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Abstract Additively manufactured 304L stainless steel
with different build orientations and post-manufacturing
processes was dynamically characterized in compression
and tension at various high strain rates (~500, 1500, and
3000 s~!) using Kolsky bar techniques. Wrought 304L
stainless steel with a similar chemical composition as the
additively manufactured material was also characterized
at the same strain rates. The AM material exhibited higher
yield and flow stresses in compression when the speci-
men strain is smaller than 0.3. In dynamic tension, the AM
material also possessed higher yield and flow stresses but
lower elongations to failure than the wrought material at all
the strain rates tested. Depending on post processing and
anisotropy, the high-rate yield strength of the AM 304L
material is increased by 20-35%, compared to the yield
strength of the wrought material.

Keywords Kolsky (split Hopkinson) bar - Compression -
Tension - High strain rate - Additive manufacturing

Introduction

Additive manufacturing (AM) is a versatile approach to
building a product by incrementally adding layers or ele-
ments until a final shape is made. Welding, brazing, or even
layup of composite laminate materials are all considered

>< B. Song
bsong @sandia.gov

1" Sandia National Laboratories, 1515 Eubank Blvd. SE,
Albuquerque, NM 87185, USA

Pennsylvania State University, University Park, PA 16802,
USA

@ Springer

traditional AM processes where post-processing is usually
required. In addition to these, a new generation of AM pro-
cesses, commonly known as 3D printing, have been recently
developed. The new processes are digitally controlled with
computer-aided design (CAD) and require little or no post-
processing. In addition, the new AM technologies enable
rapid prototyping, quicker design modifications, reduction
of raw materials, and rapid part replacements to be increas-
ingly utilized in mass customization applications for auto-
mobile, aerospace and construction industries [1]. Differ-
ent AM technologies have been developed for producing a
variety of materials. For example, Sandia National Labora-
tories developed Laser Engineered Net Shaping (LENS®),
a type of additive technology which utilizes metal and alloy
powders and a laser to create structural components defined
by CAD models [2, 3]. New higher power, LENS®-like,
AM processes have been recently developed to create com-
ponents at much higher deposition rates.

The relationships between AM processing, microstruc-
tures, and material properties need to be understood before
additively manufactured components can be used in criti-
cal applications, which has recently been reviewed by Fra-
zier [4] and Herzog et al. [S5]. AM processes often produce
complex microstructures that vary spatially, resulting in
non-uniform mechanical properties [6-9]. Furthermore,
AM processing can often induce residual stresses [10] that
alter a component’s mechanical response. With respect to
mechanical behavior, mechanical strength and ductility
associated with damage initiation and evolution are criti-
cal for AM material applicability [11-13]. For example,
Bian et al. [11] applied direct laser deposition technology
to additively manufacture Ti—-6Al-4V via fed powder and
in situ laser delivery. The laser power, traverse speed, and
powder feed rate produced non-uniform/transient thermal
gradients and phase transformations during processing,
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resulting in a significant residual stress in the AM material.
The AM Ti—6Al-4V alloy exhibited similar, or even supe-
rior, yield and ultimate tensile strength, but less ductility
than those of the wrought material. Anisotropic mechani-
cal behavior was also observed in the AM material [11].
Lu et al. [14] and Xu et al. [15] used powder bed fusion
to additively manufacture Ti—-6A1-4V alloys. Lu et al. [14]
found that the AM Ti—6Al-4V produced by selective elec-
tron beam melting exhibited spatially varying microstruc-
tures, because the cooling rate varied from the bottom layer
to the top layer. The inhomogeneous structures resulted in
inconsistent tensile properties of the AM material. How-
ever, hot isostatic pressing (HIP) after AM homogenized
the microstructures and led to highly consistent tensile
properties. Xu et al. [15] tuned the variables such as energy
density and focal offset distance in the selective laser melt-
ing process to optimize the microstructures in the AM
Ti—6A1-4V alloy. They achieved similar tensile elongation
and superior yield strength to the wrought material.

