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ABSTRACT

A multivariant statistical approach was used to identify treatment conditions that improve the survivability of structural reactive material
(SRM) projectiles upon launch and enhance energy release upon impact. The study included both mechanical testing of projectiles as well
as their reactive characterization. The projectiles were launched in a high-velocity impact-ignition testing system and impacted an anvil for
vented chamber calorimetry. This study examined a link between ultimate compressive stress and combustion performance. Two treatments
were applied to consolidated aluminum projectiles including annealing and addition of silica (SiO2) inclusions. Results showed annealing at
moderate temperatures resulted in intact SRM projectiles upon launch. Adding small concentrations (1–2 wt. %) of SiO2 to the SRM pro-
moted fragmentation and combustion performance upon impact. Compared to the untreated projectiles, annealing with SiO2 inclusion pro-
cessing treatments improved the energy conversion efficiency from 37–84% (for untreated projectiles) up to 54–98%. Increasing
interparticle dislocation recovery by annealing while balancing inclusions promoting fragmentation upon impact was the key to optimizing
combustion performance for SRM ballistic impact applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155206

INTRODUCTION

Structural reactive material (SRM) projectiles are formed from
consolidating powder metal fuels and commonly include alumi-
num. Upon high velocity impact, the projectile fragments and oxi-
dizes to generate chemical as well as kinetic energy. Fragmentation
is critical for combustion, and a smaller size distribution of reactive
fragments correlates with greater combustibility.1 Also, a projectile’s
fracture and fragmentation behavior are a function of material
strength, often characterized by ultimate compressive stress
(UCS).2,3 The energy released upon impact, fragmentation, and
reaction can be harnessed for a variety of applications, such as neu-
tralizing threats for military defense.4,5 SRM projectiles can also be
designed to disperse upon impact and act as a biological agent
combatant or obscurant.6,7

Projectiles are frequently tested in high-velocity impact ballis-
tic systems, where a projectile can be launched into an instru-
mented chamber at velocities up to 2000 m/s.3,8,9 A recurring
challenge in ballistic testing is partial fracture or disintegration of
the projectile before reaching or penetrating the target.8,10 Many
researchers address material integrity issues by including polymer

additives, such as polytetrafluoroethylene (PTFE), at weight per-
centages exceeding the fuel concentration.10,11 The polymer acts as
a binder and maintains the structure of the particulate matrix even
under extreme loading conditions associated with projectile launch.
For example, using QuickLOAD muzzle velocity prediction soft-
ware,12 the projectile experiences approximately 275 kPa maximum
pressure generated by the shotshell powder under the experimental
conditions. When high-energy and high-density are required, inclu-
sion of a binder limits the fuel available for reaction and reduces
the density and kinetic energy of the projectile. Metallurgical pro-
cessing treatments such as annealing offer an alternative to binder
addition for improving projectile survivability upon launch.3

In a ballistic environment, a projectile experiences significant
confining pressures, along with axial compression from propellant
pressurization. Wiegand et al.13 investigated varying the confining
pressurization experienced by an energetic projectile to understand
its mechanical response, such as cracking, fracturing, and yielding.
They discovered that as the confining pressure increased, the stress
required at any strain to cause crack damage increased accordingly.
In other words, confining pressure inherent in the barrel of ballistic
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applications is effective at inhibiting fracturing of a projectile.
Based on Wiegand et al.,13 small improvements in mechanical
properties of the projectile may inhibit cracking and enable the
projectile to remain intact after launch.

The objective of this study is to identify multivariant pellet
processing treatments that will produce consistent and improved
combustion performance compared to untreated (baseline) pellets.
Specifically, two factors are considered: annealing the consolidated
powder projectiles and adding silica (SiO2) particles at varied con-
centrations. Annealing is intended to increase the ultimate com-
pressive stress enough (i.e., >5%–10% relative to untreated
projectiles) for the pellet to remain intact upon launch. Silica inclu-
sions are intended to provide dislocations within the matrix to
induce fragmentation upon impact.

