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Abstract

Additive manufacturing (AM), or 3D printing, is a layer by layer method for the fabrication of
end use parts. Its utilization in the production of metallic materials, while relatively new, is
promising as an alternative technique to build custom or small batch parts with much greater
agility than traditional manufacturing methods. The laser powder bed fusion (LPBF) AM
technique offers a combination of high geometric accuracy and good mechanical properties for a
variety of materials even without post-processing. It can do this by adjusting a number of
processing parameters including the intensity of the laser and the thickness of the layers. The
characterization of materials produced via LBPF is therefore paramount to the qualification of
the process. Charpy v-notch and split Hopkinson pressure bar testing were used to quantify the
impact strength of 316L stainless steel and AlSi10Mg aluminum alloys. Samples were produced
via LBPF using three different sets of processing parameters for both materials to observe the
effects they had on mechanical behavior. The orientation of the build layers, relative to the
loading axis of each test, was also varied between 0° and 90° to assess the effect of the inherent
anisotropy due to the layer by layer construction. Results for the AISi10Mg indicated a trend of
increasing dynamic compressive strength with the orthogonality of the build layers to the loading
axis and a decrease in Charpy absorbed energy from the 0° to 90° build angles. The parameters
with the lowest global energy density (GED) showed the highest SHPB flow stress while the
medium GED showed the best Charpy absorbed energy. The 316L showed strength trends
opposite to those of AISi10Mg with respect to build angle and little to no variation with
processing parameters aside from the low GED Charpy results less which were less than half of
the other parameters.

Keywords: Additive Manufacturing, Material Characterization, Split-Hopkinson Pressure Bar,
Charpy
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1. Introduction
1.1. Additive Manufacturing

Additive manufacturing (AM), or 3D printing as it is better known, is a relatively new
means of producing end use parts. While somewhat ubiquitous as a method for polymer-based
structures, the application for metals is still being refined and characterized. The process is based
on layer-by-layer construction of parts using a concentrated heat source to melt the feedstock,
wire or powder, into cross sectional planes perpendicular to the build direction. As the top layer
cools it adheres to the previous layers forming a solid, singular part [1]. Recent advancements
have allowed for quicker and less wasteful production and greater complexity than traditional
manufacturing methods like casting or machining can achieve [2], [3]. Its inherent agility makes
it especially useful on smaller scales where lead times and economy for specialized and custom
parts can be vastly reduced. These advantages are making AM a significant target for research
effort as it holds industry changing potential for in situ production as well as increased design
efficiency through topology optimization [4]. Interested industries range from the military, for
the ability to produce parts on demand, to the medical industry to economically build custom,
highly geometrically complex devices [5].

An effective way to categorize AM processes is by the method of feed stock delivery.
The majority of mainstream AM practices fall into powder bed, powder feed and wire feed
systems. The largest differences between them are the geometric accuracy and deposition rate of
material. Powder bed/feed systems can attain quite impressive resolution, 0.025 mm for powder-
feed [6] and 0.04 mm for powder-bed, but offer low deposition rates. Wire feed processes can
achieve much higher deposition rates, but only by sacrificing dimensional accuracy (about 10

times lower than powder systems) [7]. Powder bed processes use a laser or electron beam to melt



part cross sections on a pre-laid sheet of metallic powder before another layer of powder is
evenly raked across the work bed as shown in Figure 1. This process continues until a three-
dimensional part is constructed. Due to the usability of near as-built parts and its current
dominance in metallic 3D printing [8], a method called laser powder-bed fusion (LBPF) printing,
was chosen to fabricate the test specimen.

LASER SCANNER
CHAMBER

COMPONENT

POWDER BED

POWDER DELIVERY
SYSTEM

Figure 1: Laser Powder-Bed Fusion 3D Printing Process [9]

Materials produced through AM processes have some inherent differences from
traditionally manufactured. Due to the nature of the cyclic melting and solidification that create
unique thermal histories at each layer, there are boundaries between them that cause a degree of
anisotropy, even under ideal conditions [1]. The complexity of the AM process also lends itself
to considerable variation by alteration of the processing parameters, especially input power and
scanning speed [10]. Therefore, the importance of characterizing the process and the products of

AM is paramount.

1.2. Split-Hopkinson Pressure Bar
High strain-rate testing is necessary for establishing material behavior under certain
impact loading conditions as it differs from quasi-static performance, which is more traditionally

used as a strength metric. Split-Hopkinson pressure bar (SHPB) testing offers a method for



inducing controlled high rate loading and recording material response in the form of stress, strain
and strain-rate [11].

The split-Hopkinson pressure bar test, also known as the Kolsky bar test, was invented in
its original form by John Hopkinson in 1872 [11]. It was intended to study the rupture behavior
of iron wires due to attached falling weights, but it also demonstrated the propagation of stress
waves. Bertram Hopkinson later used horizontal rods to attempt to measure the pressure induced
by a gunshot impact, but the technology at the time was too primitive to accurately measure the
event. In the late 1940s Davies proposed new mathematical models for the wave propagation
[12] using condensers to track deformation due to the stress waves. Herbert Kolsky improved
upon the design and Hopkinson’s theory by creating a horizontal compression-based setup,
which used two pressure bars in series with a sample and a controlled explosion to induce high
strain rates in the sample. This new method allowed for significant increase in the accuracy and
controllability of the experiments and was able to create stress-strain data for the sample
specimen [13]. Following Kolsky’s design Krafft was the first to produce significant data with
the setup in the early 1950s [14]. As a result, the Kolsky bar or split-Hopkinson pressure bar

setup looks drastically different from the original Hopkinson experiment, as shown in Figure 2.
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Figure 2: (a) Hopkinson wire testing apparatus. (b) Simplified SHPB setup at Montana Tech.