Almost all mechanical testing of AM material has
involved quasi-static methods and only a few studies have
dynamically characterized AM materials. Understand-
ing the dynamic response of AM materials is critical for
impact or shock applications, particularly if AM materi-
als are substituted for conventional wrought materials. Li
et al. [16] investigated the mechanical response of direct
laser deposited Ti—-6A1-4V alloy over a wide range of strain
rates and temperatures. The compressive flow stress of
the AM Ti—6Al4V increased with increasing strain rates,
yet the tensile flow stress decreased with increasing strain
rates. Interestingly, the flow stress increased with increas-
ing temperature, under both compressive and tensile load-
ing conditions. It is even more intriguing that both yield
strength and ultimate strength of the direct laser depos-
ited Ti-6Al1-4V alloy were found to be lower than for the
conventional material made through forging processes.
Fadida et al. [13] characterized the dynamic compressive
behavior of Ti-6Al-4V additively manufactured through a
direct laser deposited process. They found the direct laser
deposited Ti—6A1-4V exhibited superior strength in both
quasi-static and dynamic tests but comparable ductility to
the same conventional material. Rodriguez et al. [17] inves-
tigated the quasi-static and dynamic tensile behaviors, as
well as the strain-rate sensitivity, of electron beam addi-
tively manufactured Ti—-6Al-4V. A distinct strain-rate effect
was observed on strain hardening, thermal softening, and
elongation of the additively manufactured alloy. Moham-
madhosseini et al. [18] characterized strain-rate effect
on the compressive behavior of Ti—-6Al-4V alloy manu-
factured with electron beam melting method. The results
showed that the additively manufactured Ti-6A1-4V alloy
at dynamic strain rates exhibited a higher strength but less
ductility than that at quasi-static strain rates.

AM stainless steels have also been dynamically char-
acterized. Gray et al. [19] compared the constitutive and
spallation response of LENS® manufactured 316L stainless
steel to that of annealed wrought material and AM-as-built
316L stainless steel without recrystallization. Their pre-
liminary results showed that the AM-as-built 316L stain-
less steel was approximately 60% higher in yield strength
and 10% higher in spall strength than the annealed wrought
material. The recrystallized AM 316L stainless steel exhib-
ited similar quasi-static constitutive stress—strain response
to the annealed wrought material but different spall
response in terms of damage evolution. Nishida et al. [20]
used Kolsky compression bar techniques to characterize
wrought and LENS®-like additively manufactured 304L
stainless steels. LENS® typically uses 500 W—1 kW laser
powers with a focused beam, while the LENS®-like process
used a 3.8 kW laser power and a defocused beam. In com-
pression, the LENS®-like AM 304L stainless steel showed
a higher yield strength but milder work hardening behav-
ior than wrought 304L stainless steel at high strain rates.
Within the dynamic strain rate range investigated in that
study, the LENS®-like AM 304L stainless steel exhibited
less strain-rate sensitivity in dynamic compressive response
than the wrought material. Wise et al. [21] characterized
the shock Hugoniot response of the same wrought and
LENS®-like AM 304L stainless steels, and the AM mate-
rial exhibited equal or greater dynamic strength. Recently,
Inconel 625, boron carbide, and tungsten copper pseudoal-
loy have also been additively manufactured and dynami-
cally characterized, respectively [22-25].

In this study, we employed pulse-shaped Kolsky com-
pression and tension bar techniques to characterize the
dynamic mechanical behavior of wrought and AM 304L
stainless steels. The approach was similar to that in [20],
but several differences exist.

1. Although both studies characterized the same wrought
material, the AM stainless steel used herein was fabri-
cated with a 2.0 kW LENS®-like process instead of a
3.8 kW LENS®-like process.

2. The 2.0 kW AM stainless steel was tested in the as-
deposited condition and an annealed condition in both
dynamic compression and tension, while [20] focused
exclusively on the as-deposited condition in compres-
sion only.

