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Abstract

Properties of fragmentation from an explosively driven 316L stainless steel spherical shell section
fabricated by a laser powder bed additive manufacturing process with minimal surface finishing
are investigated. This shell is driven by an insensitive high explosive, resulting in high strain rate
deformation (>8x10° s™') and failure of the stainless steel. Photonic doppler velocimetry measures
the expansion rate; dynamic radiography and high-speed imaging capture the fracture behavior of
the stainless steel. The fracture response of the additively manufactured stainless steel shell is
compared to published experimental results on additively manufactured 316L stainless steel and
conventionally manufactured wrought 316L and 304 stainless steel shell fragmentation. Despite a
preferred crack orientation, suggesting the influence of surface grooves on fracture time, fragment
size is identical to that measured in a similar experiment on wrought 304 stainless steel. Further
analysis indicates that the 316L additively manufactured stainless steel shell exhibits comparable
spall strength and fragmentation toughness to conventionally manufactured stainless steel, yet
lower failure strain due to surface stress concentrations.

Keywords: additive manufacturing, stainless steel, fragmentation, explosive loading, dynamic
testing

1. Introduction

Explosively driven fragmentation introduces a distinct set of high strain rate loading conditions
with applications in commercial and military sectors. The study of material failure in a regime
dominated by kinetic energy contributions provides unique opportunities for defect analysis and
material model development. The experiment described herein is aimed at assessing the role of
regular surface defects on the dynamic fragmentation behavior of a metal spherical shell section
produced by additive manufacturing (AM).

Fragmentation behavior of metals has been broadly studied. Griffith’s energy balance analysis of
surface crack growth in an elastic body, i.e., balancing stored strain energy and applied work with
the energy required to create new surfaces [1], has formed the foundation for modern fracture
mechanics, as reviewed by Lawn [2]. In ductile metals, rupture occurs by the growth and
coalescence of microvoids [3, 4] which nucleate at internal defects [5-7], rather than at the surface
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as in Griffith’s elastic body. In 1947, Mott published a statistics-based approach to describe the
dynamic fragmentation of ductile metal rings; cracks open at random locations and reflections at
the free surface produce release waves that relieve local tension and prevent further fragmentation
within the release wave field. In this analysis, Mott related fragment size to the true stress, plastic
strain, strain hardening rate, and density [8].

Mott’s approach was refined and reviewed by Grady [9], who developed energy-based analyses of
ductile metal fragmentation during explosive loading [10, 11]. Grady’s analysis covered a broad
range of topics including shear band formation, thermally enhanced ductility, balancing inertial
forces and surface tension to determine fragment size, and the experimental validation of such
approaches [12-14]. The dynamic properties of stainless steel were discussed in the context of ball
on plate impact experiments [12], analysis of which resulted in fragmentation toughness values
ranging from 80-100 MPa-m'? in 304 stainless steel and critical strain of 0.38.

Substantial investigations into metal cylinders expanded by internal pressure [15-20] have been
made based on an analysis of fragment velocities by Gurney [21], more legible version by Jones
et al. [22], and Taylor [23]. Conical impact loaded by a gas gun as an alternative to cylindrical
fragmentation [24] generates fragmentation data of comparable quality. These studies largely
focused on providing information on the fragment size distribution and examining the failure
mechanisms present in these tests. In 2003, Grady advanced his formulations to describe the
dynamic fragmentation of an expanding metal shell [25].

Extension of these analyses to develop simulation tools capable of describing fragmentation
behavior has been a focus of literature during the recent two decades. In 2000, Wilson et al.
implemented the Grady-Kipp fragmentation model into the CTH Shock Physics Code [26, 27],
simulating published experiments on AerMet 100 steel (13.4wt% Co, 11.1wt% Ni, 3.1wt%Cer,
1.2wt%Mo, 0.23wt%C, and Fe balance, for more details see [28]) and 90% tungsten alloy in the
exploding cylinder configuration [29]. In 2004, Syn ef al. measured the impact response of AerMet
100 steel for the purpose of validating a Steinburg-Guinan based hydrodynamics code (CALE)
[30]. Tsuji et al. [31] employed meshfree smoothed particle hydrodynamics in Arbitrary
Lagrangian—Eulerian three-dimensional analysis (ALE3D), applying this simulation method to the
experimental data described by Syn et al. [30]. In 2007, Campbell et al. used numerical and
analytical approaches to describe dynamic fragmentation of a spherical shell comprised of 304
stainless steel [32]. In Campbell’s experiment, fragments were recovered and analyzed to
determine the fragmentation energy of 304 stainless steel.