The modern SHPB setup is similar to the original Kolsky with a few notable changes. For
the external impact source, the explosion was replaced with a striker bar of identical material and
diameter as the incident and transmission bar. The striker is centered with nylon bushings, to
ensure a flush interface with the incident bar, and launched by a compressed gas gun to improve
consistency between tests. The incident and transmission bars ride on precision machined
bushings or bearings for near frictionless translation, and strain gages mounted on each are used

to measure the magnitude of the strain waves much more accurately [15].
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Figure 3: Raw strain data from each pressure bar during an SHPB test
Data from the strain gages is passed through a signal conditioning amplifier and recorded
on a connected computer. The raw data is then processed for several key parameters through
equations 1-3 [11], [16]. The initial incident stress pulse represents the energy input due to
striker impact. The reflected stress wave is created due to the impedance mismatch between the
incident bar and specimen. From that pulse, the strain rate imparted on the sample is derived by
equation (1).

b0 = - 2 0

where Cy is the speed of sound in the incident bar, Lo is the initial length of the specimen and &g

is the strain magnitude of the reflected wave on the bar.

The strain at each point can be then determined by the integration of the strain rate over

time as shown in equation (2).
t . ZCb t
e(t) = f E(r)drt = ——f er(t)dr 2
0 LO 0

where t is the moment of interest or the total duration of loading and t represents time.



Another portion of the stress wave passes into the specimen and again splits at the
transmission face of the sample with some passing through to the transmission bar and the rest
reverberating within the sample itself. The reverberation helps distribute the stress equally
throughout the specimen and is analyzed to ensure uniform stress (approximately three
reflections) before the transmission pulse ends or before the specimen completely fails. Stress
during the impact, also referred to as flow stress due to the exclusively plastic deformation
occurring, is determined from the transmitted pulse by equation (3).

E,Aper(t)

a(t) = — 3)

where Ep is the elastic modulus of the bar, A and As are the cross-sectional areas of the bar and
specimen respectively and &; is the strain magnitude of the transmitted wave.

Due to the excessive strains achievable through the SHPB method, engineering stress and
strain will provide somewhat misleading data as the cross section of the specimen expands and
the length diminishes. This can lead to overestimating the stress increase under deformation and
the appearance of fading strain rate. To compensate, the data will be converted from engineering

stress and strain to true stress and strain by way of equations (4), (5) and (6) [17].

&) = —In(1—e(t)) 4)
Lo E®
&(t) = =20 (5)
o (t) = (1 —e(t))a(t) (6)

where all variables with the subscript “t” are true values and all variable without subscripts are
engineering values as determined in equations (1), (2) and (3).
The SHPB testing performed in this work will focus on the compressive behavior of

additively manufactured 316L stainless steel and AISi10Mg aluminum. The strain rates ranged



from 500/s to 3000/s under conditions from ambient room temperature to 300°C. Elevated
temperatures were achieved with the use of an infra-red sleeve heater. The experimental results
are represented in graphical form and as average values of stress, strain and strain-rate, which

will be used to quantify and compare impact strength.

1.3. Charpy V-Notch

The Charpy, or Charpy v-notch test, is a pendulum-based impact test. It was proposed by
S.B. Russell in 1898 and as well by G. Charpy in 1901, although Charpy’s later contribution to
the creation of specific test procedures and data collection led it being named for him [18]. By
1914 the procedure and equipment designated for the testing closely resembled what is used
today. In 1933 the first ASTM standard for Charpy testing, ASTM E23, was released and is still
the standard, subjected to yearly review [19].

The primary focus of Charpy testing is the fracture toughness of the materials. This is
determined by measuring the potential energy of the pendulum after it completely fractures the
specimen and subtracting that from the known initial potential energy. The notched bar is set
across two anvils with the notch facing away from the hammer. The hammer, an 8-mm radial
impact surface, is suspended on the end of the pendulum. The notch is added to the otherwise
smooth surface at the center of the specimen to control the fracture growth and location by
creating a high stress concentration at that point. A schematic of a standard Charpy V-notch

sample and a Charpy tester are shown in Figure 4.
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Figure 4: (a) Standard dimensions for Charpy V-notch specimen (b) Tinius Olsen 1T542 Impact Tester [20]
When the test is begun, the pendulum swings from a known height with a known
potential energy, breaks the specimen by causing a fracture to propagate from the notch all the
way through the specimen. The maximum potential energy of the pendulum after the impact is
measured and subtracted from the initial potential energy, shown in equation (7), giving the
energy absorbed by the sample during fracture [21].
Eq = mg(ho — hy) (7)

where m is the pendulum mass, g is the gravitational constant and ho and hr represent the height

of the pendulum before release and at peak height after fracturing the specimen.



1.4. Material Selection

Aluminum and stainless steel were both selected for their significant utilization as
engineering materials. Aluminum represents the second most used metal behind steel [22],
applications range widely due to its low density, high heat conductivity and corrosion resistance.
Stainless steel boasts excellent biocompatibility [23] and shares aluminum’s favorable corrosion
resistance, but is very robust and a better option when size and cost are more important than
weight. The alloys chosen, 316L and AlISi10Mg, also possess characteristics that make them
excellent candidates for LPBF fabrication.

The weldability of 316L stainless steel is excellent owing to its low carbon and moderate
molybdenum content, which translates well to the SLM process [24]. Its resistance to hot and
cold cracking helps it withstand the repeated melting, solidification and extreme temperature
gradients. Considerable work has also been done to increase the build rates and optimize
processing parameters to achieve nearly fully dense (>99%) bulk material with some properties
meeting or exceeding those of traditionally manufactured steel [25].

Similarly, AlSi10Mg has good weldable characteristics [26] and is very well adaptable to
the LPBF process. The rapid cooling experienced solidification of each layer lends itself to the
formation of very fine microstructures [27], combined with the static positioning of the raw
material, LPBF can achieve superior homogeneous feature distribution when compared to
casting processes [28]. This allows as-built LPBF AlSi10Mg to achieve strengths similar or
better to T6 treated cast aluminum [29], [30] without post production treatment. This alloy has
also been the subject of considerable research and can be produced at close to 100% density via
SLM methods[26], [28], [29] The mechanical properties of aluminum have been shown to rely

considerably on the processing parameters when SLM is used [31] and therefore SHPB can
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likely provide valuable data on processing parameter effects on dynamic behavior which has

been relatively under explored [32].

