic tensile behaviours.

2. Testing specimen preparation

Table 1 presents the chemical components of rolled 316L stainless
steel (TR-316L) and LPBF printed 316L stainless steel (LPBF-316L) uti-
lised in the current study. The TR-316L specimens were prepared by the
Electrical Discharge Machining (EDM) wire cutting technique. All the
LPBF-316L specimens were fabricated in the laboratory of Suzhou XDM
3D Printing Technology Limited Company in Jiangsu Province, using the
EOS M290 system (EOS GmbH, Krailing, Germany) with a scanning
strategy featuring 67° inter-layer rotation. The argon gas was adopted as
a protective atmosphere to prevent the molten metal from reacting with
the oxygen. To minimise residual stresses generated from the high-
temperature melting, all the specimens underwent post-heat treatment
in a furnace, with a heating rate of 6.5 °C/min from room temperature to
400 °C for 4 h, and then cooled to room temperature at a rate of 1 °C/
min. The LPBF printing parameters applied in the current study are
outlined in Table 2.

To explore the anisotropic behaviour of TR-316L and LPBF-316L
under quasi-static and dynamic tensile loads, specimens were pre-
pared with various orientations, as illustrated in Fig. 1. TR-316L and
LPBF-316L sheets were firstly fabricated in the vertical orientation. In
terms of the quasi-static tensile tests, the TR-316L specimens were
prepared with three inclination angles relative to the rolling orientation,
including 0° rolling direction (RD), 45° diagonal direction (DD) and 90°
transverse direction (TD). Similarly, the LPBF-316L specimens were
established with three inclination angles relative to the building orien-
tation, encompassing 0° building direction (BD), 45° DD and 90° normal
direction (ND). Regarding the dynamic tensile tests, the TR-316L spec-
imens were established along RD, DD and TD, while the LPBF-316L
specimens were built along BD and ND. In each testing scenario, a
minimum of two identical specimens were prepared for experimentation
to guarantee the reliability of the test results.

TR-316L and LPBF-316L specimens shared the identical planar ge-
ometry in each batch of tests for comparative analysis. For the quasi-
static tensile tests, the geometric dimensions of the specimens are
illustrated in Fig. 2(a), wherein the specimens possessed a gauge length
of 20 mm, a width of 10 mm and an overall length of 100 mm, and the
clamping ends are transitioned through the arcs with a radius of 10 mm.
To satisfy the testing requirements in the dynamic tensile tests, adjust-
ments were made to the clamping lengths of the specimens, as depicted
in Fig. 2(b), from which the lower and upper clamping ends were
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Table 1
Chemical components of TR-316L and LPBF-316L (%).
Cr Ni Mo Mn Si C P S N
TR-316L 16.9 10 2.03 0.91 0.53 0.022 0.03 < 0.01 0.031
LPBF-316L 16.6 10.1 2.15 1.06 0.5 < 0.03 < 0.045 < 0.03 /
Table 2 specimens in the dynamic tensile tests remained consistent with that in
able

Printing parameters in the LPBF technique.

the quasi-staticl tensile tests. The thickness of the TR-316L specimens in
both quasi-static and dynamic tensile tests was fixed at 1.4 mm, while

Laser Laser scanning  Layer Hatch Powder particle the thicknesses of the LPBF-316L specimens in the quasi-static and dy-

power rate

thickness spacing size namic tensile tests were respectively set to 1.68 mm and 1.5 mm.

280 W 1200 mm/s 30 pm 0.14 mm 15-60 pm

3. Testing facilities and setup

extended to 45 mm and 230 mm, respectively. These adjustments allow

the specimen loaded with a constant rate, requiring a longer accelera-
tion time to ensure stress equilibrium [42,43]. The gauge length of the

The INSTRON 3369 hydraulic testing machine with a loading ca-
pacity of 50 kN and a testing rate range of 0.1-500 mm/min was utilised
for the quasi-static tensile tests. The loading rate was configured at 5 x
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Fig. 1. Rolling/building directions of TR-316L and LPBF-316L specimens.
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Fig. 2. The geometric dimensions of TR-316L and LPBF-316L specimens in quasi-static and dynamic tensile tests (unit: mm).

(a) Quasi-static tensile test (b) Dynamic tensile test

Fig. 3. Experimental setup of quasi-static and dynamic tensile tests on TR-316 L and LPBF-316 L specimens.
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1075 m/s. Prior to testing, the gauge length region was cleaned and then
coated with the white paint. Following the drying process, uniform and
randomly distributed black speckles were sprayed onto the white paint
surface. A camera was employed to capture the complete displacement
evolution of the specimen, wherein the camera frame rate was set at 50
frames per second (fps). The experimental setup of the quasi-static
tensile test is depicted in Fig. 3(a). Then, dynamic tensile tests were
performed with the utilisation of the high-speed servo-controlled hy-
draulic testing machine, namely INSTRON VHS 160/100-20, which has
a loading capacity of 100 kN and a testing rate range of 0.1-20 m/s. Six
different loading rates, including 0.03 m/s, 0.3 m/s, 1 m/s, 4 m/s, 8 m/s
and 14 m/s, were performed. These loading rates corresponded to the
strain rates of 1.5 s7%, 15 s71, 50 s™%, 200 s~%, 400 s~! and 700 s},
respectively. To record the damage progression and measure the strain
of the specimens, a high-speed camera was located in front of the testing
machine using the Digital Image Correlation (DIC) technology. In terms
of the aforementioned loading rates, a variety of frame rates (reaching
up to 120,000 fps) for the high-speed camera were adopted, which could
allow for both accurate capturing of speckle deformation and reduced
computational costs during post-software processing. The experimental
setup of the dynamic tensile test is illustrated in Fig. 3(b). Table 3 lists
the quasi-static and dynamic tensile test plan for the TR-316L and LPBF-
316L specimens with different rolling/building directions and loading
rates.