3. Microstructural characterization was performed on the
undeformed materials.

Materials and Specimens

Two forms of 304L stainless steel were tested in this study:
wrought, ingot-derived material and 304L stainless steel
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made by a laser-based additive process. Both forms consist
of austenite with 1-3% ferrite (or martensite) by volume as
determined by Feritscope and diffraction based measure-
ments. The AM 304L stainless steel had a similar chemical
composition as the wrought material used in baseline tests,
but small differences were detected (see Appendix).

The AM 304L stainless steel was deposited using a
process developed at Pennsylvania State University that
directs a 2.0 kW laser beam onto a workpiece that is moved
according to a crosshatch process. As shown in Fig. 1, the
laser beam was aligned with the Z direction, while the
crosshatches were aligned with the X and Y directions.
Two sets of AM bars were built: X-bars and Z-bars. The
lengths of the X-bars were aligned with the X direction, and
the lengths of the Z-bars were aligned with the Z direction.

The Z bar is depicted on the left and the X bar on right.
Dimensions were approximately 2.5x2.5% 10 cm.

In order to address the effect of residual stress during
AM, two approaches have been conducted in this study.
First, the specimens were extracted from central and edge
locations in the as-deposited AM Z bars, as illustrated in
the photograph in Fig. 2. Second, a separate annealing post
processing was applied to the AM X-bars. Ideally, annealed
X-bars (or Z-bars) would have been compared to as-depos-
ited X-bars (or Z-bars), but sample quantities were limited.
The annealing involved a 1 h heat treatment at 750 °C, and
the effects were assessed with hardness tests, feritscope and

Fig. 1 Schematic of orienta-
tions of the additively manufac-
tured 304L stainless steel bars
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Fig. 2 Hardness along cylindri- 100
cal blanks before and after a
1 h, 750°C anneal 95

80

Rockwell B Hardness
(o]
a

75

70
0 20 40

optical microscopic measurements. As shown in Fig. 2,
the Rockwell B hardness was measured before and after
annealing along the edges of cylindrical blanks near the
outer surface or near the center of a bar. A flat 6 mm wide
surface was ground onto each cylindrical blank in order to
make the measurement. The recovery anneal reduced the
difference in hardness between the center and edge of the
deposits. Higher hardness values remained near the base-
plate interface, but all Kolsky bar samples were extracted
at least 12.7 mm away from the baseplate. Feritscope meas-
urements before and after annealing revealed a decrease
from roughly 3% ferrite to 2% ferrite by volume. Finally,
optical microscopy found cellular dendritic microstructures
before and after annealing with only a slight amount of
long-range diffusion after annealing.

Table 1 summarizes the detailed information of mate-
rial processing and testing conditions. Measurements
showed that the produced AM steel has an average density
of 7832.6 kg/m® which is 99.4% that of the average value
measured for the wrought steel. Additionally, no lack-
of-fusion defects near build interfaces were found upon
sectioning.

Wrought stainless steel 304L samples were extracted
from a 10.1 cm-diameter, cold-finished cylindrical bar and
characterized in compression and tension, along longi-
tudinal and transverse directions, in order to compare the
dynamic response between the AM material to the wrought
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Table 1 Material processing
information and testing
conditions

Material

Orientation of test Post-processing
sample load axis

Strain rate (s™!) Specimen loca-
tion within parent

bar

AM 304L; 20kW X
Cross-hatched

Wrought 304L

Transverse

Longitudinal

~500
~1500
~3000
~3000
~500
~500
~1500
~1500
~3000
~3000
~3000 Center
~3000 Edge
~500 N/A
~1500 N/A
~3000 N/A
~3000 N/A
~500 N/A
~1500 N/A
~3000 N/A
~3000 N/A