1.5. Objective

Robust characterization of engineering materials is vital to their effective application and
widespread adoption. This work in concert with other research being performed at Montana Tech
[24], [33]-[35], seeks to establish the physical and mechanical properties of several additively
manufactured metals under a wide range of conditions. The metals, AlSi10Mg aluminum and
316L stainless steel, will be tested via the Charpy v-notch and SHPB methods to establish their
resistance to fracture and compressive strength respectively, under high-rate loading conditions.
Specimen for both methods will be prepared via LPBF under several production parameters.
These parameters will include variance in the global energy density (GED) and build orientation.
Charpy v-notch testing will be performed in accordance with ASTM E-23 and although there is
no ASTM standard for SHPB, testing will be performed in accordance with common best
practices found in other research and as laid out in the ASM handbook [36]. Charpy v-notch
testing will be performed at ambient temperature to establish its performance relative to
traditionally manufactured, wrought material. SHPB experimentation will incorporate high
temperatures, up to 300°C via an infra-red chamber heating sleeve, in addition to covering strain
rates between 1000/s and 2000/s. This testing regime should be able to identify the dependence
of high strain rate response on the processing parameters and orientation of the material within
the build volume. It should serve as a foundation for future work in optimizing AM techniques

and modeling the high strain rate behavior.



2. Experimental Methods

2.1. Sample Manufacturing

The AM samples were all produced by a third-party manufacturer using the Electro
Optical Systems M290 industrial 3D printer. The CAD files for all required specimen were
provided to the manufacturer and all slicing and support structure additions were performed by
them in accordance with industry standards.

The aluminum powder used to produce the AlSi10Mg samples was sourced from the
printer manufacturer, Electro Optical Systems (EOS). The nominal particle size of the powder
was 20um and the composition was as shown in Table I.

Table I: AlSi10Mg Feedstock Composition

Material Wt. Percent
Al Balance
Si 9.0-11.0
Fe <0.55
Cu <0.05
Mn <0.45
Mg 0.2-0.45
Ni <0.05
Zn <0.10
Pb <0.05
Sn <0.05
Ti <0.15

The aluminum samples were produced by the EOS M 290 printer using three different
sets of processing parameters. The primary parameters are listed in Table 11, all others were set

according to industry standards and best practices set out by EOS.

Table 11: AlSi10Mg Processing Parameters

Parameter Low GED Med GED (P) High GED
Hatch Spacing (mm) 0.209 0.209 0.19
Scanning Speed (mm/s) 1430 1170 1300
Laser Power (W) 333 333 370
Layer Thickness (mm) 0.03 0.03 0.03
Energy Density (J/mm?3) 37.1 45.4 49.9
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The energy density is a resultant value for a set of processing parameters that indicated
the amount of energy per unit volume used to melt the feedstock. It is calculated using the
formula in equation (8) [37].

P

Y=—
vxhx*xt

(8)

where P is the laser power in watts, v is the laser scanning speed in mm/s, h is the hatch
spacing in mm and t is the layer thickness in mm.

The printed samples were then machined to the proper specimen dimensions with a high
degree of precision. There was no other post-processing done on the specimen such as annealing
or heat treatment.

Stainless steel samples were similarly produced, by a third party using the EOS M 290
3D printer with EOS supplied 316L powdered stainless steel feedstock. The composition of the

feedstock was as shown in Table IlI.

Table I11: 316L Feedstock Composition

Material Wt. Percent
Fe Balance
Cr 16.9
Ni 12.1
Mo 2.4
C <0.030
Mn <2.00
Cu <0.50
P <0.025
S <0.010
Si <0.75
N <0.10

The stainless steel samples were produced using three different sets of processing
parameters yielding three unique energy densities. Table IV shows the values for the energy

densities of each and the effecting parameters.
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Table IV: 316L Processing Parameters

Parameter Low GED Med GED High GED
Hatch Spacing (mm) 0.108 0.09 0.072
Scanning Speed (mm/s) 1300 1083 866
Laser Power (W) 234 195 234
Layer Thickness (mm) 0.02 0.02 0.02
Energy Density (J/mm?) 83.3 100. 188

Following the extraction of the samples from the powder bed, they were machined to a

high degree of dimensional accuracy and were tested without any other post processing.

Aluminum and stainless steel samples were also produced with varying build orientations

to examine the effect of the inherent anisotropy of the additive manufacturing process without

post heat treatment. The orientations were 0°, 30°, 45°, 60° and 90°. For SHPB tests, the angles

represent layer variation from the loading axis and for Charpy the angles represent build layer

variation from the length wise axis of the specimen as shown in Figure 5. Another view is

available in Figure 6
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Figure 5: (a) SHPB specimen orientation (b) Charpy v-notch specimen orientation



14

H92-H98
30 Degree

H113-H119
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H120-H126
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H99-H105
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H78-H84
90 Degree

Figure 6: LPBF build platform post feedstock removal. SHPB samples are labeled with build angles.

2.2. Split-Hopkinson Pressure Bar Testing

The SHPB testing was performed on an REL Split-Hopkinson pressure bar/Kolsky bar
assembly. Identical setups were used to test the aluminum and the stainless steel samples
although some parameters, specifically impact velocity, were varied to account for the differing
strain rate responses of the materials. The pressure bars utilized were C350 maraging steel bars
72 inches in length and 0.75 inches in diameter. For all tests the striker bar was 12 inches in
length by 0.75 inches in diameter and made of C350 maraging steel to ensure impedance match
with the incident bar.

A gas gun was used to accelerate the striker bar to the desired velocity for each test.
Consistency was maintained by computer-controlled charge and release valves. An adjustable
barrel ensured alignment and a flush connection between the striker and incident bar for reliable
and desirable pulse shapes. In addition, a paper pulse shaper was used between the striker and
incident bar to reduce the “ringing” effect shown in Figure 7 and increase pulse rise times,

thereby lowering the strain at specimen equilibrium. At the opposite end of the bars was a high-
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pressure pneumatic damper to decelerate the transmission bar during post event translation due

to the reflection of the transmitted wave at the far end of the bar opposite the specimen.
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Figure 7: Pressure bar strain data (a) without pulse shaper and (b) with paper pulse shaper
Measurement of the pulses traveling in the pressure bars was determined with 120Q

linear strain gages wired through a Vishay 2310B signal conditioning amplifier with a quarter-

bridge circuit configuration. A digital oscilloscope received the signal and transmitted it to a
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computer capable of recording the event with a bit depth of 15 at 8 ns sampling intervals for both
incident and transmitted channels.