From a reactivity perspective, any gain in energy conversion is
noteworthy, but linking the gain in reactivity to a mechanism for
producing the gain is most important. The proposed mechanism
hypothesized here is that any single projectile treatment that results
in reduced fracture after launch would accompany reduced frag-
mentation after target impact, thereby limiting the overall energy
released. Therefore, the approach applied here combines variants
such as projectile annealing treatment to bolster ultimate compres-
sive stress via interparticle dislocation recovery, and additives to
stimulate fragmentation and combustion after impact. Because
multiple factors influence the coupled outcomes, a statistical design
of experiments (DOEs) approach was used for regression analysis
of projectile performance.14

VARIANTS

Annealing

To promote intact projectiles after launch, the consolidated
powders were annealed. Kline and Hooper showed that annealing
consolidated aluminum powder projectiles at 200 °C increased the
tensile strength and fracture toughness, while significantly reducing
finer fragmentation when launched into thick steel targets.3 The
increased strength observed by Kline and Hooper3 was attributed
to dislocation recovery in the aluminum particle matrix and no sin-
tering was observed at 200 °C. The effects of annealing consolidated
powders are generally attributed to crack healing, residual stress
healing, and dislocation recovery.15–19

Additives

Another variant to promote fragmentation and energy release
upon impact is the inclusion of interstitial, hard particles added to
the aluminum particle matrix.20 Aluminum is a soft metal while
ceramics, such as silica are hard. The interface of hard and soft
materials presents a discontinuity for manifesting stress when
energy is applied to the bulk composite. Stress concentrators such
as silica additives are potential sites for fatigue crack nucleation.21,22

Chen and Tokaji found that depending on the size and morphol-
ogy of an additive particle, cracks will initiate along interfaces
between the additive and metal matrix because discontinuities
between material properties promote fracture.23,24 While loading
dynamics are more extreme in a ballistic environment compared to

fatigue loading in a bulk composite, similar fracture mechanics
principles apply.

EXPERIMENTAL

Design of experiments approach

To accomplish the objective of pellet survivability after launch
while promoting fragmentation and energy release upon impact,
two factors were considered in the design of experiments (DOEs):
annealing condition and additive concentration. The two factors
and their respective design levels are shown in Table I.

Given the finding that annealing at 200 °C resulted in
improved mechanical properties,3 three levels of annealing temper-
atures were considered: 350, 450, and 550 °C. It is noted that the
aluminum melting temperature is 660 °C such that all levels were
selected to induce residual stress healing and dislocation recovery
within the matrix. Annealing was performed in a tube furnace
(MTI Corp., model OFT-1200X) that was vacuum pumped and
filled with argon (three cycles). Each pellet was annealed to the
specified temperature at 10 °C/min, held for 30 min, and then air-
cooled in an ambient environment.

The three levels of additive concentration ranged from
0–2 wt. %, as indicated in Table I. The additive concentration
should ideally be as low as possible to induce fragmentation upon
impact and negligibly contribute to the overall mass of the projec-
tile. In this case, silica was selected as the additive based on its
hardness relative to aluminum (i.e., Mohs’ hardness 7 compared to
2.75, respectively.21 The hypothesis is that the interface discontinu-
ity in hardness will incite fragmentation that will enhance reactivity
upon impact.

A response surface methodology (RSM) informed the experi-
mental test matrix. In statistics, an RSM allows analysis of the rela-
tionship between multiple explanatory variables (i.e., factors in
Table I), and one or more response variables (i.e., ultimate com-
pressive stress and energy). This approach is particularly useful to
inform a sequence of experiments to obtain information about the
trends in optimized response variable behavior. It is noted that a
similar DOE approach using a RSM was applied in a numerical
investigation of a multi-layered plate under ballistic impact.25 Park
et al.25 used an equivalent plastic strain response variable for opti-
mization of the plate variables resisting penetration. Here the RSM
informs the test matrix thereby reducing the number of potential
experiments required to evaluate trends toward optimized perfor-
mance. When the number of tests in an experimental test matrix
must be limited by practicality, randomization of replicates is a
common technique to prevent systematic biases between experi-
mental groups and motivation for using the DOE software for this
analysis.

TABLE I. Design of experiment (DOE) treatment factors and levels.