Goto et al. [16] further refined the hydrodynamics code from Syn et al. [30], using a Johnson-
Cook fracture model validated on experiments of AerMet® 100 steel alloy and AISI 1018 steel
explosively driven rings and cylinders. Similar to Campbell et al., their analysis included capture
and measurement of fragment sizes. Hopson et al. employed a Weibull distribution function to
randomize failure strain within the Johnson-Cook fragmentation model and reported analysis
based on prior data collected for explosively driven AerMet® 100 steel cylinders [33]. Similar
analysis of explosively driven cylinders has been performed for other metals, including tungsten
alloy Aero-224 and Eglin Steel (ES-1) [34], A235 steel [35], and 45# steel [36].



Here, analysis was performed to understand the dynamic fragmentation behavior of additively
manufactured 316L stainless steel with minimal surface finishing. Additive manufacturing offers
a platform supportive of creative design which is routinely used to produce functional systems for
commercial applications [37-44]. The expansion of industrial applications for AM has prompted
studies into AM materials performance under increasingly broad and more extreme performance
environments and loading conditions. AM methods, specifically the laser powder bed fusion
process, can introduce unique microstructures with a broader array of defects (inclusions and
porosity) than observed in conventionally manufactured metal. Fragmentation is known to depend
on the applied strain rate [7, 45] as well as the stress triaxiality [46-48] and the defect population
in the sample—i.e. pre-existing pores or brittle inclusions, which fracture or debond from the
crystal lattice under applied load, create void nucleation sites. The rate of pore growth depends not
solely on the strain rate and stress state, but also on the location of the pore in the sample. For
example, it has been shown that in fatigue, surface defects are much more influential in seeding
fracture than those in the core of the sample [49]. In uniaxial tension the opposite tends to be true
[50]. When the strain rate increases such that inertial effects become relevant, however, these
trends do not necessarily hold up.

Plastic strain can be accommodated by various mechanisms depending on the applied strain rate.
In general, quasi-static loading—when the strain rate is slow enough that inertial effects become
negligible—tends to plastically strain by thermally-activated mechanisms such as dislocation slip
or grain boundary creep. For dynamic loading—where inertial effects become important—fast
mechanisms such as shear banding, twinning, or strain-induced phase transformations dominate.
Such highly localized deformation mechanisms can lead to more brittle behavior and, depending
on the defect population in the sample, can result in more stochastic failure behavior compared to
that observed under quasi-static conditions [51]. Factors affecting the rate dependent resistance of
metals to plastic flow and factors contributing to dynamic crack growth are discussed in detail by
Gilman [52] and the transition from lattice or defect control to phonon drag control [53] is relevant
at the strain rates accessed during this experiment. Remington ef al. discuss experiments into
plastic flow at pressures from 100-500 GPa and strain rates from 10° to 10® s! [54].

Relatively few fragmentation studies have looked at the influence of defects on the fragmentation
process. Liang et. al. [55] performed cylindrical fragmentation experiments with U-notches
between 1 mm and 6 mm deep on both the internal and external surfaces of the samples and
reported a clear effect on fragment size. Wood et. al. performed a study on AM Inconel 718
containing internal porosity of various sizes [56]. They demonstrated that coalescence tends to be
dominated by the largest pores and that ductile dimples tend to be quite shallow, suggesting that
the rapid loading in explosively driven experiments does not provide time for any appreciable void
growth. This is confirmed by simulations performed by Fick et al., who demonstrated that void
growth only occurred for 50 ns in a 200 ns experiment before quickly ceding to rapid void
coalescence [57]. They also demonstrated a negligible effect of adiabatic heating, again due to the
extremely brief duration of plastic strain and fragmentation.

Koube et al. recently investigated the effect of pore size and spacing on the spall behavior of AM
316L stainless steel [58-60]. Their plate on plate impact study provides experimental data from
which an independently measured fracture toughness of AM 316L stainless steel, acquired under



dynamic loading conditions, may be extracted following the method described by Buchar et al.
[61].