Calibration of the accuracy of strain measurements was performed periodically. The
process for calibration is fairly simple as the magnitude of the incident pulse can be easily and

accurately predicted by equation (9).
& =54 )

where g;is the magnitude of the incident pulse plateau, V is the impact velocity of the impedance
matched striker bar and C,is the speed of sound within the pressure bar. A typical incident pulse

with predicted magnitude is highlighted in Figure 8.

0124

I
L
=]

-]
lm]
L
=]

I
(=]

io
i
w0

[
[T=]

=)
[[=]

i)
(=]

LEE}
io
i
w0

E
[

i
[T=]

j =8
=)
i
[[=]

Time (s)

Figure 8: Snapshot of an incident pulse and predicted magnitude based on equation (9), pulled from the
Sure-Pulse™ analysis software.

Temperature increases were done on several 316L specimen tests and were achieved
using a 4 kW infra-red heating sleeve. The clamshell sleeve locked concentrically around the

specimen with some of the heating length covering the pressure bar ends. Temperatures were
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measured with a K-type thermocouple inserted into a sacrificial sample and monitored during
several calibration heating runs. The rise times for each target temperature were averaged for the
actual tests. To maintain the viscoelastic properties of the pressure bars, the temperature was
maintained below 400°C and heating times were kept to a minimum while still accounting for a

drop between removing the sleeve and firing the striker (approximately 2 seconds).

2.3. Charpy V-notch Testing

Charpy v-notch testing was performed on a Tinius Olsen model 1T542 with a pendulum
energy of 542J. All tests were performed at ambient temperature (approximately 20°C) for a
baseline comparison of the material variations. All variations were tested three times to get an

average value for absorbed energy.
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3. Results and Discussion
3.1. Aluminum
3.1.1. SHPB

The results for split-Hopkinson pressure bar testing will be presented both graphically
and numerically. Due to the number of plots, the graphs will not include stress strain plots from
every trial. All plots not included in this section will be available in Appendix A: Complete
Graphical Data. Discrete flow stress values presented in tables or bar charts are the instantaneous
flow stress value samples at 10% strain during each event unless otherwise noted. This is done to
make the values independent of strain hardening and to avoid data from the unstable loading

period.

3.1.1.1. Processing Parameter

The first comparison is between the three different processing parameters sets. The
values of the primary variables for each build are listed in Table II.
True flow stress and true strain rate values for tests of the 0° and 90° build angles are

shown in Table V and Table VI and Figure 9.

Table V: Strain rate and flow stress results for 90° AISi10Mg specimen

Low GED Med GED High GED
Strain Rate Flow Stress Strain Rate Flow Stress Strain Rate Flow Stress
920 548 1150 480 1095 502
1170 533 1260 501 1225 481
1410 530 1540 490 1490 521
1615 553 1580 489 1565 514
2050 540 2070 497 1965 517
2440 537 2480 506 2215 494




Table VI: Strain rate and flow stress results for 0° AISi1l0Mg specimen

Low GED Med GED High GED
Strain Rate Flow Stress Strain Rate Flow Stress Strain Rate Flow Stress
1280 483 1300 470 900 472
1290 486 1335 513 990 471
1460 473 1370 462 1630 463
1670 488 1765 466 1660 460
2400 482 2365 476 2150 459
2600 494 2490 475 2450 471
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Figure 9: Relationship between flow stress and strain rate for (a) 90° and (b) 0° AISi10Mg samples
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Strain rates achieved for the 90° AlSi10Mg samples largely ranged from around 1000/s to
around 2500/s. Within this range there is not a discernable or statistically significant trend in
flow stress with respect to strain rate. This aligns with other SHPB experimentation done on the
AM AISi10Mg alloy which could find no strain rate sensitivity in the high-strain rate range (10°
/s to 10*/s) [32].
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Figure 10: Representative stress strain response of 90° samples at 2.0x10%s strain rate
A representative sample from each set, chosen for clarity, is shown in Figure 10. Plotted
there are the stress strain responses of AISi10Mg samples with a 90° build angle. The maximum
variation between samples of different parameters is between the highest and lowest GEDs with
the middle GED falling between the two, as would be expected if the GED was directly related
to material performance. The plateau in the stress strain response despite significant deformation

also demonstrates a distinct absence of strain sensitivity or work hardening above 5%
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deformation at this strain rate. This is generally caused by dominance of thermal softening over

the typical strain hardening seen in quasi static testing [11].

The flow stress at 10% strain was found for each individual test and averaged amongst

samples with identical build angles and parameters, and of varying strain rates. Figure 11

presents these averages visually.
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Figure 11: Average flow stress of samples from each set of processing parameters for (a) 90° and (b) 0°
build orientations
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The error bars on each average represent the standard deviation of the sample set of six.
For samples built in the 90° orientation, although the increase in flow stress is only around 9%,
the consistency of the results indicates a statistically significant advantage in dynamic
compressive strength with the lower GED parameters over the medium or high GED parameters.
For samples produced in the 0° orientation, the flow stress advantage of the low GED parameters
is reduced to around 3% and very close to overlapping the first standard deviation ranges. This
indicates the presence of deformation mechanisms that have varying dominance based on the

orientation of the build layers relative to loading.

3.1.1.2. Build Angle

Strength variation due to the orientation of build layers is represented in Table VII as the
average of each sample set where the uncertainties represent standard deviation. Test samples for

30° high GED parameters were unavailable due to print failure during manufacture.

Table VII: Average flow stress at 10% strain for each set of parameters and build orientations

Low GED Med GED High GED
Build Angle Flow Stress (MPa) Flow Stress (MPa) Flow Stress (MPa)
0 Degree 484 + 6.94 470+ 6.14 466 +5.84
30 Degree 501 + 3.48 479 £ 8.45 (No Data)
45 Degree 510 + 6.08 494 + 4,04 492 +6.35
60 Degree 520 + 8.49 494 + 6.37 505 + 13.67
90 Degree 540 +8.71 494 +9.35 505+ 15.34

There doesn’t appear to be a consistent trend in the uncertainty with respect to build
angle or build parameter although the largest standard deviations are from the high GED
parameters at 60° and 90°. These deviations are significantly larger than those of other sample
sets and could signal a slight reduction in the ability to control the consistency of the product
using these parameters. Despite that the maximum coefficient of variation is only 3%, with most
sample sets being between 1-2%. This adds significance to the trends observed even with the

small variations between build angle and GED.
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Visual representation of the flow stress data with respect to build angle and processing

parameters is given in Figure 12.
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Figure 12: Average flow stress for each set of processing parameters across all build orientations

The most apparent feature is the prominence of the low GED parameters over the
medium and high GEDs. The difference is noticeable at all build angles although it is greatest at
the 90° orientation. This advantage could be due to the higher scanning speed, lower laser power
and therefore higher cooling rates of the low GED parameters. Increased cooling rates tend to
create finer microstructure capable of withstanding higher stresses under plastic deformation
[27].

