
In post-blast investigations, fragments from the explosive de-
vice itself are valuable sources of information and are therefore
closely examined. Studies have been conducted tying the size dis-
tribution and blast pattern of pipe bomb fragments to the type of
explosive fill used (1). The examination of chemical residues
from fragments is also a well-studied, well-documented technique
that has often been used to identify the type of explosive used in
criminal bombings (2–5). The fragments themselves hold valu-
able, metallurgical evidence as well, in the form of the post-blast
microstructure and hardness, which may be used to characterize
explosive fills.

The microstructural response of metals to shock has been widely
studied in the past, in applications such as explosive welding (6–8),
shock hardening (9–11), and in the formation of explosively
formed projectiles and shaped charges (12–15). The conditions the
metals are subjected to in these fields is quite different than those
seen in a bombing. The materials used in the aforementioned stud-
ies are generally very high purity metals, machined to meet strict
tolerances and designed to avoid complex shock interactions by, in
the case of shock hardening, surrounding the specimen with large
momentum traps. In a bombing, the materials are generally inex-
pensive pipes purchased at a hardware store, and there are no
carefully machined momentum traps. Despite these differences,

some of the findings from explosive metalworking were found to
be quite useful in this study.

It has been shown that the grain structures of materials subjected
to an explosive shock are altered by the shock, showing high
amounts of deformation and material flow. In some cases the def-
ormation in the metal is high enough that, coupled with a high de-
gree of shock heating, recrystallization has been observed (12,13).
Another common material response to explosive shock is deforma-
tion twinning. This has been seen in explosive welding (6) and in
the study of explosively formed projectiles (14). Adiabatic shear
bands are regions of highly concentrated plastic deformation
within a material and are often formed in both ferritic and austenitic
steels when subjected to dynamic deformation (16,17). In 304L
stainless steel, one of the materials used in this study, there is a
shock-induced phase transformation from � austenite to �� marten-
site that may be observed and quantified by the use of X-ray
diffraction (9,18,19). When a material is shocked, many defects are
created, hardening the material (9,20,21). In materials with low
stacking fault energy, many partial dislocations are formed when
the material is shocked, which inhibits the movement of disloca-
tions in the material, resulting in dislocation entanglements and a
high degree of shock-hardening (22,23). All of these observed phe-
nomena (degree of deformation, twin density, shear band density,
the amount of post-blast martensite, dislocation density, and resid-
ual hardness) increase with both shock pressure and pulse duration
(6–23).

In this study, eight fillers, consisting of five high explosives and
three propellants, were tested in pipes composed of ASTM A53
galvanized steel, AISI 304L stainless steel, and 6061-T6 alu-
minum. The fragments from these tests were collected in soft catch
packets, which consisted of twenty-four 33 by 66-cm rectangles of
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Celotex® bound together to form a 33-cm-thick packet. The
resulting microstructures and hardnesses of the fragments were ex-
amined. This was done in an effort to correlate an explosive prop-
erty, such as the detonation velocity, to a material response. If one
were able to make such a correlation, it would be possible to use
these metallurgical methods to give a range of possible detonation
velocities of the explosive fill. This would be valuable information
if used for screening for such chemical methods as high-pressure
liquid chromatography (HPLC).

Methods

Materials Selection

The metal pipes selected for this study were purchased at hard-
ware and plumbing supply stores as pre-threaded nipples with end
caps. The metals selected were ASTM A53 galvanized steel, 6061-
T6 aluminum,and AISI 304L stainless steel.

The explosives selected were ANFO, Composition C4, dyna-
mite, detasheet, and TNT. The propellants consisted of black pow-
der, smokeless powder, and Turbo Fuel A.

Experimental Setup

For the five high explosives and the two powders, 10.2-cm (4-
in.)-long, 5.1-cm (2-in.) inner diameter schedule 40 nipples were
filled with explosives, capped and initiated with nonel detonators
(in the case of the high explosives) or squibs (in the case of the
powders). Four replicas were done for each metal/explosive com-
bination and four fragments randomly selected (out of the soft
catch packets) from each test for analysis. Four soft catch packets
were placed around each pipe at a distance of approximately 1 m.