Factor Treatment Units Levels Level 1 Level 2 Level 3

A Annealing °C 3 350 450 550
B SiO2 additive wt. % 3 0 1 2
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The test matrix is presented in Table II and derived from the
factors and levels indicated in Table I. In addition to the tests in
Table II, baseline testing for 100% Al consolidated pellets (i.e.,
without additives or annealing) were also performed for reference.

Ballistic impact testing

Spherical aluminum (Al) powder with a nominal particle
diameter of 3.5 μm was supplied from Valimet Inc., Stockton, CA,
USA (Product No. H2, Batch No. 19-006). The silicon dioxide SiO2

powder was nominally 3.5 μm particle size and supplied from
Alpha Aesar (Lot No. K07N37, CAS No. 7631-86-9).

The Al and SiO2 powders were combined and placed into a
speed mixer (FlackTek Inc., DAC 150.1 FVZ-K) operated at 1000
revolutions per minute for 2 min. The recovered mixture or pure
Al powder (e.g., both 1.7 g) was loaded into a 10 mm pellet press
die set and placed in a Carver Auto Series automated hydraulic
press. The press applied 20 kN into the die set, dwelled for 60 s,
and produced a pellet 1 cm diameter by 1 cm length. The final pro-
jectile achieved 82% theoretical maximum density. Representative
images of the pellets are shown in Figs. 1(a)–1(c). Each pellet was
wrapped in a nylon sabot and loaded into a.410 shotshell, illus-
trated in Fig. 1(d).

Each shotshell (Fig. 1) was loaded with 2.2 g of propellant
powder for a projectile velocity of 1.25 km/s. Projectiles were

launched using a high-velocity impact-ignition test system (HITS).
Photographs of HITS are shown in Fig. 2.

After the projectile leaves the barrel, it passes through thin
aluminum foil break screens that trigger the high-speed camera
and lighting system, shown in Fig. 2(a). The projectile then passes
into a rectangular visual catch chamber [Fig. 2(b)] that contains a
steel divider plate to create a confined volume. The divider plate
has a 3.6 cm diameter hole in the center allowing the projectile to
pass into the confined region. After passing through the divider
plate, the projectile travels through the chamber and impacts a
hardened steel anvil [Fig. 2(b)]. Quasi-static pressure is measured
in the confined region along with visual observation of the impact
event.

Diagnostics for this experiment include two dynamic pressure
sensors (PCB model 113B26) positioned on top of the chamber
and record data at 110 kHz. A duplicate sensor system provides
repeatability if one sensor were to fail or show an anomaly post-
processing. In this experiment, one sensor performed as expected
and was used for all pressure calculations while the second sensor
confirmed data acquisition.

A Phantom v2512 high-speed monochrome camera recorded
the impact event. The camera recorded at 512 × 768-pixel resolu-
tion, 50 000 frames per second, with 1 μs exposure. The camera was
aligned perpendicular to the direction of the projectile path and
captured the entire combustion region of the visual chamber, past
the divider plate, as well as a small region before the divider plate.
The camera position allowed observation of any reaction that may
occur due to premature fragmentation. To improve visibility and
video data, a diffusion screen was placed on the far outer side of
the visual chamber, relative to the camera. The window of the
chamber was 1 cm thick polycarbonate to prevent blowout and
mated to a 3 mm sheet of polycarbonate for cost-effective replace-
ment after each shot.

Data analysis

In ballistic impact experiments, energy released is determined
by a technique called vented chamber calorimetry, discussed in
detail by Ames et al.26 The main pressure metric used to calculate

TABLE II. Design of experiments treatment test matrix.

Test
Annealing

(°C)
SiO2

(wt. %) Test
Annealing

(°C)
SiO2

(wt. %)

1 350 0 8 450 2
2 350 0 9 450 2
3 350 1 10 550 0
4 350 2 11 550 0
5 450 0 12 550 1
6 450 1 13 550 1
7 450 1 14 550 2

FIG. 1. (a) Light microscope image of pellet. (b) SEM image of Al + 2 wt. % SiO2 annealed to 450 °C. (c) Higher resolution SEM image of Al + 2 wt. % SiO2 pellet
annealed to 450 °C. No sintering is observed. SiO2 particles do not appear distinct from Al particles at the surface. (d) Schematic of assembled shotshell, including pellet
projectile, sabot, wad, and propellant.
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the energy release is peak pressure, i.e., the highest pressure
measured.