The increase in strength with the increase perpendicularity of build angle to compression
loading axis in AM aluminum has been noted elsewhere for this strain rate range [32]. The 90°
orientation places the weaker planes between build layers in compression, whereas other angles
subject those planes to enhanced shear and tension. This can increase the effect of ASB and
increase the likelihood of delamination. The most apparent result of that is the elliptical shape

that non-90° specimen take on after large deformations as shown in Figure 13.
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Figure 13: Comparison of a 0° specimen tested at 2.5x10° /s strain rate (left) and an untested specimen
(right)

Posttest analysis of fractured AlSi10Mg specimen in other work indicates a dominant
brittle failure mechanism for as-built samples [32]. Given the size of specimens used in the
present study, observable failure was not achieved during standard SHPB testing, although direct
striker to specimen impact was able to cause significant failure. End-to-end cracks at 45° to the
loading axis and relatively featureless, smooth fracture surface could be seen on samples tested
here and in the previous study, as shown in Figure 14. Some variation in the radial deformation
of the samples can be noted although its significance is questionable based on the method used in
achieving these failures.

@)

(b)

Figure 14: Circumferential fracture surface of an AlSil0Mg SHPB sample from (a) the present study and
from (b) a similar study [32]
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Adiabatic shear banding (ASB) is another phenomenon observed in aluminum alloys [13]
due to a positive feedback loop between excessive localized shear deformation and adiabatic
heating. While possibly not the dominant failure mechanism in this case, the alignment of the
less homogeneous build layers with the loading axis could offer enhanced sites for localized
shear banding without causing complete fracture. Scanning Electron Microscope (SEM) imaging
could be used on cross sections of tested specimen to identify ASB specific abnormalities or

interior delamination.

3.1.2. Charpy V-notch

Absorbed energy results obtained during the Charpy V-notch testing are presented in this
section; each value is an average from between three and five repeat tests, unless otherwise
noted. They are separated by processing parameters and build orientation. Values for typical cast
AIlSi10Mg are included as a referenced from another study of this material [30]. A comparison of
both build angle and GED is shown graphically in Figure 15. More focused charts are available
in Appendix A: Complete Graphical Data and other data not addressed in this section, but

required by ASTM E23 can be found in Appendix B: Background Charpy Information.

Table VIII: Average AlSi10Mg Charpy v-notch absorbed energy results

0 Degree 30 Degree 45 Degree 60 Degree 90 Degree
Low GED 3.85+0.00 3.40 £ 0.02 3.02 +0.00 2.41+£0.05 2.10£0.09
Med GED 5.58 + 0.05 4.71+0.14 410+0.14 3.27+£0.05 250+0.11
High GED 3.25+0.12 2.84 £ 0.07 (No Data) 2.43+0.10 2.19+0.17

Uncertainties on the averages in Table VIII are the standard deviation based on the

sample size available. It is also of note that no 45° samples were produced using the high GED

due to a change in experimental setup between manufacturing runs. One of the 45°, low GED

samples had errant geometry from machining error and could not be tested so that sample size

was reduced to two.
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Figure 15: Average absorbed energy of aluminum Charpy v-notch specimen (*only two specimens
available for testing)

The most prominent trend is the linear decrease in breaking energy from 0° to 90° for all
GEDs. Linear regression of the flow stress with respect to build angle for each GED set yields R?
values over 97%. This shows a definitive trend and implies the interlaminar boundaries are more
conducive to crack initiation and propagation. Similarly, quasi static tensile results from other
work indicate a reduced percent elongation when the build layers are perpendicular to the
loading axis [33], possibly indicating a reduction of ductility along those boundaries. There is
also a tendency for defects to congregate between build layers and even for porosity to slightly
increase based on the increase of the build angle in slender structures [34], [38]. Porosity has
been noted to have a negative effect on the Charpy absorbed energy performance [39], [40]. The
convergence of all three GEDs with the alignment of build layer with crack propagation direction
indicates that interlaminar characteristics are not greatly affected by the parameters that were

varied in this study.
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The variation with GED change is a considerable factor as well. Unlike the SHPB results,
the medium GED parameters produced the highest Charpy impact strength by at least 13% and at
most 53% (versus the lowest strength 3D printed material at each orientation). This trend is not
unexpected as a parallel study has found that the GED of 45.4 J/mm?® (medium) provides a
favorable balance of microstructure and porosity [33]. GED dependent porosity can be caused by
insufficient energy input leaving keyhole pores of non-melted feedstock or excessive heat
accumulation allowing hydrogen diffusion within the melt. Both types can cause a reduction in

Charpy breaking energy, but not necessarily in the dynamic compressive strength.

3.2. 316L
3.2.1. SHPB

SHPB flow stress data for 316L specimen was collected in an identical manner as the
aluminum data. Similarly, the complete set of stress strain response plots are available in
Appendix A: Complete Graphical Data. All uncertainties reported are the standard deviation of

the sample set.

3.2.1.1. Processing Parameter

The three processing parameter set variations used to produce samples with relatively
low, medium and high GEDs are listed in Table IV in the Experimental Methods section of this
report. Flow stress results from each sample at 0° and 90°orientations and varying strain rates are

presented numerically in Table IX and Table X as well as graphically in Figure 16.