This study examines the influence of external defects on the fragmentation behavior of an AM
316L stainless steel shell through explosively driven biaxial tension experiments that reach a
tensile strain rate or stretching rate of up to 8000-9000 s™!. A sample with process-induced surface
defects was manufactured to observe the influence of small surface stress concentrations.
Furthermore, an overall comparison of the performance of AM 316L stainless steel shell with
dynamic experiments on AM 316L and wrought 304 are made. Analysis of the current experiment
provides localized information, such as applied strain rate and failure strain.

2. Experimental methodology

2.1 Materials selection

In this study, the performance of AM 316L is compared with that of similarly manufactured
material, as well as wrought-processed stainless steel. This section is dedicated to describing the
chemistry and mechanical properties of these alloys to facilitate later comparisons.

Austenitic stainless steel types 304 and 316L are known for their excellent fracture resistance, as
measured up to 550C, and a comprehensive study of the two alloys and effects of heat to heat
variability was conducted by Mills [62]. These alloys deform similarly and are primarily
distinguished by the enhanced corrosion resistance imparted by the additional alloying content of
316L (Ni and Mo).

The role of build parameter optimization on porosity in AM 316L has been studied by others, see
Garlea et al. [63]. The role of heat treatment on toughening in selective laser melted (SLM) 316L
has been reported by Davies et al. [64] and Wang et al. [65]. Ductile dimpled fracture was
consistently observed, indicative of microvoid coalescence (MVC), which is the typical fracture
mechanism in 316L and 304 stainless steels. Heterogeneity introduced by AM can influence
fracture toughness, leading to significant sample to sample variation and build direction
anisotropy [66]. Literature values for yield stress (oy) ultimate tensile strength (ous), failure strain
(¢), and fracture toughness (Jo.2) for AM 316L, wrought 316L, and wrought 304 are provided in
Table 1. This data indicates that post build heat treatment can improve ductility and fracture
toughness.



Table 1. Room temperature composition and mechanical properties of 304 and 316L stainless steels by manufacturing process

Composition Rel oy Outs € Joa Ref
Heat
Alloy Manufacture treat ¢
reatment ¢, Ni Mo | Mn | Si N C P S Cu 0 Fe | (%) (MPa) (MPa) (%) (KJ/m2)
17.5- 8-
304 wrought 19.5 10.5 - <2 <1 <0.11 <0.07 <0.05 <0.03 - - bal 2205 >515 240 300 [62]
260-
316L wrought 16-18 10-14 2-3 <2 <0.75 <0.1 <0.03 <0.045 <0.03 - - bal 2205 >515 260 280 [62]
as-built/
316L SLM 250"t SLM 17.03 10.52 2.27 - - - 0.018 - - - - bal 462 565 53.7 [67]
surface
316L Concept M2 as built - - - - - - - - - - - - 98.80 590+17 705+ 15 44+ 7 [68]
Renishaw .
316L AM250 as built 17.9 12.7 2.36 1.45 0.67 0.06 0.019 0.019 0.006 0.2 0.022 bal 98.04 385 524 22 [69]
316L FS271 M as built 16.97 12.01 2.53 1.48 - - - - - - - bal 590+10 655+ 10 45+2 275.7 [70]
. 5728+ 455+
316L SLM 125Ht as built 16.8 12 2.5 1.25 0.56 0.048 0.014 - - - 0.036 bal >99.5 400.3+3.1 06 03 [71]
316L FS271 M 400C 3h 16.97 12.01 2.53 1.48 - - - - - - - bal 580+10 700+ 10 43+2 270.1 [70]
316L SLM 250t 650C 2h 17.03 10.52 2.27 - - - 0.018 - - - - bal 443 595 48.6 [67]
300-
316L SLM 280t 900C 1h 17.7 11.9 2.4 0.8 0.4 0.09 0.019 - - - 0.03 bal 99.70 400-410 590-690 550 [66]
350-
316L SLM 280MHt 900C 1h 16.6 12 2.6 1.2 0.6 0.01 0.004 - - - 0.08 bal 99.70 330-340 580-610 575 [66]
316L Concept M2 1095C 1h - - - - - - - - - - - - 98.80 375+11 635+ 17 51+3 [68]
1100C 546.1+ 54,5+
316L SLM 125Ht 0.5h 16.8 12 2.5 1.25 0.56 0.048 0.014 - - - 0.036 bal >99.5 307.8+3.0 23 16 [71]
. 48.6- 300-
AM homogenized summary 307.8-410 | 540-690 575 575
1000C 1h, Thi
316L Concept M2 17.7 12.7 2.36 0.65 0.62 0.1 0.022 0.007 0.005 0.02 0.03 bal s
850C 0.5h study

*Note that specimens are all tested in the finish machined condition except where “SLM surface” is noted.