The Ames26 vented chamber calorimetry energy deposition
method assumes quasi-static peak pressure (P) is related to
maximum gas temperature (Tgas) from the ideal gas equation of
state [Eq. (1)]

Tgas ¼ PVm

R
: (1)

In Eq. (1), R is the universal gas constant and Vm is the molar
volume of gas. For all experimental pressure data, the chamber
volume is 13.22 l and the projectile mass is 1.738 g. The molar
volume includes consideration of the air in the chamber and the
vapor phase products formed in the aluminum oxidation reaction
[Eq. (2)]

Alþ 3
4
O2 ! 1

2
Al2O3 þ 838:35 kJ/mol: (2)

It is noted that the 1–2 wt. % SiO2 additive can react with Al
at elevated temperatures with a heat of combustion that is small rel-
ative to O2 (i.e., 58 compared with 838/35 kJ/mol, respectively). In
this analysis, only O2 oxidation is considered an upper maximum
of chemical energy potentially available. The gas phase energy
(Egas) is calculated from the temperature difference (assuming the
initial ambient temperature to be 298 K) and the heat capacity, esti-
mated as (5/2)R, as shown in Eq. (3),

Egas ¼ 5
2
R(Tgas � 298K): (3)

Estimating condensed phase energy (Econd) is an extension of
the gas phase energy analysis presented by Ames.26 Two limiting
cases are considered for the condensed phase energy calculations.
In both limiting cases, Eq. (4) is applied, and the heat capacity (Cp)
is approximated for alumina at an average elevated temperature of
2000 K.27 The lower limit assumes the temperature of the con-
densed phase products (Tcond) is equivalent to the air temperature
(using the molar volume of air only) evaluated from peak pressure

measurements [Eq. (1)]. The upper limit assumes the condensed
phase products correspond to the boiling temperature of alumina
(i.e., 3250 K)

Econd ¼ CP(Tcond � 298K): (4)

The total energy deposited is the sum of the condensed and
gas phase energies. The calculation is presented as a range span-
ning the lower and upper limits for the condensed phase energy
calculation.

The energy conversion efficiency is the total energy deposited
divided by the potential chemical energy, which is 838.35 kJ/mol
corresponding to complete aluminum oxidation shown in Rn. (1).
Energy conversion efficiency is also reported for the range of limit-
ing cases of condensed phase energy.

The kinetic energy (KE) of impact is additionally calculated
for the impact velocity (V = 1250 m/s) and projectile mass
(m = 1.738 g) from Eq. (5),

KE ¼ 1
2
mV2: (5)

The projectile KE is 780 J/g or 21 093 J/mol of aluminum, and
a fraction of the chemical energy potentially available [i.e.,
838 350 J/mol, see Eq. (2)]. The above analysis is focused on the
chemical energy released and does not include KE. However,
including KE increases the total energy deposited such that the
energy conversion efficiency is roughly increased by 1%–2%.

Mechanical testing

Mechanical compression tests were performed in a Shimadzu
AG-IS UTM (Shimadzu AG-IS UTM, Shimadzu Scientific
Instruments Inc., Columbia, MD). Pellets were examined in tripli-
cate for standard deviation in the average measurement. Each pellet
was tested using a 50 kN load cell at a deflection rate of 5 mm/min
and stress was plotted as a function of displacement. Ultimate com-
pressive stress (UCS) is defined here as the maximum stress at
which a sample fails.

FIG. 2. (a) Fully assembled high-velocity impact test system and (b) closeup image of catch chamber for combustion visualization and measurements.
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SEM analysis

A Zeiss Crossbeam 540 Scanning Electron Microscope (SEM)
was used for microstructure analysis. Four samples were examined:
untreated Al and three samples each containing 2 wt. % SiO2 with
annealing treatments of 350, 450, and 550 °C, respectively. The
consolidated projectiles were examined by crushing the pellets
using a manual arbor press. While the rate of impact is orders of
magnitude less than the extreme load of ballistic impact, the results
provide insight into potential debonding mechanisms associated
with SiO2 interfaces.