Table IX: Strain rate and flow stress results for 0° oriented 316L

Low GED Med GED High GED
Strain Rate Flow Stress Strain Rate Flow Stress Strain Rate Flow Stress
1270 774 1250 755 1020 790
1480 776 1415 780 1775 836
1520 790 1695 807 1840 789
2095 777 1740 832 1910 843
2240 795 2030 788 1975 778
2275 792 2000 777
Table X: Strain rate and flow stress results for 90° oriented 316L
Low GED Med GED High GED
Strain Rate Flow Stress Strain Rate Flow Stress Strain Rate Flow Stress
690 778 1025 817 1040 829
1145 850 1330 798 1550 822
1520 837 1595 855 1810 811
1880 789 1700 836
1985 885 1820 803
2085 835
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Figure 16: Relationship between flow stress and strain rate for (a) 0° and (b) 90° 316L samples

For the strain rate range tested (~700/s to 2200/s) there was no significant trend between

strain rate and flow stress as shown by the scatter plots in Figure 16. Overlap of data from each

set of parameters shows significantly less stratification than the aluminum samples, with the steel

response appearing not to have any significant dependence on GED parameters.
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The stress strain response of a representative sample from each parameter set is shown in

Figure 17.
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Figure 17: Representative stress strain response of 316L samples at 1.5x10%s strain rate

Noticeably, the stress strain response demonstrated in Figure 17 indicates significant
strain hardening over the deformation range of 3% to 18%. Samples subject to further
deformation maintain the same upward slope until unloading occurs for all build angles. Due to
limitations of the equipment, excessive strains and failure were unable to be reached. No sample
tested was subject to catastrophic failure therefore all stress strain plots end due to separation of
the sample from the bars and not due to failure. Experiments on smaller specimen can provide
insight to the dominance of deformation mechanisms at further strains as the work hardening and

thermal softening compete up to the point of failure.
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Averages for the flow stress results of each processing parameter set at 0° and 90° are

displayed in Figure 18.
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Figure 18: Average flow stress of samples from each set of processing parameters for (a) 0° and (b) 90°
build orientations

The flow stress differentiation between processing parameters is very small for both 0°
and 90° build layer orientations. Large overlap of the data spread also indicates little to no

statistically significant difference. Figure 18 does, however, highlight the unexpected downward
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trend in flow stress from the 0° to 90° build angle. This opposes to the trend seen in the
AlSi10Mg samples and indicates the interlaminar characteristics don’t necessarily represent a

weak point for the AM 316L as they do in AISi10Mg.

3.2.1.2. Build Angle

Results from each sample set are averaged and organized in Table XI with uncertainties
listed and in displayed visually Figure 19. Samples were unavailable at the 45° build angle for

high GED parameters.

Table XI: Average flow stress at 10% strain for each set of build parameters and orientations

Low GED Med GED High GED
Build Angle Flow Stress (MPa) Flow Stress (MPa) Flow Stress (MPa)
0 Degree 824 £44.21 824 £21.78 821 +09.18
30 Degree 790 £12.05 809 + 25.51 807 £ 24.22
45 Degree 746 + 39.01 817 +12.34 (No Data)
60 Degree 811 +21.20 795 £ 09.75 796 £ 19.52
90 Degree 784 +09.40 792 £ 28.89 783 +34.16

The uncertainty in these sample sets is somewhat larger than that found during aluminum
testing, although the mean values have increased greatly as well. The coefficient of variation
value, which compensates for changing mean, also shows a jump in the error between the
AIlSi10Mg and 316L samples. These values for the aluminum tests range mostly from 1-2%, the
steel coefficient of variation values range mostly from 2-4% with several sets exceeding 5%.
Causes for this error increase could be due to less consistent product or from machine error due

to higher impact velocities required to achieve similar strain rates in the steel samples.
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Figure 19: Average flow stress for each set of processing parameters across all build orientations

The overall downward trend of flow stress with the increase of build angle is not
expected based on behavior of AM AISi10Mg.This could indicate that molten pool boundaries
(MPB), the fusion area between adjacent laser paths, creates a weaker bond than the build layer
boundaries.

The low GED 45° sample set shows the largest inconsistency relative to adjacent data.
This could stem from abnormal biased data scatter given the relatively large coefficient of
variation (5.23%). It could also be the result of areas of poor fusion aligned along the 45° plane
causing a large decrease in strength in the plane with the largest stresses experienced during
compressive loading due to ductile deformation and adiabatic shear band formation.

Total reduction in flow stress from 0° to 90° was around 5% for all categories. This seems
to indicate a trend for the materials, but the variance of the data is not well explained by the
change in build angle. However, there may be a more meaningful relationship between them in
other strain rate regimes not tested here as it has been found build layer orientation dependence

can vary between quasi static, high and very high strain rate tests [32].
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3.2.1.3. Temperature

As an important part of a constitutive model, temperature variation was explored briefly
to establish the trend. The low end of temperature range was approximately 20°C (ambient) and

elevated temperatures reached 300°C. All samples tested were of the 90° build angle from the

high GED set.
Table XII: Flow stress values for 316L elevated temperature tests
20°C 100°C 200°C 300°C
High GED, 777 MPa 765 MPa 674 MPa 621 MPa
90° Build

The flow stress reduction with increase in temperature from 20°C to 300° is just over
30%. Loss of strength is expected as the increase in temperature softens the material and
increases the ductile dominance in material behavior. The varying change between the
temperature levels is irregular though. Despite the regular increase in temperature of around
+100°C, the flow stress drop starts small, increases 10 fold and then halves for the last interval.
The temperature coefficient of the Johnson-Cook constitutive model would predict that the flow
stress variation due to temperature would be constantly increasing or decreasing based on the

material properties as shown in equation (10).

T —T,
Tm_TO

oy, x1—]

™ (10)
where g, is the dynamic yield stress, T is the test temperature, T,,, is the melting point of the
material, T, is a reference temperature and m is the temperature parameter of the material model.

The sample size for this data is then likely too small to make a meaningful model from, but the

general response appears promising.



3.2.2. Charpy V-notch
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Charpy v-notch absorbed energy values were found for sample sets covering each set of

processing parameters at each build angle. Sample sets contained three to five specimen and the

data presented in Table XI1I and Figure 20 represent the average for the entire set. Data for each

set is presented individually with error bars demonstrating the standard deviation in Appendix A:

Complete Graphical Data.