4. Tensile testing results
4.1. Determination of strain rate

The nominal strain rate (¢,) can be defined by the following equa-
tion:

= v/l 1

where v denotes the loading rate; [ denotes the gauge length. The strain
rate is non-uniform especially under high tensile loading conditions,
primarily owing to the generation of uneven stress amplitudes within
the specimen during the initial stages [42,44,45]. Therefore, accurately
determining the true strain rate of metallic materials is of great signif-
icance to characterise their dynamic behaviour. It was also found from
the previous studies [42,46] that, owing to the influence of stress waves,

Table 3
Quasi-static and dynamic tensile test plan for TR-316L and LPBF-316L
specimens.

Tensile Specimen Fabrication Rolling/building Loading rate
test method direction (m/s)
Quasi- TR-316L- TR RD 5x107°
static RD
TR-316L- TR DD 5x107°
DD
TR-316L- TR TD 5x107°
TD
LPBF-316L-  LPBF BD 5x107°
BD
LPBF-316L- LPBF DD 5x107°
DD
LPBF-316L- LPBF ND 5x107°
ND
Dynamic TR-316L- TR RD 0.03,0.3,1, 4,
RD 8,14
TR-316L- TR DD 0.03,0.3,1, 4,
DD 8,14
TR-316L- TR TD 0.03,0.3,1, 4,
D 8,14
LPBF-316L- LPBF BD 0.3,1,4,8
BD
LPBF-316L- LPBF ND 0.3,1,4,8,14
ND
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there is a disparity between the theoretical and true strain rates. Thus, a
linear fitting approach was employed to determine the strain rate from
the strain-time curves of TR-316L and LPBF-316L specimens under
tensile loadings. Fig. 4 presents a typical example of fitting true strain
rates for LPBF-316L-ND under dynamic tensile loads on the basis of the
strain-time curves.

4.2. Quasi-static tensile test

Table 4 presents the average quasi-static tensile test results of the TR-
316L and LPBF-316L specimens with various rolling/building di-
rections. The corresponding quasi-static engineering tensile stress-strain
curves are depicted in Fig. 5(a). It was found that both TR-316L and
LPBF-316L specimens displayed evident elasticity prior to yielding. The
TR-316L specimens exhibited a less variance in the yield and ultimate
strengths as compared to the LPBF-316L specimens along three various
building directions. However, a notable discrepancy was observed in the
ductility of the TR-316L specimens, with TR-316L-TD demonstrating
considerably lower fracture strain compared to TR-316L-RD and TR-
316L-DD. The LPBF-316L specimens exhibited a notable rise in both
yield and ultimate strengths when increasing the inclination angle
relative to the building direction, accompanied by a reduction in the
ductility. These phenomena were consistent with the findings as re-
ported by Giiden et al. [36] and Li et al. [27], indicating that quasi-static
tensile behaviour of the LPBF-316L specimens was evidently affected by
the building direction. Fig. 5(b) displays the strain hardening and
quasi-static true tensile stress-strain curves for the TR-316L and
LPBF-316L specimens, wherein the true stress (¢,) and strain (&) were
respectively derived from the equations as follows:

o = o.(1 + &) 2)
& = In(1 + &) 3

where o, and ¢, represent the engineering stress and strain, respectively.
The strain hardening-true strain curves for both TR-316L and LPBF-316L
specimens could be divided into three stages [26,47]. Taking
TR-316L-DD and LPBF-316L-DD as examples, there was a rapid decrease
until a strain of 0.038 (Stage I), followed by a slower decrease within the
strain range of 0.038-0.356 (Stage II) and another rapid decrease when
the strain exceeds 0.356 (Stage III). Also noted in Fig. 5(b), the strain
hardening of the TR-316L specimens prepared from different rolling
directions, i.e. TR-316L-RD, TR-316L-DD and TR-316L-TD, was nearly
identical and significantly higher than those of the LPBF-316L specimens
along three various building directions. This revealed that LPBF-316L

0.42
0.35 ~ Strain rate = 535.28 s°! 2
Strain rate = 319.07 s°!
0.28 1 Strain rate = 173.41 s’!
; Strain rate = 40.24 s'L/7
-E ——— Strain rate = 15.64 s’
£ 0.21 4
17/]
-=--03m/s
0.14 4 == s o] TiI/S
-==4m/s
0.07 - i 8111/5‘
- == 14m/s
0.00 T T T T T
0.000 0.005 0.010 0.015 0.020  0.025 0.030

Time (s)

Fig. 4. An example of fitting true strain rates for LPBF-316L-ND under dynamic
tensile loads from the strain-time curves.
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Table 4
Quasi-static tensile test results of TR-316L and LPBF-316L specimens.
Specimen Strain rate Yield Ultimate Engineering
s hH strength strength (MPa) fracture strain
(MPa)
TR-316L- 0.0018 + 284.89 + 638.74 £+ 0.59 0.608 + 0.017
RD 1E-4 2.09
TR-316L- 0.0018 + 280.35 + 618.01 + 3.37 0.61 + 0.024
DD 1E-4 2.76
TR-316L- 0.0016 + 285.76 + 632.83 £5.75 0.507 + 0.038
D 1E-4 3.31
LPBF- 0.0019 + 510.51 + 648.52 + 0.17 0.613 + 0.015
316L-BD 1E-4 1.12
LPBF- 0.0025 + 515.68 + 668.36 + 1.18 0.581 + 0.001
316L-DD 1E-4 0.71
LPBF- 0.0028 + 532.80 + 702.97 +1.32 0.514 + 0.013
316L-ND 3E-4 1.83

had a weaker hardening effect throughout the deformation process as
compared to TR-316L, whereas it could maintain higher stress. When
comparing the LPBF-316L specimens prepared along three various
building directions within the strain range of approximately 0.018 to
0.186, LPBF-316L-ND exhibited the highest strain hardening rate, fol-
lowed by LPBF-316L-DD and LPBF-316L-BD.

