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The dynamic densification behavior of nanoiron powder ��25 nm particle size� prepressed to
�35% and �45% of solid density was determined based on measurements of shock input stress and
wave velocity by using piezoelectric stress gauges. The experimentally determined shock
densification response is observed to be sensitive to the initial density �or porosity� of prepressed
nanoiron powder compacts. Hugoniot measurements show an obvious densification-distension
transition at �2 GPa for the �35% dense and �6 GPa for the �45% dense powder compacts. The
densification and shock compression responses of the nanoiron powders are also calculated by using
isobaric and isochoric models. Correlations of the model calculations with the measured data
indicate that the shock Hugoniot of nanoiron powders cannot be correctly described by the currently
available analytical models that are otherwise capable of predicting the Hugoniot of highly porous
materials �prepressed compacts� of micron-sized powders. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2908209�

I. INTRODUCTION

The shock compression �Hugoniot� behavior of dis-
tended materials �e.g., porous media and powder compacts�
is of significant interest due to their shock dissipation prop-
erties in engineering applications,1 as an approach for fabri-
cating bulk materials via consolidation of powders,2,3 and for
developing a complete equation of state �EOS� over a wide
range of state variables.4 The densification response of nano-
sized powder particles is of even greater interest for ener-
getic or other applications since the effects of their high sur-
face area can make it challenging to attain interparticle
bonding, and the internal energy of the system can be domi-
nated by the large surface energy contribution of the nano-
sized powder particles.5 The shock compression behavior or
Hugoniot �loci of final shock states� of nanosized powder
particles has not been experimentally measured. Obviously,
it is also not always practical to measure the shock Hugoniot
for powders or distended materials of wide range of porosi-
ties. Thus, several analytical methods, such as those pro-
posed by McQueen et al.,6 Simon–Legner,7 Oh–Persson,8

Dijken–De Hosson,9 Wu–Jing,10 and Viljoen et al.,11 have
been developed to predict the Hugoniot of distended materi-
als or powder compacts of various densities.

Most analytical models predict the porous response
mainly based on the known shock Hugoniot of the corre-
sponding solid material. The approaches utilized in these
analytical models can be roughly classified into two types:
�a� isochoric approach such as that used in the model of
McQueen et al.,6 in which the pressure at any specific vol-
ume is obtained from its solid Hugoniot via the Grüneisen
EOS, and �b� isobaric approach such as that used in Wu–
Jing’s model,10 in which the specific volume at any given

pressure is acquired from its solid Hugoniot via the Wu–Jing
EOS.10 Models based on the isochoric conditions cannot be
used to evaluate the Hugoniot in the incomplete �partial�
compaction region, while those based on the isobaric condi-
tions can be employed to describe the shock compression or
densification response of distended materials with different
initial porosities in both complete and incomplete compac-
tion regions. The P-� �Refs. 12 and 13� and the P-� �Refs.
14 and 15� models are also based on the isobaric approach
but are not capable of predicting the shock Hugoniot, al-
though these models can describe or fit experimental data.

The models of McQueen et al. and Wu–Jing, which are,
respectively, representative of isochoric and isobaric ap-
proaches based models, are capable of predicting the Hugo-
niot of distended materials.6,10,11 Both models, however, ne-
glect the difference in specific internal energy between the
distended material and the corresponding polycrystalline
solid at identical pressure or specific volume. Hence, it is
uncertain if the two models can still be applicable for pre-
dicting the Hugoniot of prepressed nanopowder compacts,
which have a large specific surface energy contribution rela-
tive to the specific internal energy. There exist no Hugoniot
data for nanosized powder compacts available for model
validation.

In this paper, we briefly review the models of McQueen
et al. and Wu–Jing and show the decreasing accuracy of both
models in predicting the Hugoniot of highly porous solids �or
powder compacts� by comparing those with experimental
data available from literature. Then, we describe the results
of measurements of the shock Hugoniots of nanoiron
��20 nm average size� powder prepressed to �35% and
�45% of solid density �o �also known as theoretical maxi-
mum density �TMD�� and compare those to the predicted
results from calculations performed by using the models of
McQueen et al. and Wu–Jing.

a�Author to whom correspondence should be addressed. Electronic mail:
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II. REPRESENTATIVE MODELS FOR PREDICTING
POROUS HUGONIOT

A. The isochoric model of McQueen et al.

By utilizing the Hugoniot for a solid of identical compo-
sition as the reference, the pressure �PH� � of a specified dis-
tended material at any given specific volume �V� illustrated
in Fig. 1, can be obtained by means of the Grüneisen EOS
expressed as