Annealed Compression Center
Center
Center
Tension Center
Center
Edge

Center
Edge

Center

Edge

None (as-deposited) Compression

Tension

None Compression

Tension

None Compression

Tension

material. A longitudinal test sample was machined with
its loading axis aligned with the cylindrical billet axis. A
transverse test sample was made with a loading axis aligned
perpendicular to the billlet axis. Similarly, a transverse face
is oriented perpendicular to the original cylinder axis.
Figure 3 shows a comparison of microstructures of
wrought and 2.0 kW AM 304L stainless steels. Figure 3a—c
includes several views of a transverse face of a wrought
304L stainless steel sample. The electron backscatter dif-
fraction (EBSD) maps shown in Fig. 3a, b reveal a fine
equiaxed grain structure in the wrought material. The
colors indicate the crystallographic orientations of aus-
tenite grains with respect to the horizontal direction in
the images (or left-to-right). The horizontal direction in
Fig. 3a—c corresponds to the cylindrical billet axis (the lon-
gitudinal direction). As suggested in Fig. 3, the wrought
material possesses an average austenite grain size of 28 um.
For the purposes of this paper, grain size is defined as the
equivalent circle diameter at which grains larger than this
amount comprise 50% of the EBSD map area. By this
metric, using two different perpendicular sections for each
material, the grain size of the AM crosshatch material is
141 pm. This metric is used because the AM materials
contain wide distributions of grain sizes. As such, standard
techniques similar to the linescan method (ASTM E112)
and the EBSD area method (ASTM E2627) produce grain
sizes (14 microns for wrought and 37 microns for AM

crosshatch) that are considerably lower than typical grains
observed (see Fig. 3). The scanning electron micrograph
(SEM) shown in Fig. 3¢ shows a higher magnification view
of microstructure with ferrite observed as long stringers
and indicated with red arrows. The amount of ferrite sug-
gested by these polished faces is consistent with the amount
determined by X-ray diffraction (XRD) and Ferritscope.
The microstructure maps and SEM image suggest that
the wrought material is fully dense. There is no evidence
of voids in the wrought material. Figure 3d shows a large
area view of microstructure within a 2.0 kW, crosshatched
AM 304L X bar stainless steel. The sample was moved
such that the laser-induced melt pool travelled into the page
(X) for one layer followed by movement left-to-right (in
Y) with this process repeating until the end of a build. The
map height in this figure is several mms. Thus, with a layer
thickness ~0.89 mm, a portion of several layers is revealed
within this map. This EBSD map shown in Fig. 3d dem-
onstrates that the AM sample was nearly all austenite—
consistent with XRD and Feritscope. Ferrite appears black
in the EBSD maps in Fig. 3d, e but is finely distributed as
opposed to the long stringers in the wrought material. In
addition, the EBSD map shows no lack-of-fusion defects,
large voids or other defects near layer interfaces. It is appar-
ent from Fig. 3d that grains within the AM sample orient
epitaxially from one layer to the next. Grains are larger
than the wrought material (Fig. 3a) and those reported for
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Fig. 3 Comparison of micro-
structures of (a—c¢) wrought and
(d—f) AM 304L stainless steel
samples. Austenite grains are
colored according to their ori-
entation, while ferrite appears
black in EBSD maps (a, b, d,
e). The ferrite is identified with
red arrows in the SEM images
(¢, f). Oxide inclusions in the
AM material are highlighted
with green circles. (Color figure
online)

traditional (low power) LENS® processes [3]. Finally, the
AM steel has substantial sub-grain structure (Fig. 3e, f),
which indicates a high dislocation density.

Both AM and wrought 304L stainless steels were
machined with electric discharge machining (EDM) into
two different specimen geometries. The compression speci-
mens were cylindrical with a diameter of 6.35 mm and a
height of L,=3.18 mm. The tensile specimens were made
into a cylindrical dog bone shape with a 3.18 mm gage
diameter and a L,=6.35 mm gage length. Figure 4 shows
the schematic drawings for both compression and tensile
specimens. Each compression specimen was sandwiched
between the incident and transmission bars for dynamic
compression tests. The tensile samples were directly
threaded into the ends of the incident and transmission bars
for dynamic tensile tests.

@ Springer

Dynamic Experiments

Dynamic compressive and tensile experiments were
performed with Kolsky compression and tension bars,
respectively.