4.3. Dynamic tensile test

As a result of the rapid loading applied during dynamic tensile tests,
stress waves would be generated within the specimen and potentially
lead to specimen fracture before reaching dynamic stress equilibrium. In
the pursuit of attaining dynamic stress equilibrium, stress waves require
sufficient time to propagate back and forth within the specimen, typi-
cally spanning at least three cycles [48]. The velocity of the stress wave
propagation (cs) within the specimen could be determined by:

E/p @

where E and p denote the material elastic modulus and density,
respectively. The elastic moduli for TR-316L, LPBF-316L-BD, LPBF-
316L-DD and LPBF-316L-ND 316L were calculated as 167 GPa, 145
GPa, 153 GPa and 166 GPa, respectively. The density for both TR-316L
and LPBF-316L specimens was fixed at 7900 kg/m°. For conservative
purpose, LPBF-316L-ND at the strain rate of 535.28 s, as shown in
Fig. 4, was taken as a critical example to validate the dynamic stress
equilibrium. Correspondingly, cs was calculated to be 4284 m/s, and the
time required for one round-trip was estimated to be 0.0093 ms. LPBF-
316L-ND at 535.28 s~! fractured at 0.5568 ms, enabling the stress waves
to complete more than 50 round-trips, thereby confirming the dynamic
stress equilibrium.

It is important to highlight that, due to the inevitable oscillation
during dynamic loading, the stress-strain curves of the TR-316L and

1200

——LPBF-316L-BD - - -TR-316L-RD
——LPBF-316L-DD - - -TR-316L-DD
——LPBF-316L-ND

1000 - - -TR-316L-TD
800

600

Engineering stress (MPa)

0 T T T
03

T
0.4 0.5

Engineering strain

0.7

(a) Engineering stress-strain curves

True stress (MPa)
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LPBF-316L specimens in the dynamic tensile tests were filtered and
smoothed using the adjacent averaging method [30], alongside addi-
tional measures like threshold selection, manual inspection and uti-
lisation of neighbouring data points for ensuring the reliability of the
dynamic yield stress. Also noted, in cases where the linear elastic region
was highly unreliable under dynamic loads, the approach proposed by
Sun et al. [49] was adopted to determine the dynamic yield stress. This
method, assuming the minimal strain rate effect on the elastic modulus,
involved offsetting the line representing the quasi-static elastic modulus
by 0.2%, after which the hardening portion of the engineering
stress-strain curve was fitted with a straight line. The intersection of
these two lines corresponded to the dynamic yield stress, as illustrated in
Fig. 6.

Table 5 provides the average dynamic tensile test results on the TR-
316L and LPBF-316L specimens from various rolling/building di-
rections. The dynamic increase factor (DIF), which is defined as the ratio
of material dynamic strength (fy) to static strength (f;), serves as a
crucial index for measuring material mechanical sensitivity and has
reported as a function of strain rate [50], thus the DIF values of the yield
strength (DIFy) and ultimate strength (DIF,) for the TR-316L and
LPBF-316L specimens were subsequently calculated and present in
Table 5. Fig. 7 depicts the dynamic engineering tensile stress-strain
curves of the TR-316L and LPBF-316L specimens. Both TR-316L and
LPBF-316L specimens demonstrated substantial positive sensitivity to
the strain rate in terms of the yield and ultimate strengths. Also noted,
the engineering fracture strain of the TR-316L and LPBF-316L specimens
was affected by the strain rate, wherein the TR-316L specimens,
particularly for TR-316L-RD and TR-316L-DD, and LPBF-316L speci-
mens, including LPBF-316L-BD and LPBF-316L-ND, under the

1200

Yield stress Fitting linear curve
600 ~

400, < Slope=E

Engineering stress (MPa)