2.2 Hydrodynamic sample fabrication

A 316L stainless steel spherical shell section was manufactured using a SLM® 280 (SLM
Solutions) laser powder bed fusion AM machine using standard build parameters for 316L
stainless steel, i.e., laser power of 175 W and laser speed of 850 mm/s, similar to those found in
literature [72, 73]. The shell was overbuilt by 1 mm on all sides, except the convex surface, to
facilitate machining down to the desired surface finish of 1.6 pum Ra. Inner and side surfaces were
finish precision-machined, rather than kept as-built, to ensure proper fit and alignment with the
test fixturing and to achieve a constant adhesive layer thickness between the concave surface and
the high explosive.

Prior to machining, the build was homogenized in an argon atmosphere at 1000°C for 1 hour,
cooled to 850°C, and then quenched to room temperature using forced air to obtain a retained
austenite microstructure. The concave side of the shell (upper surface of the build) was machined
while still on the build plate for easier mounting in the lathe. After this step, the cap was removed
from the build plate using wire electrical discharge machining. After final machining, the shell
measured 198.05 mm inner radius of curvature, and 2.95 mm in shell thickness, similar to that
described in a study by Campbell et al. [32].

The convex surface of the shell was intentionally left unmachined to test the effect of a realistic,
AM surface finish. To achieve this, the support structure was manually torn from the convex
surface and deburred by hand using 200 grit sandpaper. After that, no further machining was
performed on this surface. This approach resulted in a rough surface with a checkerboard pattern
of regular grooves formed upon support structure removal, spaced 1 mm apart (Fig. 1). The
grooves were inspected using a Zygo NX2 3D coherence scanning interferometric profiler which
reported an average groove width of 6947 um and depth of 147+23 pm (Fig. 2).

Fig. 1. Photographs of the spherical shell illustrating the external grooves left by support structure removal.
Unfinished surface show grooves of ~69 um width with 147 um depth.
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Fig. 2. 3D color maps illustrating surface height variation in two randomly inspected regions. Measurement locations
are indicated by the white lines.

2.3 Experimental assembly

A 30.0 mm thick, 1.45 kg (1.3 kg TNT equivalent) spherical shell section of LX-17 high
explosive was glued to the concave surface of the 316L stainless steel spherical shell and fixed in
place using a stainless steel cylinder, as illustrated in Fig. 3. A dome-shaped booster charge of
LX-10 high explosive was placed in a recess at the center of the LX-17 charge and an RP-2
exploding-bridgewire (EBW) detonator, manufactured by RISI, was mounted in a hole in the
stainless steel shell and glued in place. The main charge, LX-17, is comprised of 92.5 wt.%
1,3,5-triamino-2,4,6-trinitrobenzene (TATB), bonded by 7.5 wt.% polychlorotrifluoroethylene
(PCTFE, known as Kel-F®) and the booster charge, LX-10, is comprised of 95 wt.% octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine bonded by 5 wt.% fluoropolymer (Viton™ A-100); further
details on these high explosives can be found in the literature [74, 75].

LXx-17

Booster
180 mm

Detonator

316L SS

58 mm

Fig. 3. The sample assembly was comprised of the 316L stainless steel spherical shell, LX-17 high explosive, LX-
10 booster charge. The locations of the booster and detonator are indicated on the schematic.



2.4 Radiography

The layout of the experiment is provided in Fig. 4. A 2.3 MeV X-ray source was positioned 2.4 m
upstream from the sample assembly, which was mounted into a foam board supported by an
aluminum frame. An aluminum case containing a stack of 8 phosphor films was positioned 1.2 m
downstream from the sample, and a 6.35 mm thick aluminum blast shield was placed between the
sample and phosphor stack to mitigate sample fragment damage to the phosphor stack. Two 0.36
x 0.43 m (14 x 17 in) image plates were stacked side-by-side (0.43 x 0.71 m in total size) to capture
the entire fragmentation event at the radiograph time. The radiograph acquisition time was
60.12 ps after detonator break out.