Table XI11: 316L Charpy v-notch absorbed energy results

0 Degree 30 Degree 45 Degree 60 Degree 90 Degree
Low GED 84.2+6.6 87.6+27 754+11 82.8+23 76.0+4.0
Med GED 165.0+125 161.9+6.4 1942+1.2 185.5+5.3 216.0+ 8.6
High GED 172.3+£6.5 168.3+ 0.7 183.7+14.0 190.8 + 23.8 2125+15.0

The uncertainties in Table XI1I represent the standard deviation of the sample sets. From

the numerical presentation of this data it is apparent that the samples produced with medium and

high GEDs have a significant impact strength advantage over the low GED samples. Similar to

the SHPB results, the greatest uncertainty came from the high GED parameter set.
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Figure 20: Average absorbed energy of stainless steel Charpy v-notch specimen
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The added wrought data are from this work as well and serve as a reference of material
performance to traditionally manufactured 316L. Across all build angles the medium and high
GED parameters produce comparable impact strength and at 90° offer a slight advantage over
wrought material. Graphical representation makes it clear that the Charpy determined impact
strength of the low GED material is less than half of the medium GED, high GED and wrought
samples. A study of quasi static properties and fractography on samples produced simultaneously
found that the low GED (83.3 J/mm?®) was not adequate to create satisfactory fusion between
build layers or melt tracks [24]. The high volume of defects due to insufficient fusion likely
created low resistance pathways for crack propagation lowering the absorbed energy and
returning less predictable results with respect to build angle. The higher energy densities also
demonstrated considerably greater ductility, an important factor in Charpy performance, as

shown in Figure 21.

Figure 21: Fracture surface comparison between high and low GED Charpy specimen
Contrary to the adjacent studies, however, the strength appears to increase with the build
angle. Quasi static testing would indicate that when the tensile stress plane is parallel to the build
layers that delamination becomes more likely [34], thereby lowering the strength. Results from
this work on the AISi10Mg aluminum alloy also follow that trend, increasing in Charpy strength

with declining build angle. Therefore it is possible that the interlaminar boundary behavior is
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complicated by residual stresses due to extreme temperature differentials between the melt and
substrate during solidification [41]. A pinning effect could also be exacerbated in the
90°orientation due to higher densities of nano-scale structure formation observed in SLM 316L

[42].
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4. Conclusions

The processing parameters and build layer orientation have a noticeable effect on the
mechanical behavior of both AISi10Mg and 316L, under dynamic loading conditions. The

magnitude and direction of the trends varies by material and testing type.

4.1. AISil0Mg

Split-Hopkinson pressure bar results for the AM aluminum showed a marked increase in
flow stress for the low GED parameters (37.1 J/mm?) due to improved microstructure from the
higher cooling rates involved. Variation in the build angle yielded an increase in flow stress
directly related to the orthogonality of the build layers and loading axis.

Maximum Charpy absorbed energy values were achieved with the medium GED
parameters (45.4 J/mm?®). The moderate microstructure and reduced porosity help discourage
crack propagation. The decrement of strength with the increase in build angle occurs as defects
tend to concentrate on the build layer boundaries. In general, the performance is comparable to
cast material as the AM absorbed energy values ranges from considerably greater to slightly

below the cast values.

4.2. 316L

For SHPB tested 316L, the variation between GEDs was insignificant to draw any
conclusions, although the 45° set at low GED (83.3 J/mm?®) parameters produced significantly
lower flow stress than any other group. Overall the performance of 0° oriented samples was
greater than that of the 90° specimen, but the intermediate data is too inconsistent to establish a
correlation of flow stress with build angle. Temperature variation showed general trend, but not a

significant number of samples were tested to create a model.
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Results for the Charpy tests of 316L indicate the medium GED (100. JJmm?®) parameters

perform the best with the high GED (188 J/mm?) close behind and ranging from 5-9% below

wrought values up to 17-19% above wrought values at 0° and 90° respectively. The low GED

(83.3 J'mmq) parameters performed significantly worse, having absorbed energy values less than

half of any other sample set.

4.3.

Future Work

Analysis of SHPB specimen using SEM and micro CT imaging to identify
deformation mechanisms and interior failure e.g. adiabatic shear bands or minor
delamination.

Acquisition of smaller test specimen for higher strain rate testing and achieving
higher strains without undue wear on the SHPB tester.

Quiasi static compressive testing in addition to further SHPB testing at
significantly higher strain rates (close to 10%) to establish statistically significant
strain rate sensitivity trends.

Verify performance of Inconel pressure bar setup for testing of higher test
temperatures.

Explore the validity of a constitutive model, such as the Johnson-Cook, in
predicting the flow stress behavior of these additively manufactured materials.
Focus on higher performing GED parameters and isolate specific variables (e.g.

laser speed) for optimization.
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6. Appendix A: Complete Graphical Data

6.1. AISi1l0Mg SHPB Graphs
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Figure 22: Average flow stress of low GED AISi1l0Mg (error bars represent standard deviation)
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Figure 23: Average flow stress of medium GED AISi10Mg (error bars represent standard deviation)
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Figure 24: Average flow stress of high GED AISi10Mg (error bars represent standard deviation)

6.2. AISi1l0Mg Charpy Graphs
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Figure 25: Average absorbed energy of low GED AISil0Mg Charpy v-notch specimen (error bars

Charpy Absorbed Energy, Low GED (37.1 J/mm3)

O Degree 30 Degree 45 Degree 60 Degree

represent standard deviation)

90 Degree

46



Charpy Absorbed Energy, Med GED (45.4 J/mm?3)
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Figure 26: Average absorbed energy of medium GED AISil0Mg Charpy v-notch specimen (error bars
represent standard deviation)
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Figure 27: Average absorbed energy of high GED AISi10Mg Charpy v-notch specimen (error bars
represent standard deviation)
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6.3. 316L SHPB Graphs
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Figure 28: Average flow stress of Low GED 316L (error bars represent standard deviation)
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Figure 29: Average flow stress of medium GED 316L (error bars represent standard deviation)
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6.4. 316L Charpy Graphs
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Figure 32: Average absorbed energy of low GED 316L Charpy v-notch specimen (error bars represent
standard deviation)
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Figure 33: Average flow stress of high GED 316L (error bars represent standard deviation)
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Charpy Absorbed Energy, Med GED (100. J/mm?3)
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Figure 34: Average flow stress of high GED 316L (error bars represent standard deviation)
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7. Appendix B: Background Charpy Information