PH� = � 1 − ��/V��V0 − V�/2
1 − ��/V��V00 − V�/2�PH +

��/V��E00 − E0�
1 − ��/V��V00 − V�/2

,

�1�

where PH is the shock pressure at H under V=VH=V�H, V00

�=1 /�00� and V0 �=1 /�0� are the initial specific volumes of
the distended material and the solid, respectively, E00 and E0

are the specific internal energies of the distended material
and the solid at ambient conditions, and � is the Grüneisen
parameter under shock compression. In the derivation of Eq.
�1�, the value of Grüneisen parameter � at isochoric condi-
tions is assumed to be identical for the distended material
and the solid. If the approximation E00�E0 is considered,
then Eq. �1� reduces to the expression of McQueen et al.,6

PH� = � 1 − ��/V��V0 − V�/2
1 − ��/V��V00 − V�/2�PH. �2�

Given any shock pressure PH, one can determine a corre-
sponding PH� at V=VH�=VH on the porous Hugoniot by using
Eq. �2�. The corresponding shock wave velocity D� and par-
ticle velocity u� of the distended material can also be deter-
mined by using

D� = V00
	PH� /�V00 − V� , �3�

u� = 	PH� �V00 − V� . �4�

Equation �2� requires that �� /V��V00−V� /2�1, namely,
V /V00�1 / �1+2 /��, implying that it is not possible to com-
press the distended material to the specific volume of
V00 / �1+2 /��. Furthermore, Eqs. �2�–�4� require

1 − ��/V��V0 − V�/2 � 0,

1 − ��/V��V00 − V�/2 � 0,

V00 − V � 0 �5a�

or

1 − ��/V��V0 − V�/2 � 0,

1 − ��/V��V00 − V�/2 � 0,

V00 − V � 0. �5b�

Equation �5a� and �5b� constrains V00 / �1+2 /���V�V00 or
V�V0 / �1+2 /��. Actually, the shock states in the range of
V�V0 / �1+2 /�� are not always reached in Hugoniot experi-
ments of distended materials. Thus, Eq. �2� is usually used to
predict the porous Hugoniot in the range of V00 / �1+2 /��
�V�V00 or �00����00�1+2 /��. Accordingly, the method
of McQueen et al. is sufficient only with initial density
�00�0 / �1+2 /�0� or porosity �0�1+2 /�0 �where the poros-
ity �0=V00 /V0=�0 /�00 and �0 is the Grüneisen constant at
ambient conditions�. In fact, an abnormal Hugoniot is ob-
tained as �00��0 / �1+2 /�0�, in which case the specific vol-
ume increases with increasing pressure.16 Experimental data
for porous materials with low porosity are found to be in
good agreement with predicted results6,17 by using the
method of McQueen et al., suggesting that the approxima-
tions in this model are basically reasonable and reliable in
the case of porosity �0�1+2 /�0.

B. Wu–Jing’s isobaric model

By employing the solid Hugoniot and 0 K isotherms of
the solid and porous materials as the references, the specific
volume �VH� � at any given pressure �P� illustrated in Fig. 2

FIG. 1. Schematic illustrating the porous and solid Hugoniots on the P−V
plane. H and H� are the points on the solid Hugoniot �P−V0� and porous
Hugoniot �P�−V00�, respectively. The HEL or strength of the porous mate-
rial and solid is neglected.

FIG. 2. Schematic illustrating the 0 K isotherm and Hugoniot of the porous
material and the corresponding solid. C� and C, respectively, denote the
point on the 0 K isotherms of the porous material and solid; H� and H
represent the point on the Hugoniots of the porous material and solid, re-
spectively; PC and VC, PC� and VC� , PH and VH, and PH� and VH� are, respec-
tively, the pressure and specific volume at C, C�, H, and H�; V00 and V0 are,
respectively, the initial specific volume of the porous material and solid;
V0 K and V0 K� are, respectively, the initial specific volume on the 0 K iso-
therm, PC= PC� = PH= PH� = P. The HEL of the porous and solid Hugoniots or
material strength is neglected.
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can be expressed as10