200
0.2% offset

|
|
|
|
|
|
|
|
i
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|
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0.00 0.04 0.08 0.12 0.16
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Fig. 6. Determination of dynamic yield stress.
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Fig. 5. Quasi-static tensile stress-strain curves of TR-316L and LPBF-316L specimens with various rolling/building directions.
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Table 5
Dynamic tensile test results of TR-316L and LPBF-316L specimens.
Specimen Tensile loading rate (m/ Strainrate (s” ') Yield strength Ultimate strength Engineering fracture DIF, DIF,
s) (MPa) (MPa) strain
TR-316L-RD 0.03 0.88 £ 0.03 356.32 + 4.74 664.15 + 8.93 0.51 £+ 0.01 1.25+ 1.04 +
0.017 0.014
0.3 9.22 £ 0.06 367.97 +£7.38 687.45 £+ 6.02 0.53 £ 0.01 1.29 + 1.08 +
0.026 0.009
+
1 33.32+1.75 429.05 + 14.03 714.43 £ 1.01 0.54 £ 0.01 1.51 + 1.12 +
0.049 0.002
+
4 130.32 + 5.84 437.19 +£9.28 722.36 + 10.11 0.55 £ 0.01 1.51 + 1.13 +
0.033 0.016
+
8 250.7 + 11.55 485.57 + 33.31 741.79 £+ 15.65 0.57 £ 0.01 1.51 £ 0.12 1.16 +
0.025
+
14 433.68 + 2.89 490.18 + 28.20 767.53 £+ 30.93 0.58 + 0.02 1.7 + 0.099 1.2 + 0.048
+
TR-316L-DD 0.03 0.88 £+ 0.05 360.86 + 5.67 669.86 + 10.65 0.52 £ 0.01 1.29 £+ 0.02 1.08 +
0.017
+
0.3 8.69 £ 0.11 376.07 + 4.01 679.56 + 8.07 0.53 £ 0.01 1.34 + 1.1 £ 0.013
0.014 +
1 33.01 £1.72 416.85 £ 11.72 710.46 + 4.03 0.53 +0.01 1.49 £ 1.15 £+
0.042 0.007
+
4 123.89 + 1.87 447.48 £+ 18.92 728.76 + 3.88 0.55 + 0.01 1.6 + 0.067 1.18 £
0.006
+
8 246.41 +£7.91 487.12 £ 13.67 733.5 £ 15.65 0.57 £ 0.01 1.74 £ 1.19 £
0.049 0.025
+
14 434.52 + 5.73 497.06 + 15.57 751.73 + 20.64 0.58 £+ 0.02 1.77 £ 1.22 +
0.056 0.033
+
TR-316L-TD 0.03 0.88 £+ 0.02 364.13 + 7.74 664.66 + 3.51 0.52 + 0.01 1.27 £ 1.05 +
0.027 0.006
+ +
0.3 7.94 £ 0.03 367.13 £+ 6.95 666.67 + 0.38 0.52 £ 0.01 1.28 + 1.05 +
0.024 0.001
+ +
1 33.26 + 0.55 417.18 +£ 11.29 710.94 + 1.24 0.55 £ 0.01 1.46 + 0.04 112+
+ 0.002
+
+
+
4 121.44 +10.73 440.71 £13.7 738.19 £ 11.36 0.54 + 0.02 1.54 £ 117 £
0.048 0.018
+ +
8 233.07 £5.15 498.01 + 18.06 734.93 £+ 10.63 0.57 £ 0.01 1.74 £ 1.16 £
0.063 0.017
+ +
14 432.43 £+ 8.26 505.79 £ 10.63 736.18 £ 24.52 0.58 + 0.01 1.77 £ 1.16 £
0.037 0.039
+ +
LPBF-316L-BD 0.3 13.99 + 0.56 679.81 +7.75 752.56 + 3.89 0.41 £+ 0.01 1.33 + 1.16 +
0.015 0.006
+ +
1 51.29 + 4.95 690.88 + 14.27 769.14 + 8.86 0.43 £ 0.03 1.35+ 1.19 +
0.028 0.014
+ ++
4 186.19 + 4.48 706.92 + 44.28 799.47 + 16.78 0.45 £ 0.01 1.38 + 1.23 £
0.087 0.026
+ +
8 328.44 £+ 3.26 739.81 + 48.71 851.13 + 25.62 0.41 £ 0.02 1.45 + 1.31 £ 0.04
0.095 +
+
LPBF-316L- 0.3 15.64 + 1.72 726.33 £+ 5.03 811.81 + 16.8 0.34 £ 0.03 1.36 £ 0.01 1.15 +
ND + 0.024
+
1 41.05 + 0.81 751.3 £ 12.76 851.83 +10.28 0.28 + 0.02 1.41 £ 1.21 £
0.024 0.015
+ +

(continued on next page)
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Table 5 (continued)
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Specimen Tensile loading rate (m/ Strainrate (s~ ')  Yield strength Ultimate strength Engineering fracture DIF, DIF,
s) (MPa) (MPa) strain
4 173.41 £ 6.41 758.72 + 14.48 882.03 + 12.01 0.33 £0.01 1.42 + 1.25 +
0.027 0.017
+ +
8 319.07 £ 20.99 780.4 + 35.64 918.41 + 26.63 0.33 + 0.04 1.46 + 1.31 £
0.067 0.038
+ +
14 535.28 + 3.98 815.44 + 64.85 981.02 £+ 45.1 0.31 +£0.01 1.53 £0.12 1.4 + 0.064
+ +
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Fig. 7. Dynamic engineering tensile stress-strain curves of TR-316L and LPBF-316L specimens.

quasi-static tension exhibited the greater engineering fracture strain in
comparison with the dynamic tension.

4.4. Analysis and discussions

4.4.1. Strain rate effect on material strength
Fig. 8(a) and 8(b) respectively present the dynamic yield and

ultimate strengths of the TR-316L and LPBF-316L specimens under
various strain rates. It was evident that, under the similar strain rate,
there were no significant differences in the dynamic yield and ultimate
strengths among TR-316L-RD, TR-316L-DD and TR-316L-TD. Therefore,
combined with the conclusion drawn from the quasi-static testing sce-
nario, TR-316L could be considered an isotropic material in terms of the
material strength. On the contrary, the LPBF-316L specimens displayed
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Fig. 8. Dynamic yield and ultimate strengths of TR-316L, LPBF-316L-BD and LPBF-316L-ND versus strain rate.

clear anisotropic characteristics concerning the material strength, with
LPBF-316L-ND consistently demonstrating higher yield and ultimate
strengths in comparison with LPBF-316L-BD. In the light of the test data,
empirical equations were further established to predict the yield and
ultimate strengths of TR-316L, LPBF-316L-BD and LPBF-316L-ND under
a variety of strain rates, which are given by:

For TR-316L:
f, = 38.67log(¢) + 371.98, 0.0016 5" < & < 434.52 57" (5a)
fu = 608.87 + 55.92exp[0.15log(£)], 0.0016 5" < & < 434.5257"  (5b)
For LPBF-316L-BD:
f, = 41.68log(¢) + 624.56, 0.0019s' <& < 328.44 57! (6a)
fu = 629.85 4 67.48exp[0.19log(£)], 0.0019 s~ <& < 328.44s™!  (6b)
For LPBF-316L-ND:
£, = 50.23log(&) + 662.44, 0.0028 s™' <& < 535.28 57! (7a)
fu = 689.56 + 62.17exp[0.24log(¢)], 0.0028 s™' <& < 535285 (7b)

where f, and f, respectively denote the yield and ultimate strengths in
thel unit of ‘MPa’; ¢ denotes the instantaneous strain rate in the unit of
‘T

Observed from Table 5, both the TR-316L and LPBF-316L specimens
exhibited the greater value of DIFy than that of DIF, under the similar
strain rate, demonstrating that the yield strength of TR-316L and LPBF-
316L was more sensitive to the strain rate than the ultimate strength.
Fig. 9 illustrates DIFy, and DIF, for the TR-316L and LPBF-316L

28
X LPBF-316L-BD
+ LPBF-316L-ND
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24J] © MR36LDD
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i
]
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124 _.--~
P
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Strain rate (s’l)

(a) DIF for yield strength

specimens versus the strain rate. The TR-316L specimens displayed a
noticeably higher sensitivity to strain rate in terms of the yield strength
in comparison with the LPBF-316L specimens, whereas their sensitivity
to strain rate in the ultimate tensile strength was slightly lower than that
of the LPBF-316L specimens. Also noted, although evident influences
resulting from the building direction on the dynamic yield and ultimate
strengths of LPBF-316L specimens were observed, it was evident that
DIFy and DIF, for LPBF-316L-BD and LPBF-316L-ND remained similar
across a variety of strain rates. This phenomenon indicated that the DIF
values of LPBF-316L were insensitive to the loading orientation. In other
words, the strain rate sensitivity of material strengths for LPBF-316L was
orientation independent.

In order to predict DIFy and DIF, for steel, Malvar and Crawford [51]
proposed a series of empirical equations on the basis of extensive
experimental data, which are expressed as follows:

DIF = f;/f, = (&/107%)"

For the yield strength of steel, ax = 0.074 — 0.042%; For the ul-

vy

0.019 — 0.009 4%. The proposed
empirical equations are applicable to steel with the yield strength
varying from 290 MPa to 710 MPa and the strain rate between 10~4 s~}
and 225 s1. The comparison between the test and empirically predicted
outcomes of DIF values versus strain rate is illustrated in Fig. 9. Notably,
the empirical equations as proposed by Malvar and Crawford tended to
overestimate DIFy, for TR-316L and underestimated DIF, for LPBF-316L.
The Cowper-Symonds model [52] has been commonly employed to
describe the strain rate-dependent behaviour of metallic materials
[53-55]. This model scales the yield stress with the factor, as expressed
by:

(8

timate strength of steel, ax =

1.8
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Fig. 9. DIF values for yield and ultimate strengths of TR-316L and LPBF-316L versus strain rate.
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DIF = 1 + (¢/C)"/* 9

where C and P denote the strain rate parameters. In the light of the test
data as presented in Fig. 9, C and P were determined using the Cowper-
Symonds model for fitting the yield and ultimate strengths of TR-316L
and LPBF-316L, which are listed in Table 6.

4.4.2. Strain rate effect on fracture strain

Fig. 10 and Fig. 11 depict the true strain contours obtained from the
DIC technology for TR-316-RD and LPBF-316L-BD subjected to quasi-
static tension and dynamic tension (at a loading rate of 8 m/s),
respectively. In the case of the quasi-static tension, both TR-316-RD and
LPBF-316L-BD displayed prominent necking phenomena before frac-
ture. Excessive deformation was concentrated within the necking re-
gion, with the deformation becoming more pronounced closer to the
centre of the gauge length. However, at a tensile loading rate of 8 m/s,
both TR-316-RD and LPBF-316L-BD exhibited less evident necking
phenomena before fracture, and the maximum true strain observed in
the dynamic tension was lower than that observed in the quasi-static
tension.

It is important to highlight that Fig. 5 and Fig. 7 utilised the engi-
neering tensile stress-strain curves, which were obtained based on the
gauge length of 18 mm (as illustrated by the blue dots in Fig. 2). The
decision to employ engineering stress-strain curves as the material
parameter was motivated by the complex stress state resulting from the
necking phenomenon [46,56]. It is worth noting that, since the fracture
typically occurs in the localised region, the engineering fracture strain
tends to underestimate the actual fracture strain. For the sake of analysis
and comparison, as well as considering the speckle quality and camera
resolution, the actual fracture strains of the LPBF-316L and TR-316L
specimens were determined by employing the gauge lengths of 2 mm
and 6 mm (as indicated by the red dots in Fig. 2) under quasi-static and
dynamic tensile tests, respectively, which are shown in Fig. 12. It was
revealed that under the similar dynamic tensile loading conditions, the
LPBF-316L specimens exhibited smaller fracture strains than the
TR-316L specimens. Regarding the dynamic tension, the rolling/loading
orientation had a limited impact on the fracture strain of the TR-316L
specimens. However, the orientation sensitivity was more evident in
the case of the LPBF-316L specimens, with LPBF-316L-BD exhibiting a
higher fracture strain than LPBF-316L-ND. Both the LPBF-316L and
TR-316L specimens displayed higher fracture strains under the
quasi-static tension as compared to the dynamic tension. Moreover,
under the dynamic tension, the fracture strain of the TR-316L specimens
overall showed a slight upward trend with the strain rate. In contrast,
the fracture strain of LPBF-316L-BD and LPBF-316L-ND exhibited a
slightly decreasing tendency with the strain rate.