RESULTS

Pellet survivability

The qualitative survivability outcome of treatments is pre-
sented in Fig. 3. The first three images [Figs. 3(a)–3(c)] show the
pre-impact fracturing of untreated, baseline aluminum pellets as
they travel through the chamber. Each baseline pellet passes
through a hole in the divider plate and a significant “pre-reaction”
occurs on the face of the plate. The pre-reaction is seen by the
bright flames outside of the chamber resulting from fragment igni-
tion upon impact. The degree of pre-reaction varies and is a func-
tion of pellet disintegration before reaching the target. While the
likelihood of pre-reaction outside the chamber is high for untreated
pellets, annealed pellets survived launch intact with no observable
pre-reaction.

The next three images in Figs. 3(d)–3(f) show the effect of
annealing (350, 450, 550 °C, respectively) on pellet survivability
and without SiO2 additive. The final three images in Figs. 3(g)–3(i)
show the effect of SiO2 additive on survivability, when the anneal-
ing temperature is held constant at 450 °C. All treatments illustrated
in Figs. 3(d)–3(i) show the pellet survives launch intact [e.g., pro-
duces no evidence of pre-reaction as shown in Figs. 3(a)–3(c)].

To compare pressure characteristics of treated to baseline
pellets, the pressure response for five baseline aluminum pellets is
shown in Fig. 4. Pressure response is widely variable, largely due to
disintegration of the pellet upon launch and probability that alumi-
num reaches the chamber and reacts. The wide variability shown in
Fig. 4 is compelling evidence for the need to design treatments that
improve processing projectiles that produce consistent and reliable
responses in ballistic applications.

From Fig. 4, the probability that the pellet will remain intact
throughout launch (survive) and reach the target is 1:5. The one
surviving pellet is shown visually in Fig. 3(c) and in curve 2 of
Fig. 4. Interestingly, this surviving pellet has one of the lowest peak
pressure measurements. Higher peak pressure baseline pellets result
from more intense Al fragmentation post-launch and post-impact.
In Fig. 4, the intact pellet (labeled 2) did not fragment in a way to
optimize chemical energy released and produced a low peak pres-
sure. The variability in pressure response in Fig. 4 is directly related
to the mechanical integrity (survivability) of the pellet upon launch
and fragmentation upon impact. From the data in Fig. 4, the
average peak pressure for baseline pellets is 48.30 kPa.

Pressure response

As seen in Fig. 5(a), the DOE statistical analysis results in a
contour map describing the multivariant effect of annealing tem-
perature and SiO2 concentration on peak pressure. Each data point
corresponds to a specific treatment. The colorized oval rings repre-
sent increasingly higher peak pressure as they converge. Blue
regions indicate more limited combustibility (lower peak pressure),

FIG. 3. Pellet survivability across treatments. (a)–(c) Images from untreated pro-
jectiles showing a range of fracturing from nearly complete disintegration (most
fragmented) to partial fragmentation (least fragmented). All forms of early frac-
turing result in pre-reaction before impact seen from bright flames in each
image. (d)–( f ) Images from the annealing treatments of 350, 450, 550 °C,
respectively, with no SiO2 additive. (g)–(i) Represent SiO2 additive treatments
with levels of 0, 1, 2 wt. % and annealing at constant 450 °C. Cartoons illustrate
potential alignment of particles within the pellets that result from treatments. Red
particles represent SiO2, and white circles represent aluminum.

FIG. 4. Pressure as a function of time for untreated, baseline projectiles. Five
tests show data vary widely for pressure response in replicate tests. The inset
shows corresponding peak pressure measurements. Results indicate a need for
pellet processing treatments to produce repeatable, reliable performance.
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and the orange/red regions represent increased combustibility
(higher peak pressure). The same data are represented by their
pressure traces, and the same trends are observed in Fig. 6.

For reference (Fig. 4), the highest performing baseline projec-
tile produced 98.33 kPa peak pressure [dashed line in Fig. 5(b)] but
the average, 48.03 kPa, is below the minimum in Fig. 5(b), i.e.,
50 kPa. In Fig. 5(b), in the case for annealing temperature progres-
sively increased from 350 to 550 °C with no SiO2 (0 wt. %), the
peak pressure consistently underperforms compared to the best
baseline pellet, producing peak pressures below 80 kPa. While
annealing improves survivability upon launch, pellet fragmentation
upon impact is more limited resulting in less reactive projectiles
and lower peak pressure.