Figure 5 shows a schematic of the Kolsky compression
bar apparatus. In this study, the Kolsky compression bar
system was made of Maraging C350 steel and had a com-
mon diameter of 19.05 mm. The incident and transmis-
sion bars were 3.66, and 1.83 m long, respectively. The
striker was launched with a gas gun to impact the incident
bar, generating a compressive stress wave (incident wave)
propagating in the incident bar until it arrived at the speci-
men. Due to the lower mechanical impedance of the speci-
men than the pressure bars, part of the incident wave was
reflected back into the incident bar and the rest transmitted
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Fig. 4 Specimen designs for (a) (b)
Kolsky bar experiments in (a) fae————— 4572 —_—
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Fig. 6 A typical set of incident, reflected, and transmitted signals in a
dynamic compression test

through the specimen and into the transmission bar. As
illustrated in Fig. 5, a double pulse shaping technique [26],
where an annealed C11000 copper disk was stacked on a
larger-diameter work-hardened steel disk on the impact end
of the incident bar, was applied to generate a desired shape
of incident pulse to achieve early dynamic stress equilib-
rium and nearly constant strain-rate deformation in a 304L
stainless steel specimen.

Figure 6 shows a typical time history of the incident,
reflected, and transmitted signals measured by the strain
gages on the incident and transmission bars. These signals

Fig. 7 Dynamic compressive stress equilibrium

were generated in a double-pulse-shaped Kolsky compres-
sion bar test of a 2.0 kW, cross hatched, as-deposited AM
304L stainless steel material along Z direction. Through
utilization of the double pulse shaping technique, the inci-
dent pulse was generated as a typical initial elasticity fol-
lowed by a work hardening behavior, which is similar to the
transmitted pulse, leading to a reflected pulse with a pla-
teau. Figure 7 shows a comparison of engineering stresses
at both ends of the specimen. The stress at the front face o,
and the stress at the back face ¢, were calculated with the
following respective equations,
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0
o) = A_E0(£i +é,) (1
S
Ay
62 = A—Eoel (2)

where €;, €, and ¢, are incident, reflected, and transmitted
bar engineering strains, respectively; E, is Young’s modu-
lus of the incident/transmission bar material; A, and A, are
cross-sectional areas of the bars and the specimen, respec-
tively. The nearly overlapped stress histories at both ends of
the specimen (Fig. 7) indicate that the specimen was equili-
brated in stress over the nearly entire duration of dynamic
compressive loading. The specimen stress can thus be cal-
culated with either Eq. (1) or Eq. (2). Then the engineer-
ing strain rate and engineering strain in the specimen are
calculated as,

& 3

2C, '/t
£=- e.dt
Ls 0

where C,, is the elastic stress wave speed in the bar material;
L, is the gage length of the specimen. Equation (3) indi-
cates that a plateau in the reflected pulse (Fig. 6) represents
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Fig. 8 Engineering compressive stress and strain histories in the
specimen

a constant strain rate in the specimen, due to the utilization
of an appropriate double pulse shaping technique.

Figure 8 shows typical stress and strain histories in the
specimen calculated with Egs. (2) and (4), which were used
to calculate stress—strain response by eliminating the term
of time. In addition, the linear strain history in the speci-
men indicates a constant strain rate of roughly 500 s,

Elastic indentation is known to significantly affect the
stress—strain response measurement at small strains, i.e.,
Young’s modulus, in a Kolsky compression bar test [27].
When the specimen is dynamically loaded in compres-
sion by the pressure bars, the smaller specimen may elas-
tically indent the ends of the incident and transmission
bars. This elastic indentation makes the stress wave at the
bar/specimen interface no longer planar, which causes the
conventional data reduction process [Eq. (4)] to overes-
timate the specimen strain. The overestimated specimen
strain results in an underestimated Young’s modulus of
the specimen material. The pulse shaping technique mini-
mizes stress wave dispersion and ensures early dynamic
stress equilibrium, but does not correct the elastic inden-
tation. Most recent research indicates that a combination
of a pulse-shaped experiment and a numerical indentation
correction significantly increases the accuracy of Kolsky
compression bar experiments on small-strain compressive
stress—strain response [28]. In this study, the indentation
correction method developed by Safa and Gary [27] was
applied to correct the indentation effect on the compressive
stress—strain response of the 304L stainless steel.