The test setup for the Turbo Fuel A tests was much more com-
plicated. The pipe was 122 cm long and the wall machined down to
0.13 cm. The end caps were secured to the pipe using JB Weld®,
and a feedhole was drilled and tapped in each cap. A Swagelok®

fitting was inserted into each cap and secured using Teflon® tape.
After inserting 30 mL of Turbo Fuel A into the pipe, a stainless
steel gas feed line was inserted into one fitting and two electric
matches into the other. The entire apparatus was wrapped in heat
tape and insulation and heated to 204°C (400°F) and allowed to
stay at temperature for 20 min. After 20 min, the pipe was filled
with O2 gas to a pressure of 4.8 MPa (700 psi) and the matches
ignited. This test was only performed using the A53 pipe.

Sample Preparation

After the fragments were collected, specimens were set in 3.81-
cm-diameter Lucite® mounts, two per mount, to examine the cross
section and the face that was subjected to the explosion. Reference
samples, which did not see any shock, were also mounted and
treated in the same fashion. The samples were ground down to
1200 grit using SiC paper and then polished down to 0.3 �m using
an alumina slurry. The samples were then etched using Nital for the
A53 steel, Vilella’s reagent for the 304L, and Keller’s reagent for
the aluminum; the compositions of these etchants can be found in
Tables 1, 2, and 3, respectively (24).

Sample Analysis

Optical micrographs were taken at magnifications ranging from
X50 to X400. The mounted specimens were then placed into a Leco
M400 microhardness tester fitted with the Knoop indentor, using a
load of 10 g and a dwell time of 10 s and the hardness measured at

many points along the cross section to give a hardness profile. Un-
mounted samples from the galvanized and stainless steel tests were
tested using a Macromet Rockwell macrohardness tester using the
B (for the galvanized steel) and C (for the stainless steel) scales.
Samples from the 304L tests were also examined using a Siemens
Kristalloflex 810 X-ray diffractometer through a 2� range of 40 to
95° using Cu K� radiation, a step size of 0.05° and a dwell time of
1 s. Quantitative analysis was performed using the direct compari-
son method (25) to determine the amount of shock induced ��
martensite generated by the passage of the shock wave.

Results and Discussion

Shock Parameters

The three main shock properties of interest in this study were the
detonation velocity of the explosives, the generated pressure, and
shock heating, which are functions of the metal/explosive combi-
nations being studied.

Shock parameters and some other properties of the metals stud-
ied, including stacking fault energy (SFE), are listed in Table 4.
The bulk sound speed (C0) and empirical constant (s) dictate the re-
sponse of a material’s particle velocity (u) and specific volume (V),
which is the inverse of the density, to a shock by the following
equations (7,25):

P � �0C0(u � u0) 	 �0s(u � u0)2

P � C2
0(V0 �V){V0 � s(V0 � V)}�2

TABLE 1—The composition of Nital, the etchant used for A53 steel.

Constituent Ethanol Nitric Acid DI Water

Volume % 87 5.9 7.1

TABLE 2—The composition of Vilella’s reagent, used to etch 304L.

Constituent Glycerol Nitric Acid HCl DI Water

Volume % 43.5 10.8 10.7 35

TABLE 3—The composition of Keller’s reagent, used to etch 
6061 aluminum.

Constituent DI Water Nitric Acid HCl HF

Volume % 67.1 20 9.8 3.1

TABLE 4—The density, shock Hugoniot parameters and SFE of each
metal studied.

Metal �0 (g/cm3) C0 (km/s) S SFE (mJ/m2)

A53 steel 7.850 3.574 1.92 50–70
304L stainless 7.903 4.57 1.49 15–30
6061-T6 Al 2.703 5.35 1.34 �200



where u0 is the initial particle velocity (in this case it is zero), and
V0 is the initial specific volume, which is equal to the inverse of the
material density.

The pressure-particle velocity plots and pressure-specific
volume plots (called Hugoniots), which result from the above cal-
culations, are shown in Figs. 1 and 2 for each of the metals. The
post-mortem heat generated in a material can be calculated from

the pressure-specific volume Hugoniot as shown in Fig. 2. When a
material is shocked, it does not follow the smooth path of the Hugo-
niot up to pressure; rather, it jumps along what is called the
Rayleigh line. However, the material unloads back to essentially
zero pressure and a value very close to the initial volume along the
smooth curve of the Hugoniot. The area under the Hugoniot
bounded by the beginning and ending pressures is the work re-
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FIG. 1—The pressure-particle velocity Hugoniots for A53 galvanized steel, 304L stainless steel, and 6061-T6 aluminum.