VH� =
�1 − R/2�VH

1 − �R/2��1 − PE/P�

+
�R/2��VE − V0 + PEV00/P + 2�1 − R��VC� − VC�/R�

1 − �R/2��1 − PE/P�
,

�6�

where VH is the specific volume on the solid Hugoniot at
P= PH, PE and VE are the pressure and specific volume at the
Hugoniot elastic limit �HEL� of the porous material, respec-
tively, V00 and V0 are the initial specific volumes of the po-
rous material and the solid, respectively, VC� and VC are the
specific volumes on the 0 K isotherm of the porous material
and the solid, respectively, the R is a pressure-dependent
parameter described by10

R = P��V/�H�P = �P/CP���V/�T�P = P�/KS, �7�

where CP, �, and KS are the constant-pressure heat capacity,
Grüneisen parameter, and bulk modulus at high pressure, re-
spectively. R is treated as a parameter with the same value
for both the solid and porous materials under isobaric condi-
tion. In the derivation of Eq. �6�, the specific internal energy
is also assumed to be the same for both the porous material
and the solid under isobaric conditions.10

The specific volume �VC� on the 0 K isotherm of solid at
PC= PH is obtained in Wu–Jing’s method based on the Born–
Mayer potential18

PC = Q�V0 K/VC�2/3�exp
q�1 − �V0 K/VC�−1/3��

− �V0 K/VC�2/3� , �8�

where Q and q are two material constants that can be deter-
mined from the known solid Hugoniot and V0 K is the initial
specific volume of the solid at 0 K. To determine the VC� on
the 0 K isotherm of the porous material at isobaric condi-
tions, Wu and Jing10 introduced a parameter �C=V�C /VC,
which is approximately described by using the simplified
Carroll–Holt model,13

�C � �0 for 0 � P � Pcrit,

�C � 1/�1 − exp�− 3P/2Y�� for P � Pcrit, �9�

where �0=V00 /V0 and Y and Pcrit are the strength of the
matrix material and the elastic critical pressure of porous
material respectively. Generally, the values for PE and Y for
the porous material are lower than the shock load. If the
shock load is high enough, we have V�C→VC, PE / P→0,
and VE�V00. Hence, in the case of intense shock loading,
Eq. �6� reduces to

VH� = VH +
�R/2��V00 − V0�

1 − R/2
. �10�

Equation �10� requires that R�2. Actually, R�
1
2 for typical

metals or alloys in the pressure range of a few hundreds of
gigapascals.10

C. Model calculations

By using the methods of McQueen et al. and Wu–Jing,
methods, we calculated the Hugoniot of three representative
metals �2024 aluminum, copper, and iron� for which the ex-
perimentally determined Hugoniot for various densities was
available in the literature.19 The calculated results were com-
pared to the available experimental data to determine the
applicability of the models as a function of decreasing den-
sity. The values of relevant parameters19–23 used in model
calculations are given in Table I. The empirical
parametrization6 of ����0�0 was used for both model cal-
culations. The difference in results from the Wu–Jing model
calculations using Eqs. �6� and �10� is very slight and even
unidentified in the complete compaction region for these po-
rous metals �all the experimental data19 for model validations
are located in the complete compaction region�, which indi-
cated that Eq. �10� is a good approximation to Eq. �6� in the
complete compaction region.

The predicted D-u, P-u, and P−V /V00 Hugoniots for
porous 2024 Al of �0�1.25 ��00=79.8% TMD� and �0

�1.68 ��00=59.6% TMD� correlated with the available ex-
perimental data19 are shown in Fig. 3. It is seen that the
predicted Hugoniot for porous 2024 Al of �0�1.25 using
either the the method of McQueen et al. or Wu–Jing’s is

TABLE I. Solid Hugoniot data and relevant parameters used in model calculations for predicting porous
Hugoniots. The parameters include �0 as the solid or theoretical density, V0 K as the initial specific volume of
solid at 0 K, C0 as the bulk sound velocity, and Q and q as the constants for the Born–Mayer potential �Eq. �8��
directly determined from the solid Hugoniot; likewise, Y is a constant corresponding to the strength of the
matrix material �Eq. �9��.

Materials
�0

�g /cm3�
V0 K

�cm3 /g�
C0

�km/s� �0
a

Q
�GPa� q

Yb

�GPa�

2024 Al 2.785a 0.35218c 5.328a 2.0 37.890c 8.419c 0.2
Cu 8.93d 0.11050e 3.933d 1.96 59.717e 9.889e 0.1
Fe 7.85f 0.12563e 3.935f 1.69 39.960e 11.280e 0.5

aSee Ref. 19.
bReference 20.
cSee Ref. 10.
dSee Ref. 21.
eReference 22.
fReference 23.
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consistent with the experimental data, and the consistency
decreases to a certain degree as the porosity increases to
�0�1.68.