The Kolsky tension bar system used in this study was
made of Maraging C300 steel. The 25.4-mm-diameter
incident and transmission bars were 3.62 and 2.13 m long,
respectively. As shown in Fig. 9, a striker was launched to
impact the end cap of the gun barrel, generating a tensile
stress wave in the gun barrel. The tensile stress then trans-
mits from the gun barrel into the incident bar via a cou-
pler. Similar to the Kolsky compression bar test, a small
annealed C11000 copper disk was placed on the end cap
to generate a specific incident pulse to achieve stress equi-
librium and constant strain rate deformation in the speci-
men. However, differing from the Kolsky compression bar
test, the tensile specimens were threaded into the bar ends,
which generated numerous interfaces that disturbed the
stress wave propagation. In this study, we followed previ-
ous Kolsky tension bar experimental procedures:

Fig. 9 A schematic of the End cap PUSEShIPET oot oupler gy e —
Kolsky tension bar \ / Gun Barrel /Strain gage
[ -
Momentum Bar Incident Bar Transmission Bar
Momentum Lock Nut
Trap —
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1. Lock nuts were applied to the specimen to minimize
the pseudo stress peak in the resultant stress—strain
response [29].

2. A custom-made laser extensometer directly measured
the displacement across the specimen free length, from
one lock nut to the other lock nut [30].

3. The displacement over the tensile specimen gage sec-
tion was deduced from the laser extensometer measure-
ments using a numerical correction discussed briefly in
the following paragraph.

Figure 10 shows a typical strain gage and laser extensom-
eter time histories obtained from a Kolsky tension bar test of
a wrought material along the longitudinal direction. It is seen
that the displacement of the transmission bar end is much
smaller than that of the incident bar end, which means the
specimen was significantly elongated. The tensile stress his-
tory was calculated with the same equation [Eq. (2)]; whereas
the strain history was calculated with the laser measurements
by using the following equation [31, 32],

&)

€=19 s5-(1-c')s,

where 6 is the relative displacement across the front and
back ends of the specimen, as measured by the laser exten-
someter; 5y is the relative displacement across the front
and back ends of the specimen when the dynamic yield
strength is reached; oy is the dynamic yield strength of the
tested material; and ¢’ is the correction factor for specimen

strain calculation at gage section. According to the specific
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Fig. 10 A typical set of strain gage and laser extensometer signals
from a Kolsky tension bar test

design of the tensile specimen shown in Fig. 4b, the cor-
rection factor, ¢/, has been determined as 0.62 in this study
[32]. Figure 11 shows the calculated stress and strain his-
tories in the tensile specimen subjected to a dynamic ten-
sile load. Similar to the compression test, the nearly linear
strain rate in the specimen indicates a nearly constant strain
rate of 2900 s~! during dynamic tensile loading.

Experimental Results and Discussion

Following the same procedure, the AM 304L stainless steel
and wrought material listed in Table 1 were dynamically
characterized in compression and tension. Three different
strain rates (500, 1500, and 3000 s_l) were conducted in
compression; whereas, dynamic tensile tests were per-
formed only at the strain rate of ~3000 s~!. At each loading
condition, 3-5 experiments were repeated to verify con-
sistency. The mean curve was calculated as the representa-
tive curve at each testing condition. Figure 12a, b show the
example results of individual compressive and tensile tests
at the same conditions as shown in Figs. 6 and 10, respec-
tively. Both compressive and tensile experimental results
show very good repeatability at the same testing condition.

Figure 13 shows the dynamic compressive stress—strain
curves of wrought and AM/Z-direction 304L stainless steel
at various strain rates. In this figure, the stress—strain curves
are bracketed into two groups to distinguish the AM and
wrought materials. In each bracket, strain rate was repre-
sented with colors. In the bracket of wrought materials,
the stress—strain curves at the same strain rate were dis-
tinguished with and without symbols for transverse (thick
lines) and longitudinal (thin lines) directions, respectively.
As shown in Fig. 13, all compressive stress—strain curves
exhibit very similar elastic—plastic characteristics with
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Fig. 11 Tensile stress and strain histories in the specimen
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Fig. 12 Several engineering stress—strain curves of specimens at the
same loading conditions and the corresponding mean curve. a Com-
pressive stress—strain curves of AM material; b tensile stress—strain
curves of wrought material at a higher strain rate