1.2m 24 m

Phosphor / [ [ X-ray
stack L source
\ /

Al blast shield

;4

]
|
|
i
Al blastshield— - M
|/ Frame
]
]

+—— QOptical camera /
! L

Fig. 4. Schematic of the experimental layout. The sample assembly was placed 2.4 m from the X-ray source, facing
towards the phosphor stack which was 1.2 m downstream. An aluminum blast shield protects the phosphor stack
from fragments, and a series of mirrors direct an image of the sample surface to an optical camera set up a safe
distance from the blast zone.

2.5 Velocimetry

Surface velocity of the stainless steel shell was measured using four photonic Doppler velocimetry
(PDV) probes. These were fixed in place using a plastic arm manufactured using a fused deposition
modeling 3D printer. The arm was designed to align each PDV probe beam perpendicular to the
surface of the shell, as illustrated in Fig. 5. Four probes (labeled 2-5 in Fig. 5) were used to increase
the chances of obtaining high-quality data, as the measurements can be affected or even cut off
entirely by spallation of the sample surface or by the cloud of detonation by-products. The timing
of each PDV trigger was adjusted by 1.65 us to account for the delay between the detonation signal
and actual break out of the detonation wave in the explosive booster.



Fig. 5. Spherical shell diagram illustrating PDV probe locations, with outer edge marked 1 and probe locations marked
2-5 from outer edge to center.

2.6 High-Speed Optical Imaging

High-speed optical images were acquired using two series of mirrors placed between the sample
and the phosphor stack such that the image of the convex surface of the sample was reflected to a
Specialized Imaging SIMX/SIM16 framing camera. This camera used a rotating mirror to acquire
up to 16 frames at a frame rate up to 10° frames per second. The resolution of the sensors was 1360
x 1024 pixels with a 390 mm x 300 mm field-of-view. Four MegaSun modular surface discharge
flash lamps outputting 5 kW/cm? of irradiance provided sufficient illumination for the
experimental rate of 5 x 10° frames per second.

3. Results

3.1 Radiography

A dynamic radiograph of the shell fragmentation is shown in Fig. 6 . The image is inverted such
that lighter color corresponds to increasing x-ray opacity. The center of the image appears lighter
due to convergence of the HE detonation products on axis of the experiment and reduced x-ray
transmission. The horizontal bar spanning the bottom of the radiograph is a plate that acts as a
blast shield for the calibration steps. In the bottom right quadrant of the image, the plastic arm
holding the PDV probes is visible with bright spots at the locations of the probes themselves. The
partial ring of fragments towards the outer edges of the image are from the stainless steel sleeve
that the sample was placed into to maintain alignment during assembly. Each image plate is
1780x2156 px or 232 x 281 mm, as measured using static radiography.



Fig. 6. (a) Static experimental radiograph acquired prior to detonation and (b) dynamic experimental radiograph
acquired 60.12 ps after detonation.

3.2 Optical Imaging

Optical images acquired after detonation are shown in Fig. 7. From 7.6 to 14.6 us after detonation
trigger, the initial blast wave can be seen propagating outward from the center of the sample. A
black plume of smoke can be seen erupting from the detonator location at the center of the shell.
In the bottom right corner of each image, a black structure containing the four PDV probes is
visible. Between 5.6 us and 16.6 us a light grey circle is seen propagating outward from the center
of the sample; this is the shock wave propagation moving out from the detonation point and
distorting the shape of the sample, causing it to reflect light differently in the deformed region.
Shortly after, starting from 12.6 ps, a much darker shape begins to appear in the center of the
sample and corresponds to a plume of smoke erupting from the hole into which the detonator was
placed. Starting at 16.6 us, a bright ring of explosive smoke is visible emanating from behind the
sample and spreading in a ring around it.

Of note is the appearance of surface cracks starting at 32.6 us, which are visible just behind the
PDV array in the bottom right of the frame. The black lines denoting the cracks are plumes of high
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explosive detonation products being forced out through the cracks once it fully penetrates the
thickness of the sample. As this is the first observed evidence of failure in this sample, the
approximate fracture initiation time is #=28.6-32.6 ps. In the subsequent frames—particularly at
36.6 us—cracks are seen to appear throughout the sample and tend to follow the directionality of
the surface unfinished pattern quite closely. It is clearly notable that the cracks take on an
orthogonal pattern that aligns with the grid structure left behind by the build’s support structure.
The final frame was taken at a time coincident with the firing of the radiograph, and in this frame
the sample is completely hidden behind a cloud of high explosive detonation products.