The predicted Hugoniots of porous Cu with �0�1.22
�81.9% TMD�, �0�1.56 �64.3% TMD�, �0�1.98 �50.5%
TMD�, and �0�2.97 �33.7% TMD� are plotted in Fig. 4 in

comparison to the available experimental data.19 It is obvious
that the method of McQueen et al. does not predict the po-
rous Hugoniot as �0�1+2 /�0 ��2.02 for porous Cu�. The
predicted P−V /V00 Hugoniot for porous Cu of �0�1.98 us-
ing the McQueen et al. method is almost a vertical line since

FIG. 3. Calculated Hugoniot for porous 2024 Al compared to available
experimental data �Ref. 19�. �a� D-u, �b� P-u, and �c� P−V /V00.

FIG. 4. Calculated Hugoniot for porous copper compared to available ex-
perimental data �Ref. 19�. �a� D-u, �b� P-u, and �c� P−V /V00.
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the initial porosity almost reaches the critical value of poros-
ity �1+2 /�0�2.02�. On the other hand, the predicted Hugo-
niot for porous Cu of �0�2.97 using Wu–Jing’s method is
approximately consistent with available experimental data
within the uncertainty of measurements. The comparison il-
lustrates that the Wu–Jing model is still capable of predicting
the Hugoniot for porous Cu of �0�2.97 over the critical
value of porosity.

The predicted Hugoniots for porous Fe of �0�1.13
�88.8% TMD�, �0�1.31 �76.2% TMD�, �0�1.66 �60.4%
TMD�, and �0�2.33 �42.9% TMD� are given in Fig. 5,
along with the available experimental data.19 It is observed
that the predicted results using both the methods of Mc-
Queen et al. and the Wu–Jing are consistent with available
experimental data for porous Fe of �0�1.13 and �0�1.31.
However, there exists obvious deviation of predicted results
from the experimental data as �0 increases to 1.66 �60.4%
TMD� and 2.33 �42.9% TMD�, indicating that the accuracy
of predicted Hugoniots decreases with increasing porosity.

The assumptions in the model of McQueen et al. mainly
include the following: �a� the specific internal energy at ini-
tial conditions is identical for both the porous material and
the solid and �b� the Grüneisen parameter � has the same
value for the porous material and solid at identical specific
volume. Similarly, the assumptions in the Wu–Jing model
principally include the following: �a� the specific internal
energy is the same for both the porous material and the solid
at identical pressure and �b� the pressure-dependent param-
eter R associated with the Grüneisen parameter � is identical
in value for the porous material and the solid at the same
pressure. Hence, for powder compacts of nanoscale �tens to a
few nanometers� particles, neglecting the difference in the
specific internal energy between the nanoparticles and the
solid can potentially result in large deviation between the
predicted results and the real case because nanoparticles pos-
sess a much larger specific surface energy, which can more
significantly influence the specific internal energy, relative to
that for the micron-sized powders. In addition, neglecting the
difference in the Grüneisen parameter � under isochoric con-
ditions can also potentially result in a large deviation because
the lattice vibrations in nanoparticles associated with the
Grüneisen parameter � are influenced to a certain degree by
the interfaces of nanoparticles �size effect�.24 The compari-
son of the predicted Hugoniots for porous 2024 Al, Cu, and
Fe with the available experimental data clearly show that the
deviation of predicted results with experimental data are gen-
erally increasing with increasing porosity, which is linked to
the effects of the specific internal energy and other thermo-
dynamic properties. In more recent works,25,26 the Wu–Jing
model12 has been extended by the authors to incorporate
thermal pressure of electrons and correlate the calculated
Hugoniot of highly porous metals including tungsten, copper,
iron, lead, and aluminum, with experimental data available in
the Russian literature. While good overall agreement has
been demonstrated, the model still neglects the thermal pres-
sure contribution from the lattice, which can be quite signifi-
cant in the case of shock densification of nanoparticles.