At the maximum annealing temperature treatment (550 °C)
with SiO2 varied from 0 to 2 wt. %, the projectiles also underper-
form relative to the best baseline case (i.e., <80 kPa). The 550 °C
treatment may need a higher concentration of inclusions to
produce the fragmentation upon impact needed to elevate peak
pressure after impact.

When a 350–450 °C annealing treatment is applied and SiO2

is added (1–2 wt. %), the peak pressure exceeds the best baseline
case. Annealing the projectiles between 350 and 450 °C for 30 min
while including 1–2 wt. % SiO2 produced ideal conditions for SRM
projectiles to survive launch while enhancing fragmentation and
reactivity upon impact, in comparison to the improbable but most
successful baseline projectile.

Energy conversion

Energy metrics are shown in Table III based on calculations
described in Eqs. (1)–(4). To compare treatments, four categories

of samples were analyzed: average results from (1) baseline, (2)
annealed, (3) 1 wt. %, and (4) 2 wt. % SiO2 additive projectiles.
Since all annealed projectiles consisting of 0 wt. % SiO2 produced
similar peak pressure, the annealed group is the average of annealed
data with 0% SiO2 across all temperatures. The 1 wt.% SiO2 data
performed similarly at 350 and 450 °C annealing temperatures, so
the 1 wt. % SiO2 group is the average over these annealing tempera-
tures. Similarly, the 2 wt. % SiO2 group is the average over 350 and
450 °C annealing temperatures.

Table III shows adding SiO2 and annealing improves energy
conversion efficiency. The energy conversion efficiencies reported
in Table III for the lower limit correspond well with previous
reports for thermite and intermetallic pellets assuming similar con-
ditions (i.e., product temperature is equivalent to gas tempera-
ture).28 As noted in Croessmann et al.,28 the lower limit is an
underestimate because energy transferred from reacting materials
to the gas requires the condensed product temperature to be higher
than the gas.

Mechanical testing

Mechanical stress curves for the baseline, annealed, and
annealed with SiO2 projectiles are shown in Fig. 7. Ultimate
compressive stress (UCS) is calculated at the peak stress value. At
350 °C, the projectile is more ductile with a slightly higher average
UCS compared to the baseline [Fig. 7(a)]. As annealing tempera-
ture increases, the ductility and UCS also increase relative to the
baseline [Figs. 7(b) and 7(c)]. For higher annealed samples, the
stress curve does not peak, thus UCS is the highest value recorded
on the curve.

FIG. 5. (a) Contour plot showing the effect of projectile treatments: annealing temperature and SiO2 wt. % on peak pressure using a cubic fit. Pressure contours are
labeled. (b) Interaction plot between annealing temperature and SiO2 concentration, and the effect on peak pressure response using a 2nd order polynomial fit. Dashed
lines represent the best baseline and average baseline cases.
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Adding SiO2 reduces ductility and UCS for all annealing treat-
ments, as shown in Fig. 7(d). The reduction in UCS with additive
is consistent with more fragmentation upon impact leading to
higher peak pressure. While the average UCS for the baseline pro-
jectile is within the range of all treatments, the stochastic behavior
of baseline projectiles is not desirable.

Figure 7(d) shows that UCS alone is not an indicator of
optimal projectile performance. The most successful projectiles
(350 and 450 °C annealing with 1 wt. % SiO2) have the same UCS

as the baseline. However, the annealing treatment significantly
increased the UCS relative to the baseline, indicating improved
strength and survivability of the annealed projectile upon launch.
The role of the SiO2 additive is to intentionally embrittle the pro-
jectile upon impact. The trend of reduced UCS with SiO2 upon
annealing is consistent with the energy conversion efficiency in
Table III. Figure 7(d) and Table III indicate the coupled effects of
annealing and inclusions on mechanical properties leading to
improved projectile performance.

FIG. 6. All pressure data for treated projectiles as indicated: green curves correspond to 350 °C annealing, blue is 450 °C annealing, and red is 550 °C annealing. Plot (a)
includes data for 0, (b) 1, and (c) 2 wt. % SiO2.