4.4.3. Fracture morphology and mode

Fig. 13 present the typical failure modes observed in TR-316L-RD,
LPBF-316L-BD and LPBF-316L-ND subjected to quasi-static and dy-
namic tensile loadings, respectively. As expected, the predominant
fracture location for all tested specimens was within the gauge length
region. To gain a more profound comprehension of the fracture
morphology and mode, SEM observations were conducted on the frac-
ture surfaces of representative specimens, including TR-316L-RD, LPBF-
316L-BD and LPBF-316L-ND at two magnification scales of 500 (50 pm)
and 2000 (10 pm). These specimens were subjected to three distinct

Table 6
Cowper-Symonds model parameters for TR-316L and LPBF-316L.

Specimen Index cE™ p Strain rate range s
TR-316L DIFy 1891 5.02 0.0016-434.52

DIF, 1017,179 4.79
LPBF-316L DIF, 32,615 6.27 0.0019-535.28

DIF, 27,027 3.84
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tensile loading rates, including quasi-static, 1 m/s and 8 m/s, and the
corresponding results are presented in Fig. 14, Fig. 15 and Fig. 16.

Under such three loading rates, the fracture surfaces of TR-316L-RD
featured numerous uneven dimples surrounded by second-phase parti-
cles, which were indicative of pronounced ductile failure behaviour
[31]. These dimples possessed the capacity to absorb a significant
amount of energy, with their size and depth directly impacting the
material ductility. Additionally, under the quasi-static tension, as shown
in Fig. 14(a), TR-316L-RD exhibited more and smaller dimples when
compared to other two dynamic tensile loading conditions, as respec-
tively shown in Fig. 15(a) and Fig. 16(a), which collectively contributed
to a larger total dimple surface area. This phenomenon helps to explain
why TR-316L-RD demonstrated the greater material ductility under the
quasi-static tension. In the case of LPBF-316L-BD and LPBF-316L-ND
under three different levels of tensile loading rates at the magnifica-
tion scale of 500 (50 pm), as illustrated in Fig. 14(b), 14(c), 15(b), 15(c),
16(b) and 16(c), their fracture surfaces revealed the existence of void
defects with varying sizes, which were typical traits of the ductile
fracture. As the tensile loading rate increased from quasi-static to 8 m/s,
a transition from the predominantly ductile fracture to the combined
ductile and brittle fractures was observed. This transition was attributed
to the formation of more cleavage faces under the higher tensile loading
rate [57,58]. Furthermore, partially unmelted powders were visible at
the magnification scale of 2000 (10 pm), and these powders were
frequently concealed inside the dimples, indicating the presence of in-
ternal defects. These defects tended to cause stress concentration and
accelerated the initiation of microcracks that propagated into the
macroscopic cracks [32,35]. Also noted in Fig. 14(c) at the magnifica-
tion scale of 2000 (10 pm), continuous large pits were formed, resulting
from the detachment of columnar grains [59]. A layered inner
morphology was further observed in LPBF-316L-BD in Fig. 16(b). Given
that the internal structure of the void was visibly related to the melt pool
boundaries, the void defects might originate from substantial residual
stresses caused by the fast cooling from the molten state [60], which
facilitated the crack formation along the melt pool boundaries, ulti-
mately culminating in fracture and void formation, as illustrated in
Fig. 17. The layered inner morphology, aligned parallel to the fracture
surface, could be regarded as a crucial factor for distinguishing between
the building and normal orientations of LPBF-316L. While this study
lacked more reliable microscopic observations to elucidate the corre-
sponding mechanisms, existing literature suggests that the significant
differences in strength and ductility between LPBF-316L-BD and
LPBF-316L-ND could be attributed to the interlayer bonding and
columnar grain orientation. In LPBF-316L-BD, insufficient interlayer
bonding under tension caused the lower strength [61,62]. However,
owing to the columnar grain-boundary being parallel to the loading
direction, and the continuous deflection of cracks during growth
increasing the surface friction stress between adjacent columnar grains
[38], the crack opening and growth process could be delayed, thus
exhibiting the higher ductility. Conversely, in LPBF-316L-ND, where the
columnar grain-boundary were perpendicular to the loading direction,
the presence of dislocation pile-ups accelerated the formation of
microcracks along the columnar grain-boundary [38], resulting in the
decreased ductility.

5. . Constitutive model

Owing to the simple structural form and the separate inclusion of
strain hardening, strain rate hardening and thermal softening, the
Johnson-Cook (J-C) constitutive model [63] has been widely adopted to
describe the flow stress of metallic materials under dynamic loading
conditions, which is expressed as follows:

’ T-T,\"
oy = (A+Be")(1 +c1n€’)(1—Tm7Tr) 10)
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Fig. 10. True strain contours of TR-316L-RD and LPBF-316L-BD under quasi-static tension.

where o, denotes the equivalent flow stress; € denotes the equivalent
plastic strain; T denotes the present temperature in physical tests;
& = &/éy denotes the normalised plastic strain rate, wherein &, rep-
resents the reference quasi-static strain rate; T, and T,, represent the
room and melt temperatures, respectively; A denotes the yield stress at
reference temperature and strain rate (MPa); B represents the strain
hardening coefficient (MPa); n signifies the strain hardening exponent; ¢
and m characterise the strain rate and thermal softening coefficients,
respectively.