significant sensitivities to strain rates. At similar strain
rates, the wrought 304L stainless steel shows little differ-
ence in stress—strain response along the longitudinal and
transverse directions. The AM/Z-direction 304L stainless
steel exhibits higher yield and flow stresses by approxi-
mately 20% than the wrought material when the deforma-
tion is smaller than 30%. Due to limited loading duration,
the specimens were compressed up to 30%. At the lowest
dynamic strain rate (500 s~1), the specimens were deformed
to only 10%. However, one can still expect from Fig. 13
that the wrought 304L stainless steel possesses higher
flow stress than the AM material at larger strains, showing
a similar crossover feature between the wrought and AM
stress—strain curves to that presented in [20]. The mecha-
nism that caused the crossover is left for further research.
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Fig. 13 Comparison of dynamic compressive stress—strain curves of
wrought and AM/Z-direction 304L stainless steel
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Fig. 14 Comparison of dynamic compressive stress—strain curves of
AM 304L stainless steel along annealed X and as-deposited Z direc-
tions

Figure 14 shows a comparison of dynamic compres-
sive stress—strain curves of AM 304L stainless steel along
X (annealed) and Z (as-deposited) directions. At each
strain rate, the annealed samples along X direction exhibit
a lower (less than 10%) yield and flow stress when speci-
men deformation is smaller than 0.2 than the as-deposited
samples along Z direction. When specimen strain is larger
than 0.2, the annealed X-direction samples had a higher
flow stress than the as-deposited samples along Z direction.
This indicates that the annealed X-direction samples had a
higher work-hardening rate than the as-deposited Z-direc-
tion samples. However, it may be difficult to distinguish the
effects of material orientation (X vs. Z direction) and post
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processing (as-deposited vs. annealing), which warrants
additional tests in the future.

Figure 15 shows a comparison of dynamic compres-
sive stress—strain curves of as-deposited AM/Z-direction
samples from center and edge locations. At all three strain
rates tested, the as-deposited AM/Z-direction stainless steel
samples from the center of the parent bar had a little higher
(less than 5%) flow stress than the samples from the edge of
the parent bar.

The AM 304L stainless steel specimens show signifi-
cantly different surface features from the wrought speci-
mens after dynamic loading, as shown in Fig. 16, even
though the shapes of the compressive stress—strain curves
have only minor differences. The wrought stainless steel
specimen still maintained a circular shape after dynamic
compression (Fig. 16a). However, after dynamic com-
pression, rough surfaces appear on both end and side of
the AM specimen, clearly shown in Fig. 16b. This irreg-
ular surface morphology may be caused by significant

[Magnification: X20.0)

[Magnification: X20.0|

F1.0000mm|

Fig. 16 Comparison of (a) wrought and (b) AM 304L stainless steel specimens after dynamic compression tests
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Fig. 17 Comparison of dynamic tensile stress—strain curves of
wrought and AM 304L stainless steels at the strain rate of ~2900 s~

difference in microstructures, i.e., grain size, between the
wrought and AM materials.

Figure 17 shows dynamic tensile stress—strain curves
of wrought 304L stainless steel along longitudinal and
transverse directions, and AM material at center and
edge locations, at approximately the same strain rate of
2900 s~!. The wrought material exhibits very similar
stress—strain response along longitudinal and transverse
directions. The flow stress along longitudinal direc-
tion is approximately 4% higher than along transverse
direction for the wrought material. However, the tensile
stress—strain response of the AM 304L stainless steel
is quite different from that of wrought material. In gen-
eral, the AM 304L stainless steel possesses higher flow
stresses but lower elongation to failure than the wrought
material. The flow stress in the AM material is approxi-
mately 15% higher than the wrought material but the
elongation to failure decreases from 65% for the wrought
material to 40% for the AM material. In addition, the
flow stress in the AM material decreases when the strain
is larger than 10% and then picks up at the strain of 17%
(a “V-shape” shown in Fig. 17). This could be a result
of the large grain sizes in the AM materials resulting in
approximately 115 grains in each cross section of the
specimen, but we believe it may indicate a microstruc-
tural change or slip mechanism in the material subjected
to high-strain-rate tensile load. In-depth microstructural
investigation is required to explain the mechanism, which
has been planned and will be presented in the future.
After dynamic tension tests, the failed AM 304L stain-
less steel specimens, as shown in Fig. 18b, showed very
similar surface features to the compression specimens
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shown in Fig. 16b. However, the surfaces of the wrought
specimens were smooth after dynamic failure, also shown
Fig. 18a.