III. HUGONIOT EXPERIMENTS ON NANOIRON
POWDER COMPACT

The Hugoniot of the nano-Fe powder compact was mea-
sured by using polyvinylidene fluoride �PVDF� piezoelectric
stress gauges. Commercially available nanosized powder of

FIG. 5. Calculated Hugoniot for porous iron compared to available experi-
mental data �Ref. 19�. �a� D-u, �b� P-u, and �c� P−V /V00.
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�25 nm Fe particles was obtained from Nanostructured &
Amorphous Materials, Inc. Figure 6 shows the morphology
�a� and x-ray diffraction pattern �b� of the nano-Fe particles,
which have a peak size distribution of �25 nm and a TMD
of �7.85 g /cm3. Hugoniot measurements were performed
on the nanoiron powders prepressed to �35% TMD ��0

�2.86� and �45% TMD ��0�2.22�. For the �35% TMD
compact ��50.8 mm in diameter, thickness slightly varied
for different shots, see Table II�, the nano-Fe powder was
directly pressed against a copper driver plate and ring assem-
bly. For �45% TMD compact ��31.8 mm in diameter,
thickness slightly varied for different shots, see Table II�, the
nano-Fe powder was pressed in a steel punch-and-die set to
the desired density and then placed in the copper driver plate
and ring assembly. Each powder compact was backed by a
disk of polymethyl methacrylate �PMMA� ��16.9 mm in
height�. The packing and pressing of the powders were per-
formed in argon gas to prevent contamination of the Fe nano-
particles. Commercially acquired PVDF piezoelectric stress

gauges27 �S25�09 shock gauges of a 3	3 mm2 element ob-
tained from Ktech Corporation� were embedded, respec-
tively, between the Cu driver and the powder compact inter-
face to measure the input stress and between the powder and
PMMA backer to measure the propagated stress. The assem-
bly is shown schematically in Fig. 7. The input and propa-
gated gauges sandwiching the sample of known thickness
also allowed a measurement of the shock wave velocity in
the nanopowder compact based on the shock travel time be-
tween the two gauges.

The PVDF gauge packages consisting of an insulating
film of Teflon ��25 
m thick� on both sides of an �25 
m
thick PVDF element were epoxy mounted with a bond thick-
ness of 2–4 
m. Aluminum deposition of �150 nm on the
powder compact sides of the gauge package was utilized to
prevent pyroelectric effects from affecting the gauge re-
sponse during shock loading. The projectile velocity was
measured by using four in-line shorting pins. The piezoelec-
tric stress gauge was connected to a current viewing resistor
and recorded on a digital oscilloscope with a sampling rate
of 1 GHz. The PVDF gauges provided a current-time profile
of 1 ns resolution, which was then numerically integrated to
obtain the stress-time trace. The 80 mm diameter single-
stage light-gas gun at Georgia Tech was utilized for perform-
ing the shock experiments. Copper ��57 mm diameter and
�9.5 mm thickness� or tungsten heavy alloy �WHA,
�57 mm diameter and �5.2 mm thick� was used as the flyer
plate to acquire the desired shock stress in the sample. The
details of the experimental procedures, measurement
method, and data analysis are described in more detail
elsewhere.28

IV. RESULTS AND DISCUSSION

A series of 12 impact experiments �6 each for �35%
TMD and �45% TMD compacts� were performed on
nano-Fe powders, in which the shock input and propagated
stress history and the shock wave propagation velocity were
measured. Figure 8 shows input and propagated stress traces
on the same plot for representative Hugoniot experiments
performed on �a� �35% TMD and �b� �45% TMD nano-Fe
powder compacts. For the �35% TMD powder compact
�shot 0661�, the input stress trace shown in Fig. 8�a� reveals
a second-step plateau due to reshock or recompression to
higher stress, indicating that this sample is of lower shock
impedance than the PMMA backer. For the �45% TMD
powder compact �shot 0732�, the input stress shown in Fig.
8�b� reveals a release in stress following the shock duration,
indicating that this sample is of higher shock impedance rela-
tive to the PMMA backer at the loaded stress level.

The method for the determination of the equilibrated
�within 5–150 ns� input and propagated stresses and shock
velocity, consistent with the approach employed in previous
studies,29–32 is illustrated in Fig. 9, which provides an ex-
ample of the voltage and stress traces recorded by the corre-
sponding ��a� and �b�� input gauge and ��c� and �d�� propa-
gated gauge for shot 0661. As the forward-going shock wave
�Fig. 9�a�� travels through the input gauge package �with
�25 
m Teflon insulation film on each side� and into the