Plastic deformation might result in a temperature rise in the metallic
materials [64,65]. When the strain rate is beyond 0.1 s_l, it can be
considered an adiabatic condition [66]. In this study, the temperature
rises in the rolled and LPBF printed 316L stainless steel specimens
during the adiabatic process was estimated using the following
equation:

AT = A2 _ 1

pCp

d
pCp ode

1)

where AT denotes the temperature rise; # denotes the Taylor-Quinney
coefficient, which measures the energy converted into heat (AQ) and
can be typically taken as 0.9 [67]; Cp denotes the specific heat capacity,
which was assumed to be 500 J/kge °C [68]. The integral f od, corre-
sponds to the integration of the true plastic stress (¢) with respect to the
true plastic strain (¢), which can be obtained from the curves as illus-
trated in Fig. 18. The temperature rises of the TR-316L and LPBF-316L
specimens during dynamic tensile testing were determined and are lis-
ted in Table 7. It was found that all the specimens remained below 150

10

°C considering the room temperature of 25 °C. When the specimen
temperature is below 150 °C, the thermal softening effect can be dis-
regarded [69]. Therefore, the influence resulting from the thermal
softening on the TR-316L and LPBF-316L specimens was considered
negligible in the current study, and the original J-C constitutive model
could be simplified as:

oy = (A+ B )(1 + clné") 12)

Using the experimental data from the quasi-static and dynamic ten-
sile tests, the model parameters (A, B, c and n) were determined for TR-
316L, LPBF-316L-BD and LPBF-316L-ND through the least-square
method, which are listed in Table 8. It is important to note that, for
TR-316L, which exhibited isotropic behaviour in terms of the material
strength (as shown in Fig. 5(a) and Fig. 8), the parameter determination
did not account for the influence of various rolling directions. In
contrast, due to the more noticeable anisotropic behaviour of LPBF-
316L, the impact of building direction on its model parameters was
considered. The curves, plotted with the fitted values of A, B, c and n in
the J-C constitutive model for TR-316L, LPBF-316L-BD and LPBF-316L-
ND, are illustrated in Fig. 19(a), Fig. 20(a) and Fig. 21(a), respectively.
As observed, there was a noticeable disparity between the experimental
data and the fitting curves using the J-C constitutive model, especially
for the tangent modulus. Thus, modifying the original J-C constitutive
model was essential to fairly characterise the flow stress for TR-316L,
LPBF-316L-BD and LPBF-316L-ND.

To better represent the strain hardening behaviour of rolled and
LPBF printed 316L stainless steels, the Voce hardening model [70] was
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Fig. 11. True strain contours of TR-316L-RD and LPBF-316L-BD at tensile loading rate of 8 m/s.
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Fig. 12. Actual fracture strains of TR-316L and LPBF-316L specimens versus
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11

incorporated in the original J-C constitutive model in the current study.
The linearly combined J-C and Voce hardening model is expressed as
follows:

o(@) = A + Q(1—eP) 13)

01 (&) = A+aQ(1— ) 4 (1 - a)Be" (14
where o, (¢P) represents the equivalent stress for the Voce hardening
model; 6j_, (€°) represents the equivalent stress for the linearly combined
J-C and Voce hardening model; Q and $ are material-specific parame-
ters; a is a combination coefficient. Fig. 22 illustrates the correlation
between the strain rate sensitivity coefficient c and the equivalent plastic
strain € for TR-316L, LPBF-316L-BD and LPBF-316L-ND. As observed,
the magnitude of ¢ differed across various strain rates and nonlinearly
decreased with £°. Consequently, an exponential function with respect to
&P was adopted through the least-square method to improve c, which is
given by:

(16)

¢ = ¢ + ¢ X exp(es x &)

After fitting with the experimental data, the linearly combined J-C
and Voce hardening model parameters for TR-316L, LPBF-316L-BD and
LPBF-316L-ND are summarised in Table 9. Fig. 19(b), Fig. 20(b) and
Fig. 21(b) respectively depict the stress-strain curves of TR-316L, LPBF-
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Fig. 13. Typical failure modes of TR-316L-RD, LPBF-316L-BD and LPBF-316L-ND under quasi-static and dynamic tensile loading conditions.
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Fig. 14. SEM observations on the fracture surface of TR-316L-RD, LPBF-316L-BD and LPBF-316L-ND under quasi-static tension.
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Fig. 15. SEM observations on the fracture surface of TR-316L-RD, LPBF-316L-BD and LPBF-316L-ND at tensile loading rate of 1 m/s.
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Fig. 16. SEM observations on the fracture surface of TR-316L-RD, LPBF-316L-BD and LPBF-316L-ND at tensile loading rate of 8 m/s.
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Fig. 17. Fracture path for LPBF-316L-BD under dynamic tension.

316L-BD and LPBF-316L-ND obtained from the modified J-C constitu-
tive model, along with comparisons to the experimental outcomes at
different strain rates. The results revealed that the modified J-C
constitutive model incorporating the Voce hardening model could more
fairly reproduce the flow behaviour of TR-316L, LPBF-316L-BD and
LPBF-316L-ND than the original J-C constitutive model.