> %y |

Fig. 7. High speed };htographs of the s
the mosaic.

hecal shell with time after the detonation trigger indicated on each tile of

3.3 Velocimetry

The expansion rate of the shell, plotted in Fig. 8, was measured in the four locations indicated in
Fig. 5. After initial velocity jump off, a pullback or decrease in velocity associated with wave
reflection and spall was observed at each probe location. A terminal velocity of 1700 m/s was
estimated based on extrapolation of the data from the probe at location 4 (based on a logistic data
fit with asymptote at 1707 m/s). The centermost and outermost probe traces were likely
obscured by smoke as indicated in Fig. 7. It is not immediately evident why the probe signal at
location 3 was terminated at 18 ps; it may be due to signal interruption from surface fracture,
which is evident at this location at later times (Fig. 7, 32.6 us frame).
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Fig. 8. Plot of velocimetry at four locations along the shell radius; the Probe at location 5 (see Fig. 5 for reference)
is the innermost probe toward the center.

4. Analysis and Discussion

This experiment was performed to understand and predict the fragment size and dynamic
mechanical properties of AM stainless steel under explosive loading conditions. Fragment size
can be directly measured via radiography; a radiography time of 60 pus after detonator trigger was
chosen in order to capture the majority of fragments on a single film based on simulated expansion
velocity. Based on the measured radial velocity progression from the PDV data, it appears that
terminal velocity is reached by this time. Due to the absence of further fragment loading and stress
relief upon fragment formation, the radiographically measured fragment size should provide a
reasonable representation of fragment size at later times to facilitate comparison with experimental
results from literature.

4.1 Radiographic Analysis

Fragment sizes were measured in an annular region of the spherical shell (Fig. 9a) to ensure
measurements represent material subjected to biaxial tension. Fig. 9b shows the radiograph with a
mask applied to show this region of interest. Fragments identified by the watershed process are
shown in Fig. 9c implemented using the MorpholibJ package [76] of open-source image analysis
software ImageJ [77]. These segmentation results were used to determine the fragment size
distribution, shown in Figure 10. Partial fragments, intersecting the edge of this region of interest,
were excluded from the fragment size distribution.

12



(a) Jb) RNy ©
Fig. 9. (a) Dynamic radiograph with (b) mask applied to highlight region of interest and (c) color labeling of
individual fragments.

The fragment distribution was compared to a published hydrodynamic test of a wrought 304
stainless steel spherical shell [32]. In this prior experiment, no dynamic radiograph was acquired,
rather fragments were recovered after a shot and analyzed to directly measure the failure strain of
304 stainless steel and fragment sizes. The 304 stainless steel shell was detonated using a different
high explosive than the one used here; however, the mass of the current explosive was scaled such
that both experiments achieved similar Gurney velocity and strain rates (8600 s™' in AM 316L vs.
9000 s! in wrought 304). The yield strength and tensile strength of wrought 304 stainless steel and
AM 316L stainless steel are within 50-75 MPa of each other, and their failure strain ranges from
35-45% in both materials; see Table 1 for more details.

The fragment size distributions shown in Fig. 10 are similar, with mean fragment sizes of 7.38 +
1.97 mm and 6.95 + 2.47 mm for AM 316L and wrought 304, respectively. The fragment size
distribution reported for this AM 316L should be considered an upper bound, based on the
measurement method, which treats partially formed fragments as a single fragment and neglects
crack spacing. The dynamic radiograph time of 60.12 us allows fragments to fully separate and
form free edges while reaching a near terminal velocity. At this time, there is minimal force driving
further fragmentation; however, partial cracks may continue to propagate due to inertial loading.
Another potential influence on the measurements is the limited spatial resolution of the dynamic
radiograph (a point spread function of up to 500 um was measured).

To understand the similarity in fragment size, despite the difference in shell manufacture methods,
it is necessary to review the work of Mott [8], as refined by Grady [9]. Fracture nucleates at
material defects—surface grooves in the AM 316L experiment—and release waves propagate
away from these sites. The release waves prevent additional fractures from forming up to a critical
distance, determined by the material density, applied strain rate, and fracture resistance. We
conclude from the fragment size distribution in the AM 316L and wrought 304 shells that these
properties are not significantly influenced by manufacturing methods.