FIG. 2—The pressure-specific volume Hugoniots for A53 galvanized steel, 304L stainless steel, and 6061-T6 aluminum. The Rayleigh line shown is for
the aluminum/composition C4 combination.
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quired to deform the material, while the area between the Hugoniot
and the Rayleigh line is excess work that is wasted as heat. The
concavity of the pressure-specific volume Hugoniot, therefore,
dictates the amount of shock heating seen by a material (7,25). A
sample Rayleigh line for the aluminum/composition C4 interaction
is shown along with the pressure-specific volume plots in Fig. 2.

A comparison of explosive properties is shown in Table 5. From
the values listed in Table 2, the reacted pressure-particle velocity
Hugoniots for each of the high explosives can be calculated using
the equation:
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and used along with the pressure-particle velocity Hugoniots of
the metals to determine numerically the pressure generated in
each material due to the shock generated by the high explosives
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(7,25). This can also be determined graphically, as shown in Fig.
3, by plotting the pressure-particle velocity Hugoniots for all the
explosives and metals and reading the pressures where any two of
the lines intersect.

The pressure generated in the metal is used to determine the
shocked volume of the sample, which can be used to calculate the
temperature change due to shock heating. This relationship is illus-
trated in Fig. 4, which plots the degree of shock heating produced
by shocks of various strengths in each of the metals (26).

Using the relationships described above it is also possible to de-
termine the pressure generated by a metal/metal collision (7,25).
These calculations show that the difference in the internal pressure
of the metal shocked by an explosive and that of a metal/metal col-
lision differ greatly, which is why samples were collected in soft
catch packets. By equating the pressure-particle velocity Hugo-
niots for low-carbon steel and Composition C4, one can see that the
pressure generated in the steel by the C4 is 45.9 GPa.
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u � 1.05 km/s

P � 45.9 GPa

Then, using the Gurney equation (25), it can be calculated that a
typical steel fragment from a C4 filled pipe would have a velocity
of 3.04 km/s.

PCJ
�0VDTABLE 5—The density, detonation velocity, CJ pressure, and TNT

equivalent for each of the explosives studied in order from most
powerful to least powerful.

Det Vel CJ Pressure TNT
Explosive � (g/cm3) (km/s) (GPa) Equivalent

Comp. C4 1.60 8.19 28 1.34
Detasheet 1.47 7.00 21 1.01
TNT 1.47 6.48 15 1.00
Dynamite 1.38 5.33 10 0.96
ANFO 0.87 4.79 5.6 0.82

FIG. 3—The pressure-particle velocity Hugoniots for all the explosives and metals studied. This plot can be used to graphically determine the pressure
generated in a metal caused by an explosive detonation.
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 is the gurney velocity of C4,

M � 101 g is the mass of the pipe,

C � 327 g is the mass of the C4, and

V � 3.04 
k
s
m

 is the velocity of a fragment.

By again equating the Hugoniots, but in this case for a steel/steel
interaction with an initial velocity of 3.04 km/s, it is calculated that
the pressure jumps to 77.5 GPa, which is significantly higher than
the 45.9 GPa generated in steel by the detonation of C4.

PFrag � �oCo(u � uo) 	 �os(u � uo)2

PWall � �oCo(u � 0) 	 �os(u � 0)2

PFrag � PWall

u � 1.52 km/s

PFrag � 77.5 GPa

These calculations indicate that interactions between any sort of
metallic objects added to the pipe as shrapnel would alter the pres-
sures seen by the metals and both the post-blast hardness and
microstructure.

Microstructure

The microstructure of the fragments for all the metals tested var-
ied so widely within each sample that it would be difficult to find a
quantitative correlation between some property of the post-blast

microstructure, such as grain size, and some property of the explo-
sive used, such as detonation velocity. It is possible, however, to
make qualitative comparisons of the post-blast microstructure to
explosive properties. Selected fragment microstructures of A53,
304, and 6061 with regard to the detonation velocity and pressure
of the explosives used are compared in Figs. 5, 6, and 7. From these
figures it can be seen that, in general, the amount of deformation
seen in the microstructure increases with increasing detonation
velocity and pressure. This correlation between detonation velocity
and the damage done to the microstructure was seen in each of the
metals used in this research.