Although the modified J-C constitutive model, which incorporated
the Voce hardening model, could reasonably represent the stress-strain
relationship of LPBF-316L-BD and LPBF-316L-ND across a wide range
of strain rates, its parameter determination was conducted separately
based on various building directions. Therefore, it remains worthwhile
to develop a material constitutive model tailored for LPBF-316L in
future research endeavours, aiming to predict its dynamic response and
failure behaviour in complex loading scenarios. Such a developed model
should not only address the coupling between strain rates and building
direction-induced anisotropic behaviour but also account for the
anisotropic damage evolution [48].

6. Concluding remarks
In this study, physical tests were implemented to comparatively

assess both the quasi-static and dynamic tensile behaviours of 316L
stainless steel fabricated by traditional rolling and laser-powder bed

13

fusion (LPBF) techniques. Scanning electron microscopy (SEM) was
performed to investigate the fracture surfaces of representative speci-
mens and comprehend the fracture morphology and mode. The Cowper-
Symonds model was then adopted to determine the strength enhance-
ment of rolled and LPBF printed 316L stainless steels with strain rate.
Moreover, a modified Johnson-Cook (J-C) constitutive model incorpo-
rating the Voce hardening model and considering the strain rate effect
was employed to describe their tensile behaviours. On the basis of the
research outcomes, some key conclusions could be deduced herein:

1) Under both quasi-static and dynamic tensile loading conditions,
LPBF printed 316L stainless steel displayed a more evident aniso-
tropic behaviour in terms of material strength when compared to
rolled 316L stainless steel. Increasing the inclination angle relative to
the building direction enhanced the yield and ultimate strengths of
LPBF printed 316L stainless steel but led to reduced ductility.

LPBF printed 316L stainless steel exhibited greater yield and ultimate
strengths in comparison with rolled 316L stainless steel. In contrast,
rolled 316L stainless steel demonstrated improved ductility, partic-
ularly under dynamic tensile loading conditions.

Both rolled and LPBF printed 316L stainless steels displayed positive
strain rate sensitivity in terms of material strength, with this sensi-
tivity being more pronounced in yield strength than in ultimate

2

—

3

—
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Fig. 18. True plastic stress-strain curves for TR-316L and LPBF-316L specimens.

Table 7

Temperature rise of TR-316L and LPBF-316L specimens (°C).
Specimen 0.03 m/s 0.3 m/s 1m/s 4 m/s 8 m/s 14 m/s
TR-316L-RD 51.6 54.58 56.91 54.57 65.86 80.78
TR-316L-DD 51.71 53.44 55.99 59.16 67.45 83.7
TR-316L-TD 50.49 48.40 57.51 54.42 65.53 63.9
LPBF-316L-BD / 60.54 63.03 71.2 66.28 /
LPBF-316L-ND / 28.78 36.28 50.84 37.66 52.63

‘/> means the specimen was not tested in this study.

Table 8

Fitted A, B, c and n in J-C model for TR-316L, LPBF-316L-BD and LPBF-316L-ND.
Specimen A (MPa) B (MPa) c n
TR-316L 284.89 1401.87 0.017 0.76
LPBF-316L-BD 510.51 929.56 0.023 0.76
LPBF-316L-ND 532.8 950.8 0.027 0.68

14

4

5

—

-

strength. LPBF printed 316L stainless steel exhibited lower sensi-
tivity to strain rate in yield strength compared to rolled 316L stain-
less steel but higher sensitivity in ultimate strength. The strain rate
sensitivity of material strengths for LPBF printed 316L stainless steel
was independent on the building/loading orientation.

Both rolled and LPBF printed 316L stainless steels demonstrated
greater actual fracture strains under quasi-static tension compared to
dynamic tension. Under dynamic tension, the actual fracture strain
of rolled 316L stainless steel overall showed a slight upward trend
with strain rate, while LPBF printed 316L stainless steel exhibited a
slight reduction in actual fracture strain as the strain rate increased.
From SEM observations, the fracture surface of the specimen under
quasi-static tension exhibited a larger total dimple surface area
induced by more and smaller dimples compared to those under dy-
namic tension, which contributed to a greater material ductility. As
the loading rate increased, a transition from predominantly ductile
fracture behaviour to a combination of ductile and brittle fractures
occurred due to more cleavage surfaces. When the deposition layers
were oriented parallel to the loading direction, interlayer tension
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Fig. 20. Comparison between experimental data and proposed constitutive model for LPBF-316L-BD.
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Fig. 21. Comparison between experimental data and proposed constitutive model for LPBF-316L-ND.

could be effectively harnessed to yield higher material strength of
LPBF printed 316L stainless steel.

6

[

The Cowper-Symonds model was fitted based on the experimental

data to evaluate the dynamic increase factor (DIF) values of yield and
ultimate strengths for rolled and LPBF printed 316L stainless steels. A
modified Johnson-Cook (J-C) model that incorporated the Voce
hardening model and considered the strain rate effect was fitted
using the experimental data to evaluate the flow behaviour of rolled
and LPBF printed 316L stainless steels.

15

The aforementioned research findings elucidate the quasi-static and
dynamic mechanical behaviours, as well as the constitutive relationship,
of LPBF printed 316L stainless steel influenced by building directions
and strain rates. However, it is still essential to note that this study
focused solely on the dynamic tensile behaviour of LPBF printed 316L
stainless steel in two typical building directions (0 and 90°). To further
improve the comprehension of its dynamic tensile behaviour and
constitutive relationship affected by additional building directions,
future research endeavours could incorporate supplementary experi-
ments to address the limitations of this study. Moreover, for a deeper
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