Table X1V: Low GED AlSi10Mg Charpy Information

Specimen  Build Breaking Specimen Striker Temperature
ID Angle  Energy (J) Type Radius (mm) (oC)
C24 0 3.8524 Charpy 8 18
C25 0 3.8524 Charpy 8 18
C26 0 3.8524 Charpy 8 18
c27 30 3.4182 Charpy 8 18
C28 30 3.3889 Charpy 8 18
C29 30 3.3889 Charpy 8 18
C30 45 No Data Charpy 8 18
C31 45 3.0203 Charpy 8 18
C32 45 3.0203 Charpy 8 18
C33 60 2.3766 Charpy 8 18
C34 60 2.3766 Charpy 8 18
C35 60 2.4685 Charpy 8 18
C36 90 2.1941 Charpy 8 18
c37 90 2.0105 Charpy 8 18
C38 90 2.1012 Charpy 8 18
Table XV: Med GED AISi10Mg Charpy Information
Specimen Build Breaking Specimen Striker Temperature
ID Angle Energy (J) Type Radius (mm) (oC)
C39 0 5.5188 Charpy 8 18
C40 0 5.6118 Charpy 8 18
C41 0 5.6118 Charpy 8 18
C42 30 45906 Charpy 8 18
c43 30 4.6833 Charpy 8 18
Ca4 30 4.8687 Charpy 8 18
C45 45 3.9429 Charpy 8 18
C46 45 41278 Charpy 8 18
ca7 45 4.2203 Charpy 8 18
C48 60 3.2046 Charpy 8 18
c49 60  3.2967 Charpy 8 18
C50 60 3.2967 Charpy 8 18
C51 90 2.3766 Charpy 8 18
C52 90 2.5604 Charpy 8 18
C53 90 2.5604 Charpy 8 18
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Table XVI: High GED AISi1l0Mg Charpy Information

Specimen Build Breaking Specimen  Striker

ID Angle Energy (J) Type Radius (mm) Temperature (oC)
C1 0 3.114 Charpy 8 25
c3 0 3.2984 Charpy 8 25
C5 0 3.2062 Charpy 8 25
c7 0

c9 0 3.3907 Charpy 8 25
Cc2 30 2.8377 Charpy 8 25
c4 30 2.9297 Charpy 8 25
c6 30 2.8377 Charpy 8 25
Cc8 30 2.8377 Charpy 8 25
C10 30 2.7456 Charpy 8 25
C13 60 2.3778 Charpy 8 25
Cl4 60 2.5616 Charpy 8 25
C15 60 2.2859 Charpy 8 25
Ci6 60 2.4697 Charpy 8 25
c17 60 2.4697 Charpy 8 25
Cl11 90 2.2859 Charpy 8 24
C12 90 2.1941 Charpy 8 24
C18 90 2.3778 Charpy 8 24
C19 90 2.1941 Charpy 8 24
C20 90 1.9187 Charpy 8 24
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Table XVII: Low GED 316L Charpy Information
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Specimen Breaking Specimen  Striker Radius Temperature
ID Build Angle Energy(J) Type (mm) (oC)
C24 0 78.037 Charpy 8 20
C25 0 83.464 Charpy 8 20
C26 0 91.122 Charpy 8 20
c27 30 85.377 Charpy 8 20
C28 30 88.803 Charpy 8 20
C29 30
C39 30 91.673 Charpy 8 20
Cc40 30 85.604 Charpy 8 20
Cc41 30 86.289 Charpy 8 20
C30 45 76.219 Charpy 8 20
C31 45 75.771 Charpy 8 20
C32 45 74.204 Charpy 8 20
C33 60 85.149 Charpy 8 20
C34 60 80.611 Charpy 8 20
C35 60 82.649 Charpy 8 20
C36 90 80.611 Charpy 8 20
C37 90 74.316 Charpy 8 20
C38 90 73.199 Charpy 8 20

Table XVI1II: Medium GED 316L Charpy Information
Specimen Breaking Specimen Striker Radius Temperature
ID Build Angle Energy(J) Type (mm) (oC)
Cc1 0 162.88 Charpy 8 21
C2 0 162.02 Charpy 8 21
C3 0 154 Charpy 8 21
ca 0 186.53 Charpy 8 21
C5 0 159.53 Charpy 8 21
Cile 30 160.29 Charpy 8 21
c17 30 164.49 Charpy 8 21
Cc18 30 165.85 Charpy 8 21
C19 30 167.46 Charpy 8 21
C20 30 151.42 Charpy 8 21
C21 45 193.35 Charpy 8 21
C22 45
C23 45 194.98 Charpy 8 21
Cc8 60 185.27 Charpy 8 21
Cc9 60 193.41 Charpy 8 21
ci10 60 179.03 Charpy 8 21
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C11 60 183.03 Charpy 8 21
C12 60 186.53 Charpy 8 21
c6 90 214.13 Charpy 8 21
c7 90 222.44 Charpy 8 21
C13 90 220 Charpy 8 21
ci14 90 221.56 Charpy 8 21
C15 90 201.82 Charpy 8 21

Table XIX: High GED 316L Charpy Information
Specimen Breaking Specimen  Striker Temperature
ID Build Angle Energy (J)  Type Radius (mm) (oC)
C42 0 170 Charpy 8 21
Cc43 0 167.27 Charpy 8 21
Cc44 0 179.71 Charpy 8 21
C45 30 168.72 Charpy 8 21
C46 30 168.35 Charpy 8 21
ca7 30 167.35 Charpy 8 21
C57 30 168.84 Charpy 8 19
c48 45
C49 45 173.81 Charpy 8 21
C50 45 193.61 Charpy 8 21
C51 60 196.18 Charpy 8 21
C52 60 208.74 Charpy 8 21
C53 60 216.66 Charpy 8 21
C58 60 170.7 Charpy 8 19
C59 60 161.91 Charpy 8 19
C54 90 219.43 Charpy 8 21
C55 90 222.82 Charpy 8 21
C56 90 195.3 Charpy 8 21

Table XX: Wrought 316L Charpy Information

Specimen Breaking Specimen Striker Radius Temperature
ID Build Angle Energy(J) Type (mm) (oC)
SSW-C1 N/A 172.31 Charpy 8 21
SSW-C2 N/A 200.06 Charpy 8 21
SSW-C3 N/A 199.31 Charpy 8 21
SSW-C4 N/A 164 Charpy 8 21
SSW-C5 N/A 168.33 Charpy 8 21
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