The amount of material flow seen is influenced by several initial
metallurgical properties, the stacking fault energy being the main
contributor to material flow under the conditions of dynamic load-
ing (23). The stacking fault energy of a material is the energy
required to create a discontinuity in the stacking arrangement of the
atoms and dictates the ease of motion of dislocations through the
metal matrix. When a stacking fault occurs, it is characterized by
two partial dislocations, one at each end of the fault. This is also
called an extended dislocation. Partial dislocations must move in
tandem, which is quite difficult as it takes a great deal of energy to
move a stacking fault through a material (27).

As the stacking fault energy increases, so too does the ease of
dislocation motion as it is difficult to create these extended
dislocations. Therefore, materials with high stacking fault energies,
such as aluminum, exhibit large amounts of flow as the pressure
generated by the shock wave moves these dislocations easily
through the material (27).

There was little evidence of deformation twinning, though this
phenomenon was prevalent in the literature (6,14). The absence of
significant deformation twinning may most likely be attributed
to differences in experimental setup. Experiments in which sig-
nificant deformation twinning is seen are standoff operations in
which a flyer plate strikes a base plate of a pure material that is sur-
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FIG. 4—The amount of shock heating induced in each alloy by the compression of that alloy from the passage of a shock wave.
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FIG. 5—Microstructural response of A53 galvanized steel to shocks of various strengths. Both the detonation velocity of the explosive and the pressure
generated increase from the top of the figure to the bottom.
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FIG. 6—Microstructural response of 304L stainless steel to shocks of various strengths. Both the detonation velocity of the explosive and the pressure
generated increase from the top of the figure to the bottom.
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FIG. 7—Microstructural response of 6061-T6 aluminum to shocks of various strengths. Both the detonation velocity of the explosive and the pressure
generated increase from the top of the figure to the bottom.



rounded by momentum traps. This setup generates longer pulse
durations and larger pressures, which are directed along a preferred
orientation.

While the microstructures and flow patterns of these post-shock
fragments are interesting, and the mechanisms by which they de-
form should be studied to further this line of forensic investigation,
it is doubtful that visual means of inspection will be able to deter-
mine the explosive used in a bombing with the degree of certainty
needed in criminal investigations.

Hardness Measurements

These are the most promising methods of evaluating the shocked
fragments. Not only is there a statistically significant difference
in the mean pre- and post-blast fragment microhardnesses, there is a
statistically significant difference found in most of the microhard-
ness of fragments from explosive to explosive. The microhardnesses
are more easily differentiable than the average macrohardness, as it
was possible to perform many more Knoop tests (generally 350 and
600) than Rockwell tests (5 to 6), per sample.

The standard deviations presented for all the mean hardness val-
ues are, in most cases, greater than the error associated with the
Knoop and Rockwell testers. The microhardness tests have an as-
sociated error of 2%, and the Rockwell tests have a standard error
of �1.5. The fact that the standard deviations are larger than the er-
ror associated with testing indicates that the differences in hardness
of the material are real.

The relative responses of the hardness of each metal studied to
the pressures generated by the detonating explosives are shown in
Figs. 8, 9 and 10. These plots show that there is a jump in hardness
when there is little pressure generated in the material, then a plateau
over the large, medium-pressure range, followed by a decrease to-
wards the higher pressures in the case of aluminum. The relative
change of mean hardness with detonation velocity is shown in Figs.

11,12, and 13 for each of the metals in this work. The response to
detonation velocity is much the same as the response to generated
pressure; there is an immediate jump, a plateau, and an annealing
effect in aluminum at high-detonation velocities. The relative ef-
fect of shock heating on the hardness of the samples in this work is
shown in Figs. 14, 15, and 16. These plots show the same response
of hardness to shock heating as was seen for shock pressure and
detonation velocity.

The response of hardness to shock loading is immediate. The
mean hardness increases drastically when shocked with low veloc-
ity and pressure explosives for all the metals studied. The work
hardening of the steel samples essentially plateaus in the mid- and
high-range detonation velocities and pressures. The hardness of the
aluminum fragments shows the same initial increase and plateau,
but towards the upper end of the detonation velocities, the mean
hardness falls below its initial value. The aluminum sample
actually follows the same trend as the steel samples; it just experi-
ences the plateau and the downward trend, caused by recovery and
recrystallization at lower velocities and pressures than the steel
samples.