FIG. 6. Commercially available nanoiron powder used for Hugoniot experi-
ments. �a� Morphology of spherical nanoiron particles with peak size distri-
bution of �25 nm. �b� XRD pattern showing the characteristic peaks of iron
without any obvious impurity phases or oxide contaminants.
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powder compact, it reflects off this interface and re-enters the
input gauge package, producing reverberations on the re-
corded voltage trace for �130 ns �see Figs. 9�a� and 9�b��.
The reverberation time depends on the wave velocity, the
thickness of interface or gauge package, and the difference in
shock impedance at both sides of the interface. Similarly, as
the forward-going shock wave propagates through the
compact/PMMA interface, a weak reshock wave, resulting
from the slightly higher impedance of PMMA backer than

that of �35% TMD nano-Fe powder compact at the loaded
stress, is simultaneously reflected off the interface, which
recompresses the powder compact and produces reverbera-
tions on the recorded voltage trace for �80 ns �see Figs. 9�c�
and 9�d��. The input stress wave finally approaches the
propagated stress wave magnitude as the shock travels back
and forth through the powder compact between the Cu driver
and PMMA backer �see Fig. 8�a��. For the �35% TMD pow-
der compact, the reshock wave reflected off the PMMA
backer is steady with increasing shock loading �see Fig.
8�a��, and its magnitude approximately approaches that of
the propagated stress wave after a few wave reverberations,
suggesting that the moderate load used for pressing the pow-
der to �35% TMD does not necessarily influence the subse-
quent dynamic shock loading response of the input gauge.
However, in the case of the Hugoniot experiments performed
on the �45% TMD nano-Fe powder compact, the higher
load needed for pressing powder can influence and poten-
tially damage the subsequent shock response of the input
gauge if the powder is directly pressed into the Cu driver and
ring assembly with the input gauge already epoxy mounted
onto the driver plate. Thus, we pressed the powder by using

TABLE II. Data obtained from Hugoniot experiments for the �25 nm Fe powder compacts of �35% TMD and �45% TMD. �00, initial density of compact;
�h, compact thickness; W, impact velocity; �x,input, input stress; �x,prop, propagated stress; �t, transit time; D, shock wave velocity; u, particle velocity; �,
shock-compressive density, V=1 /�; V0, initial specific volumes of Fe solid. Uncertainties are the standard deviations.

Shot
No.

�00

�g /cm3�
�h

�mm�
W

�m/s�
�x,input

�GPa�
�x,prop

�GPa�
�t

�
s�
D

�km/s�
u

�km/s�
�

�g /cm3� V /V0

0655 2.760
0.032

2.062
0.012

780
�Cu�a

2.5
0.1

b 1.570
0.018

1.313
0.017

0.690
0.030

5.816
0.301

1.350
0.070

0661 2.758
0.031

2.294
0.013

947
�Cu�

3.0
0.1

3.7
0.1

1.571
0.010

1.460
0.012

0.745
0.027

5.630
0.227

1.394
0.056

0662 2.762
0.029

2.350
0.015

1018
�WHA�

4.2
0.2

b 1.309
0.006

1.795
0.014

0.847
0.042

5.230
0.240

1.501
0.069

0663 2.756
0.032

2.197
0.011

708
�Cu�

2.1
0.1

2.6
0.1

1.867
0.023

1.177
0.016

0.648
0.033

6.128
0.400

1.281
0.084

0671 2.748
0.035

2.491
0.016
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�Cu�

1.1
0.1

1.6
0.1

2.432
0.010

1.024
0.008

0.391
0.036

4.443
0.260

1.767
0.103

0672 2.729
0.047

2.400
0.020

621
�Cu�

1.4
0.1

1.9
0.1

2.171
0.016

1.105
0.012

0.464
0.034

4.703
0.268

1.669
0.095

0702 3.534
0.043

1.278
0.019

729
�Cu�

2.85
0.2

2.65
0.1

0.849
0.015

1.505
0.035

0.536
0.040

5.489
0.247

1.430
0.064

0732 3.568
0.052

1.753
0.052

741
�Cu�

2.95
0.2

2.6
0.1

1.170
0.032

1.498
0.060

0.552
0.044

5.650
0.307

1.389
0.075

0733 3.540
0.045

1.775
0.043

918
�Cu�

4.1
0.3

3.8
0.1

1.105
0.029

1.606
0.057

0.721
0.059

6.242
0.464

1.222
0.091

0737 3.496
0.047

1.039
0.032

1046
�Cu�

6.2
0.4

4.2
0.2

0.570
0.026

1.823
0.100

0.973
0.084

7.498
0.881

1.047
0.123

0738 3.514
0.044

1.412
0.041

1061
�WHA�

8.5
0.5

5.5
0.2

0.595
0.020

2.373
0.105

1.019
0.076

6.159
0.410

1.275
0.085

0742 3.543
0.057

1.351
0.039

947
�WHA�

7.3
0.3

5.1
0.2

0.609
0.028

2.135
0.116

0.965
0.068

6.465
0.484

1.214
0.091

aFlyer material.
bPropagated stress is unavailable due to the cutoff of stress trace.