In order to investigate strain rate effects, Fig. 19 shows
the yield strengths of both wrought and AM 304L stainless
steels at different strain rates varying from quasi-static [33]
to dynamic strain rates. Both wrought and AM materials
show a strong strain rate effect where yield strength signifi-
cantly increases with increasing strain rate. The strain-rate
sensitivity within the dynamic strain rate regime is signifi-
cantly higher than that within the quasi-static strain rate
regime for both wrought and AM materials. Even though
the AM 304L stainless steel samples exhibit higher yield
strengths than the wrought material, the dynamic strain-
rate sensitivities for AM 304L stainless steels are similar
to the wrought material. In addition, for the same material
at the similar strain rate, i.e., ~2500 s~!, both wrought and
AM 304L materials showed a little higher yield stress in
tension than in compression.

Conclusions

In this study, Kolsky compression and tension bar tech-
niques have been applied to dynamically characterize
the compressive and tensile stress—strain responses of
additively manufactured 304L stainless steel with differ-
ent orientations with respect to the AM processes. As a

reference, wrought 304L stainless steel with similar chemi-
cal composition was also characterized at the same strain
rates. The experimental results showed that the AM 304L
stainless steel exhibited higher yield and flow stresses than
the wrought material when the strain magnitude was less
than 30%, in both compression and tension. For example,
at a compressive strain rate of 2500 s~ the yield and flow
stresses were roughly 20% higher in the AM material. For
compressive strains greater than 30%, the AM materials
may possess lower flow stresses than the wrought material.
In dynamic tension, the as-deposited AM material showed
about 35% less elongation to failure than the wrought mate-
rial. Both AM and wrought 304L stainless steel show sig-
nificant, yet similar, strain-rate sensitivity for strain rate
magnitudes above 500 s,
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Appendix

This appendix presents the chemical compositions of AM
and wrought materials (See Tables 2, 3).

Table 2 Measured composition

3 . Elemental Powder composition Powder composition  Deposit composition — Deposit composi-
of rec.elved powder and material constituent (Wt%) from ICP-MS (wt%) from Leco® (Wt%) from Leco® tion (wt%) from
deposited using P, =2.0 kW OES
(remainder as Fe)

C n/m 0.015 0.010 n/m
Cr 19.07 n/m n/m 19.02
Cu 0.03 n/m n/m 0.03
Mn 1.55 n/m n/m 1.48
Mo 0.04 n/m n/m 0.04
N n/m 0.089 0.081 n/m
Ni 10.38 n/m n/m 9.97
o n/m 0.017 0.023 n/m
P 0.006 n/m n/m 0.012
S 0.006 0.006 0.008 n/m
Si 0.5 n/m n/m 0.55
v 0.02 n/m n/m 0.03

ICP inductively couple plasma, MS mass spectroscopy, OES optical emission spectroscopy

*Measurements by Leco involved gas fusion (for O, N) and combustion for (C, S)

@ Springer



424

J. dynamic behavior mater. (2017) 3:412-425

Table 3 Elemental composition

of cold ﬁgished wrought 304L Ieirllfmental constitu- sgggon

bar (remainder as Fe) (Wi%)
C 0.013
Cr 19.5
Cu n/m
Mn 1.5
Mo 0.027
N 0.049
Ni 10.1
O n/m
P 0.015
S 0.015
Si 0.58
\% 0.02
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