As the detonation velocity of the explosive increases, so too
does the strain rate of the metal. Aluminum has the highest stack-
ing fault energy of the metals tested, and therefore the lowest
number of extended dislocations, leading to the highest ease of
dislocation motion, as these dislocations are not inhibited in their
glide and climb. Because of this, the material can flow more read-
ily than a metal with a low stacking fault energy. This is true for
quasi-static as well as dynamic strain rates, although the effect is
more pronounced at higher strain rates as the material is trying to
flow very quickly so any obstacle to dislocation motion will
quickly result in dislocation pile-ups and entanglements, stopping
material flow. In materials with higher stacking fault energies,
these dislocation pile-ups and entanglements are less likely to oc-
cur (22). Hardness is a relative measure of a material’s ability to
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FIG. 8—The percent change in Rockwell B (RB) and Knoop (KHN) hardness for ASTM A53 galvanized steel as a function of the pressure generated
from an explosive shock.
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FIG. 9—The percent change in Rockwell C (RC) and Knoop (KHN) hardness for 304L stainless steel as a function of the pressure generated from an
explosive shock.

FIG. 10—The percent change in Knoop hardness for 6061-T6 aluminum as a function of the pressure generated from an explosive shock.
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FIG. 11—The percent change in Rockwell B (RB) and Knoop (KHN) hardness for ASTM A53 galvanized steel as a function of explosive detonation
velocity.

FIG. 12—The percent change in Rockwell C (RC) and Knoop (KHN) hardness for 304L stainless steel as a function of explosive detonation velocity.
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FIG. 13—The percent change in Knoop hardness for 6061-T6 aluminum as a function of explosive detonation velocity.

FIG. 14—The percent change in Rockwell B (RB) and Knoop (KHN) hardness for ASTM A53 galvanized steel as a function of shock heating.



flow, which is one reason why the aluminum samples shock
harden to a lesser degree than the steel samples. Also, the heat
generated is higher relative to the melting point for the aluminum
samples than for the steels. Additionally, aluminum is subject to
softening by overaging with time and temperature, whereas the

steel alloys are not precipitation hardened; thus they will not
soften through this mechanism.

The decrease in hardness towards the upper limits of the deto-
nation velocities and pressures for aluminum is brought about by
the shock heating generated by the explosive in each sample. As
the detonation velocity increases, so too does the pressure gener-
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FIG. 15—The percent change in Rockwell C (RC) and Knoop (KHN) hardness for 304L stainless steel as a function of shock heating.

FIG. 16—The percent change in Knoop hardness for 6061-T6 aluminum as a function of shock heating.
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ated in any given sample. As the pressure in the sample increases,
the sample is compressed, which causes shock heating. The
higher the pressure, the more heat introduced into the sample. If
enough heat is put into the system, the material will begin to re-
cover, which is a process of stress relief during which the mate-
rial softens by the realignment and elimination of dislocations.
The heat generated when a shock passes through a metal can be
quite significant, as in the case of aluminum and steel, which are
heated by over 200°C when shocked by Composition C4. This
amount of heat is small compared to that released by a detona-
tion; however, it is heat generated inside the metal rather than
heat applied to the metal surface. The heat generated within the
metal is conducted away more slowly and acts throughout the
bulk of the metal. This time and bulk heating are required for
metallurgical phenomena to occur within the metal. The melting
point of aluminum is only 660°C, so the residual temperature
seen by the sample is over the recrystallization temperature of
220°C (28). Also, since recrystallization was observed in small
amounts in A53 fragments, as seen in Fig. 17, there must have
been a tremendous amount of post-mortem heating in limited
locations, as the recrystallization temperature of steel is over
625°C (28).

Fragments from the ANFO and TNT series of tests consistently
show lower mean hardnesses than the other fragments in the plateau
region. This may be attributed to the fact that ANFO and TNT are in
prill and flake form, respectively, which leads to slight gaps between

the explosive and the metal wall. This poor coupling leads to less ef-
ficient energy transfer upon detonation, which could be the cause of
their relatively lower hardness values. Following this logic, it would
be expected that regions of metal not in contact with the explosive
(such as in incomplete filling of the pipe) would have a lower hard-
ness than those regions that are in contact with the explosive.