FIG. 7. Schematic of experimental configuration for Hugoniot measure-
ments using piezoelectric stress gauges sandwiching prepressed powder
compact for recording the input and propagated stress profiles and shock
wave velocity.
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a steel punch-and-die set, and then placed the �45% TMD
nano-Fe powder compact onto the Cu-driver ring assembly
with the input stress gauge premounted onto the driver plate.
The presence of an unavoidable gap ��90 
m� between the
powder compact and Cu driver resulted in the free surface
movement under shock loading and possible damage of the
input gauge to a certain degree during the drastic release
from peak shock pressure to ambient state. In all experiments
�except for shot 0702�, the �45% TMS prepressed nano-Fe
powder compact was epoxy bonded between the Cu driver
and the PMMA backer to avoid the presence of any air gap.
Again, as shown in Fig. 8�b�, the input gauge stress pulse
obtained for shot 0732 illustrates step loading with the pla-
teau at �2 GPa representing the stress in the thin epoxy
layer �consistent with calculations based on the measured
impact velocity� and the corresponding Hugoniot of Cu �im-
pactor and driver plates� and epoxy. The next stress plateau
then represents the actual stress amplitude in the powder
compact.

In general, as illustrated in Fig. 9, the input stress traces
have a short rise time, which is of the order tens of nanosec-
onds. The propagated gauge �backer� stress profiles in com-
pacts of �35% TMD have a slightly longer rise time than
those recorded by the input stress gauges due to dispersion
effects associated with wave propagation through the pow-
der. The propagated stress traces for the compacts of �45%
TMD, however, show a relatively longer rise time, again
possibly due to the epoxy bond between the powder compact
and the PMMA backer.

Table II lists the relevant data for each experiment per-
formed including the initial powder compact density ��00�,
compact thickness ��h�, and impact velocity �W�. The table
also includes data obtained from the measured stress gauge
records, the input stress ��x,input�, and propagated stress
��x,prop� determined based on the criteria described above.
The shock transit time ��t� through the powder thickness
��h� was calculated based on considering the time interval
between the arrival of the wave at the two gauge locations
�less time of travel through gauge package thickness�. The

FIG. 8. Measured representative stress profiles obtained by the respective
input and propagated gauges for �a� �35% TMD compact, shot 0661 and
�b� �45% TMD compact, shot 0732.

FIG. 9. Example of a typical voltage
and stress trace obtained from input
and propagated �backer� stress gauges
for shot 0661, illustrating the tech-
nique for determining equilibrated
stress values; �a� and �b� are, respec-
tively, the voltage and stress traces
from input stress gauge, and �c� and
�d� are, respectively, the voltage and
stress traces from propagated stress
gauge.
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shock propagation velocity �D� was determined by averaging
the transit time ��t� at three locations corresponding to
�10%, �50%, and �90% of maximum input and propa-
gated stress amplitudes. The maximal deviation in the aver-
age from the three transit times was regarded as the uncer-
tainty of �t. The overall method to evaluate uncertainty for
each measured value is described in more detail in the Ap-
pendix. The last three columns in Table II include particle
velocity �u�, shock-compressed state density ���, and relative
volume �V /V0�, which were calculated by considering the
jump conditions and the measured values of shock stress and
wave velocity. The particle velocity �u� was determined by
using u=�x / ��00D�,21 and the compressed-state density ���
was obtained by using �=�00D / �D−u�.21

The measured wave velocity D and input stress �x are,
respectively, plotted against the calculated particle velocity u
in Figs. 10�a� and 10�b�, respectively. As shown in Fig.
10�a�, the D-u line for �35% TMD nano-Fe compact con-
sists of two distinct segments;

D = 0.82 + 0.56u for � 0.35 km/s � u � � 0.65 km/s,

D = − 0.83 + 3.1u for � 0.65 km/s � u � � 0.9 km/s.