TABLE III. Measured pressure and calculated energy for treated projectiles compared to baseline. Note maximum chemical potential energy theoretically possible is
838.35 kJ/mol. Ranges are calculated for lower and upper limiting cases of condensed phase temperature corresponding to air temperature for peak pressure measurements
and alumina boiling temperature, respectively.

Sample group
Absolute peak
pressure (kPa)

Gas energy
(kJ/mol)

Condensed
energy (kJ/mol)

Total deposited
energy (kJ/mol)

Energy conversion
efficiency (%)

Baseline (Avg.) 149 293 19–4137 312–706 367 37–84
Annealed (Avg.) 172 339 28–413 367–752 44–90
1% SiO2 (Avg.) 208 411 43–413 453–824 54–98
2% SiO2 (Avg.) 203 401 41–413 442–814 52–97
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Microscopy

Microscopy shows the physical interaction between Al and
SiO2 particles. Aluminum particles are spherically shaped and SiO2

particles are irregularly shaped with distinctive features. No sinter-
ing between particles is observed for any samples, including those
annealed to 550 °C.

SiO2 was added to create defect sites that promote fragmenta-
tion upon impact. While the images shown in Fig. 8 were derived
from compressive loading using a manual press, the fracture and
debonding behavior observed provides insight into potential mech-
anisms resulting from discontinuous material interfaces. Starting
with Fig. 8(a), three fragmented sections of a pellet are shown. A
clear ridge of SiO2 appears in the front and center image. This
ridge may have been a dominant fracture point and a possible initi-
ation site for crack formation. The conclusion is based on observa-
tion of no aluminum particles on its visible surface, and its jagged
and irregular morphology. The SiO2 site in Fig. 8(a) is an example
of debonding resulting from a hard, inclusionary additive.

A fragmentation site was observed in Fig. 8(b) and an obvious
fracture path is indicated with arrows. The fracture appears to
begin at the SiO2 face on top of the image (i.e., where a “V” shape
is cut in SiO2) and travels through the SiO2 face, and down into the
coalesced aluminum powder, where the fracture line closes.
Interestingly, the crack completely passed through the SiO2 on top,
before closing in the Al, which illustrates the brittle fracture behav-
ior of SiO2 and the ductile nature of Al particles. Figure 8(b) sug-
gests SiO2 provides an origin for crack initiation, then promotes
fragmentation or crack propagation into the Al powder. Like Fig. 8
(a), notice the debonding effect of the SiO2 face being devoid of Al
particles in Fig. 8(b). Similarly, Fig. 8(c) shows multiple silica faces
as the interstitial defect sites and Fig. 8(d) shows higher magnifica-
tion of silica protruding from an Al particle bed with no sintering
observed. Figure 8(e) chemically distinguishes the SiO2 particles
from the Al particles with spectroscopy of the surface indicated.
Note the composition is indicated in the inset of Fig. 8(e), consis-
tent with SiO2.

FIG. 7. Representative mechanical stress-displacement curves including baseline (black), annealed with no additive (red), 1 wt. % SiO2-added (blue), and 2 wt. %
SiO2-added (green) for annealing temperature of (a) 350, (b) 450, (c) 550 °C as indicated on each graphic. (d) Summary of ultimate compressive stress (UCS) for all treat-
ments. Note that for case 550 °C, 0 wt. % SiO2, the reported value is the lower limit of failure, due to instrument capability, not the UCS since the sample does not fail
under the testable conditions of the instrument.
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DISCUSSION

Thermal energy from annealing induces a more ordered and
regular arrangement of particles in the consolidated matrix, as illustrated
in the cartoons of Fig. 3. Annealing progressively reduces dislocations as
well as lowers surface energy in bulk and powder aluminum.29,30,31

Figure 7 shows UCS is dramatically increased with annealing compared
to the baseline, owing to the thermally activated mechanism of disloca-
tion recovery, residual stress healing, and altered particle interface prop-
erties. Dislocation recovery induced by annealing is a key mechanism
for the projectile ability to survive the launch conditions.