While the post-shock hardness values were similar for many of
the samples, there was a statistically significant difference found
between many of the microhardness means. Duncan’s multiple
range test was used to determine statistical significance at the 95%
level (30); most of the means could be differentiated at this level of
confidence; the pairs which could not be considered statistically
different are listed in Table 6.

X-Ray Diffraction

The use of X-ray diffraction could be valuable in events where
austenitic stainless steel pipes are used as a component in an ex-
plosive device. There was a significant increase in the presence of
�� martensite in the post-blast microstructure with increasing det-
onation velocity and pressure; these relations can be seen in Figs.
18 and 19, respectively. The amount of martensite found in the
shocked samples is quite similar to the response of hardness to
shock. There is a large jump in martensite present between the
shocked and reference sample, and then the amount seems to level
off. The phase transformation in 304L is a process controlled by
the pressure generated in the material, which is related to the det-
onation velocity. The increase of post-blast martensite with both
pressure and detonation velocity is, therefore, expected. It is not
expected, however, for this trend to continue indefinitely, as the
residual temperature caused by the passage of the shock inhibits
the formation of martensite. This would lead to the supposition
that, at some point, the shock heating in the sample would be large
enough to counter the formation of martensite.

It is important to note that the amounts of post-shocked marten-
site in Figs. 18 and 19 have been normalized, assuming the initial
microstructure of 304L stainless steel to have no martensite
present. This normalization is required, as there is error introduced
by the preferred orientation of the (111) planes. This alignment is
most likely brought about when the metal is rolled into sheet form
before being formed into pipes. Combining and averaging the in-
tensities of many peaks and then applying the internal standard
method (25) can reduce, but never eliminate, this error. Although
the error involved in these calculations essentially renders this
technique qualitative in this study, the trend shown is true. There is
an increase in volume percent martensite with the increase in both

FIG. 17—Local recrystallization seen in an A53 fragment after the det-
onation of Composition C4.

TABLE 6—The pairs of test fragments that did not show a statistically
significant difference in their mean microhardness using

Duncan’s multiple range test.

A53 Galvanized 304L Stainless 6061-T6
Steel Steel Aluminum

Smokeless/TNT Detasheet/Smokeless Smokeless/Black
Powder

Detasheet/Dynamite Detasheet/C4 Black Powder/TNT
Detasheet/ANFO C4/Smokeless TNT/ANFO
Jet A/Reference Dynamite/ANFO Detasheet/Dynamite

Dynamite/Black
Powder

Black Powder/ANFO
Black Powder/TNT
TNT/ANFO



detonation velocity and pressure, and it is immediate. The exact de-
gree of transformation, though, is not known.

The detasheet test showed a tremendous amount of post-blast
martensite. This may be due to a manufacturing defect, such as a
poor anneal after forming, or forming which did not result in re-
crystallization in the initial microstructure. If this pipe were poorly
formed, the result would be more preferred orientation in the initial
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FIG. 19—Volume percent martensite in the 304L stainless steel microstructure as a function of pressure generated by a shock.

FIG. 18—Volume percent martensite in the 304L stainless steel microstructure as a function of detonation velocity.

microstructure, which would further distort the results of the quan-
titative analysis.

Conclusions

The following trends were observed:

• Material microstructures showed increasing amounts of defor-
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mation to the point of localized recrystallization in the alu-
minum and galvanized steel as the detonation velocity and
generated pressure increased.

• The hardness of the materials studied increased immediately at
low detonation velocities and pressures, exhibited a plateau
over the medium detonation velocity and pressure range, and,
in the case of aluminum, was shown to decrease as more pow-
erful explosive fills were used.

• The amount of shock-induced martensite seen in 304L showed
a similar response to shock as did the hardness. The amount of
martensite increased at low detonation velocities and pres-
sures, then appeared to level out as the detonation velocity and
pressure continued to increase.

While this technique is essentially qualitative, with further study
these methods could be used to give a range of detonation velocities
and pressures of an explosive fill used in a pipe bomb, which could
be very useful as a screening process for chemical examinations.
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