13
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Fig 11. Probability distribution of crack orientation angle in the 2D radiograph plan. Crack angles range from 0 to
180 degrees, with 0 degrees corresponding to the 6 o’clock position in Fig. 6 and 7.

While less visually obvious in the radiograph compared to the optical images, it appears that there
is preferential cracking along the perpendicular, cross-hatched surface grooves shown in Fig. 1. A
probability distribution of crack orientation within the radiograph plane is shown in Fig 11. Crack
angle probability is non-zero for nearly the full orientation range, indicating that crack angle was
not solely directed by groove orientation. However, there are two peaks which appear to be
separated by approximately 90 degrees, at 55 and 145 degrees, corresponding to the initial
orthogonally oriented cracks observed at 36.6 us in Fig. 7. There are also two smaller peaks at
approximately 5 and 100 degrees suggesting a secondary set of orthogonal crack directions. While
the surface groove patterns alone do not predict crack patterns and fragments shapes, the groove
size and surface roughness measured clearly influences fragmentation behavior.

4.3 Fragmentation Analysis
Experimental results are analyzed to derive material properties of the AM 316L stainless steel
and to facilitate comparison with dynamic experimental data from the literature.

4.3.1 Fragmentation Toughness

An analytical approach developed by Grady to assess fracture toughness is applied to the AM 316L
stainless steel shell. This approach expands upon Mott’s analysis of crack growth under dynamic
conditions [8] by considering energy dissipated during the fracture process. Mott describes the
fragmentation process in which the fracture minimum separation distance is dominated by the
fracture release wave, the propagation of which is dependent on material properties. Grady relates
this separation distance or fragment size to fragmentation toughness, Ky, noting that fragmentation
toughness can be approximated by static fracture toughness in engineering alloys [9]. For a
spherical shell loaded in biaxial tension, Grady derives the expression in Eq. 1 in which ay is the
fragment area, € is the applied biaxial tensile strain rate, referred to as stretching rate, and p and ¢
are the material density and sound velocity.

) (me>4/3

ap = Py Eq. 1

Using the average fragment size from these calculations, along with other variables provided in
Table 2, yields a fragmentation toughness of 174 MPa-m'2. Note that the stretching rate is
estimated as V,./Ro= 8600 s™' using an average expansion velocity, V, of 1700 m/s and initial shell
radius of Ro = 198.05 mm, borrowing an expression from [78]. Assuming the same sound velocity
and density for 304 stainless steel, the mean fragment area and stretching rate (9000 s™!) yield a

fragmentation toughness of 166 MPa-m'? for the shell tested by Campbell et al. [32].

Table 2. Experimental and material parameters used to calculate fragmentation toughness.

fragment area, from experimental radiograph | ap | 14.8 mm?
estimated stretching rate £ 8600 s°!

density p | 8000 kg/m® [79]
longitudinal sound velocity ¢ | 5750-5900 m/s [80]

Grady’s approach was employed to compare fragmentation toughness values for different
experiments performed at different strain rates. For 316L stainless steel, the fragment size is
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plotted as a function of stretching rate in Fig. 12. Here, a calculated fragment spacing, x, = \/a_o ,
is used to facilitate comparisons with uniaxial dynamic experiments (i.e., ring and cylinder tests).
Experimental results from dynamic cylinder expansion tests performed on AM and wrought 316L
stainless steel are reported by Amott ef al. [81] and included in Fig. 12. Similar failure strains
achieved during gas gun loaded stainless steel cylinders and a discussion of failure along maximum
shear planes can be found in the work of Rao et al. [82]. The AM 316L stainless steel has a similar
fragmentation toughness to the wrought 304 shell and one of the AM 316L rings reported in [81].
The fragmentation toughness of the AM 316L shell is significantly lower than the wrought 316L
rings and the other AM 316L ring and significantly higher than fragmentation toughness values of
80-100 MPa-m'? reported by Grady and Kipp [12]. This may not be surprising given the
experimental factors which can influence toughness at high strain rates, such as spall, surface
finish, and microstructural defects.
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Fig. 12. Fragment size calculated based on Eq. 1, using parameters from Table 1, plotted vs. applied stretching rate.

4.3.2 Failure strain

In the previous section, the dominance of kinetic energy and fragment formation energy in
determining fragment size were described. To extract more material-specific behavior, an
analysis of failure strain is performed using a geometric argument.