The introduction of SiO2 provides irregularly hard inclusions,
which manifest stress and facilitate de-bonding directly at particle

interfaces [as seen in Fig. 8(a)]. Zulkoffli et al.29 explain that hard
inclusions in a matrix act as barriers to the movement and recov-
ery of adjacent dislocations when moderate annealing is applied.
When annealing Al composites with hard particle additives, they
observed a high density of dislocations adjacent to the inclusion-
ary particles, yet little to none in the surrounding matrix. Shang
and Ritchie32 also state that including brittle particles in an alloy
can reduce ductility by an order of magnitude, and a similar trend
is seen in Fig. 7(d). The results summarized in Figs. 7 and 8 are
consistent with Refs. 29 and 32. At the lower annealing tempera-
tures of 350–450 °C, the dislocations in the Al portion of
the matrix are recovered and produce increased UCS to survive

FIG. 8. (a) Image showing a SiO2 ridge along a fragmented pellet, representing debonding between the two constituent materials (annealed 450 °C, 2 wt. % SiO2). (b) A
fracture pattern along a crushed pellet grain just before failure. Fracture starts at the SiO2 particle and travels into the Al powder (annealed 450 °C, 2 wt. % SiO2). (c)
Display of multiple silica structures protruding from aluminum powder (annealed 550 °C, 2 wt. % SiO2). (d) High magnification showing silica protruding from Al particle bed
(annealed 550 °C, 2 wt. % SiO2). (e) SEM image using backscattered electrons to identify SiO2 particles in the pellet matrix. Note the SiO2 particle with the instrument
marker in red, and the inset shows the elemental components of the identified area.
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launch, yet the dislocations surrounding SiO2 induce cracking and
fragmentation upon impact.

There is not a direct link between UCS in Fig. 7 and combus-
tion performance (Table III). Instead, the mechanism is implicitly
realized from two stages of UCS behavior. First, the initial increased
UCS upon annealing indicates strength of the pellet to survive
launch. Second, the reduced UCS by inclusion of SiO2 is evidence
that crack nucleation generators incite fragmentation, which will
ultimately lead to more complete combustion. While the UCS of
pellets with SiO2 inclusions is at the same general value as the
untreated pellets, the annealing process glues the matrix together
despite the stress concentrators and enables the projectile to survive
launch but produce more complete combustion from activated
fragmentation.

CONCLUDING REMARKS

Baseline, untreated aluminum projectiles show significant vari-
ability in fracture upon launch and combustion performance upon
impact. Consolidating powders into pellets by cold pressing is not
conducive to creating projectiles that can remain intact upon ballistic
gun launch. Results revealed highly stochastic performance lacking
reproducibility. This study applied a design of experiments statistical
multivariant approach to examine processing conditions (i.e., factors
included annealing and additives) that affect properties [ultimate
compressive stress (UCS) and combustion (i.e., peak pressure)] and
influence performance (i.e., energy conversion efficiency).

The UCS increased from 85MPa for untreated (baseline) pro-
jectiles to between 100 and 150MPa for annealing from 350–550 °
C, respectively. The increased UCS is evidence of dislocation recov-
ery and residual stress healing within the consolidated powder
matrix attributed to thermal energy from annealing. Also, anneal-
ing produced projectiles that remained intact upon launch with
high repeatability in combustion performance. However, annealing
alone did not optimize energy conversion efficiency upon projectile
impact. Vented chamber calorimetry studies show annealed projec-
tiles fragmented upon impact to induce an increased energy con-
version efficiency from 84% for untreated projectiles up to 90% for
all annealing treatments.

Optimization in energy conversion efficiency was achieved by
adding silica (SiO2) inclusions to the Al powder matrix, followed by
annealing. The inclusions add stress concentrators for crack nucle-
ation and fragmentation that are activated upon ballistic impact.
Microscopy of fractured projectiles showed evidence of debonding
and cracking produced by silica inclusions. The annealing treatment
essentially glues the projectile together and enabled it to survive
launch, but the silica additive induced greater fragmentation upon
impact, leading to increased energy conversion efficiency up to 98%.

Combining processing treatments to tailor an outcome
requires a statistical design of experiments approach when multiple
variants are considered. The approach shown in this study linked
material properties to reactive properties and can be applied to
other applications where controlled fragmentation is desired.
Future research should be extended to investigating the theory of
dislocation recovery and testing additives in various compositions
or morphologies to further tailor fragmentation and combustion
performance.
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