Recall the initial outer radius of curvature, Ro = 201 mm. Integrating the velocity at Probe 1 and
Probe 4 yields a theoretical radius (Fig. 13). The time of fracture was estimated based on visual
indication of cracks at the shell surface (28.6-32.6 us per Fig. 8) and the shell radius at time of
failure is Rf~ 230 mm (Fig. 13). The average true tensile strain at failure can be calculated
based on spherical expansion by & = —2ln(R0 / Rf), see [78, 83] for further analysis, or direct

measurement of fragment thinning, &, = %ln(to / tf), as applied in [32]. A tensile failure strain of
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27% was calculated using the first method and, conserving mass, the latter method yields an
average fragment thickness of 1.7 mm.

For 304 stainless steel, an average fragment thickness of 1.4 mm yielded a true tensile failure
strain of 38% [32]. It is reasonable to conclude that shell fragmentation initiated at surface
groove stress concentrations, from the crack pattern orientation observed in Fig. 7 and 11. Hence,
an earlier failure time translates to a lower strain at failure.
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=
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=
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Fig. 13. Integrated velocity measured via PDV probes near the center and edge of the spherical shell during
expansion.

4.4 Comparison of AM to Wrought Stainless Steel

A comparison of fragmentation toughness and failure strain compared with other reported values
in the literature is provided in Table 3. The measured spall strength for AM 316L stainless steel
(Ospan = 3.4 GPa, [58]) is in good agreement with the current experiment, in which g4y = 3.2
GPa was calculated using the measured pullback velocity (Au,, = 139 m/s, Fig. 8) and Eq. 2
from [84].

1
Ospall = EpCAupb Eq.2

Table 3. Comparison of fragmentation toughness and failure strain measurements reported in literature.
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Material Experimental | Stretching Fragmentation Tensile Reference
configuration | rate (s™) toughness failure
(fracture strain
toughness
denoted by Kic)
in MPa-m'?
AM 316L ASTM 103 112-278 0.40-0.45 | [85-87]
E8/ESM-11,
ASTM-647-
15 and
ASTM-399-
12
Wrought Ball on plate | ~10° 80-100 0.38 [12]
304 impact
Wrought Spherical 9000 166 0.38 [32]
304 shell
AM 316L Spherical 8630 174 0.27 Current
shell experiment
AM 316L Cylinder 7800, 9400 | 230 0.35,0.20 | [81]
Wrought Cylinder 8200, 8500 | 219 0.19,0.23 | [81]
316L

Despite the surface grooves, the additively manufactured 316L stainless steel performs within
the expected performance envelope (i.e., tensile failure strain and fragmentation toughness) of
wrought 316L and 304 stainless steels under hydrodynamic loading. It is reasonable that the
surface grooves do not dominate fragmentation behavior given the high strain-hardening and
strain-to-failure typical of AM 316L stainless steel [88, 89]. In a fatigue loading scenario, the
critical flaw size of AM 316L stainless steel can be approximated as 7 mm, based on a, =

2
% (?) per [90], where the yield stress, g,~600 MPa [89] .
y

5. Conclusions

A 316L stainless steel spherical shell was produced by laser powder bed additive manufacturing
and partial machining, leaving support structure grooves at the convex outer surface. The shell was
tested under explosively driven biaxial tension to observe the behavior of AM 316L stainless steel
and to assess the effect of AM surface grooves on fragmentation behavior. Analytical calculations
based on an energy balance approach yield an average fragmentation toughness value of 174 MPa-
m'?2. Based on the fragment spacing, as measured by a single radiograph acquired 60.12 ps after
detonation trigger and visual indication of crack nucleation time of 28.6-32.6 us acquired by high-
speed imaging, an average tensile failure strain of 0.27 was determined. While the fragmentation
toughness and fragment size are comparable to those calculated and measured for wrought 304
tested under similar conditions, the failure strain is significantly lower than 0.38 reported for
wrought 304. The decrement in failure strain is attributed to early failure at the surface groove
stress concentrations, as supported by visual indication from high-speed photography and fragment
directionality from radiographic analysis.
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Considering the similarity in fragment size/fragmentation toughness coupled with the relative ease
of manufacturability offered by the laser powder bed AM process with minimal finish
machining—surface grinding as opposed to lathe turning—AM appears to be a reasonable
manufacturing approach for high-strain rate applications.
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