�11�

Likewise, for the �45% TMD nano-Fe compact, the two
segments include

D = 1.092 + 0.742u

for � 0.4 km/s � u � � 0.95 km/s

D = − 4.153 + 6.342u

for � 0.95 km/s � u � � 1.1 km/s. �12�

The stress corresponding to the transition of the two D�u�
linear segments is �2 GPa for �35% TMD and �6 GPa for
�45% TMD. The values of shock wave velocity extrapo-
lated to ambient pressure are �0.8 km /s for �35% TMD
compact and �1.1 km /s for �45% TMD compact, which
are very close to the measured sound speed values. The de-
viation of D�u� relation in the range of lower stresses from
that in the range of higher stresses is expected because the
D�u� relation at higher stresses will result in a negative in-
tercept �C0� on the D�u� plot, which approximately corre-
sponds to the bulk sound velocity and thus is physically
meaningless. The negative C0 and greater S �the slope on the
D�u� plot� in the range of higher stresses are possibly a result
of thermal effects or an inhomogeneous mode of deforma-
tion, such as strain localization along shear bands. Figure
10�b� shows a higher shock impedance for the �45% TMD
compact than that of the �35% TMD compact, as expected.

It should be noted that the extracted shock state quanti-
ties from the observed stress profiles are based on the jump
conditions.4,6 For the purpose of assessing the stability of the
shock wave propagating through the nano-Fe powder com-
pacts, we also calculated the D��x� curve based on the jump
conditions and compared it to �D ,�x� data sets directly mea-
sured in experiments. The “jump conditions”4,6 were used to
derive the following equation, which was employed to evalu-
ate shock wave velocity D at any given shock stress �x:

D = C0/2 + �C0
2 + 4S�xV00�1/2/2. �13�

The calculated D��x� data are displayed in Fig. 11, in com-
parison to the directly measured �D ,�x� data sets in experi-
ments. It is found that the calculated results based on the
jump conditions are consistent with the directly measured
data, implying that the observed shock state is quasisteady
and the use of the jump conditions is appropriate as an ap-
proximation for extracting other quantities from measured
stress traces for the �35% and �45% TMD nano-Fe powder
compacts.

The measured �x−V /V0 Hugoniot, together with the
quasistatic data for the �35% TMD and �45% TMD pre-
pressed powder compacts plotted in Fig. 12, shows an obvi-
ous transition in specific volume from compression to expan-
sion with increasing shock stress. The lower and upper
segments of both Hugoniots are calculated by using their
corresponding D�u� relations given in Eqs. �11� and �12�.
The two segments were smoothly connected for the continu-
ity of shock stress. We assume that the compaction wave in
the incomplete compaction region is in thermodynamic equi-

FIG. 10. Measured Hugoniot data for nano-Fe powder compacts of �35%
and �45% TMD: �a� plot of shock wave velocity �D� against particle ve-
locity �u� and �b� plot of shock stress against particle velocity �u�.
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librium and the strength of compact is negligible; the slope
of �x−V /V0 is of the same expression as that in the complete
compaction region,13 which can be expressed as

��dV/d��H� = �V00 − �1 + 2/��V�/�2Cp/��V� − �� , �14�

where V00 is the initial density of powder compact, � is the
Grüneisen parameter under shock compression, Cp is the
constant-pressure specific heat, and � is the bulk expansion
coefficient. By utilizing the condition of the existence of in-
flection, namely, ��dV /d��H�V=Vi

�=�i =0 �where subscript H de-
notes the derivative along the Hugoniot and �i and Vi are the
shock stress and specific volume at the inflection i, respec-
tively�, we have Vi /V0= �V00 /V0�� / ��+2�, which yields
Vi /V0�1.3 for �35% TMD nano-Fe and Vi /V0�1.02 for
�45% TMD ����0=1.69 for Fe �Ref. 17� in the range of
experimental stress�, which are in good agreement with the
experimental results within the uncertainty of measurements
�see Fig. 12�. The compression-expansion transition is
mainly attributed to the higher porosity of the starting pow-
der compact and compressional heating,20,21 associated with
void collapse. Figure 12 also shows that the measured Hugo-
niot drastically deviates from the quasistatic data even at
lower shock stresses, which is not unexpected due to the
difference in stress-loading rate and the higher strain-rate
sensitivity of bcc-Fe.

We calculated the Hugoniots of 35% ��0�2.86� and
45% TMD ��0�2.22� nano-Fe powder compact by using the
Wu–Jing method �the method of McQueen et al. is not ef-
fective for the high porosities of the compacts� and compared
it with the experimental results to examine the applicability
of this model for predicting the Hugoniot of nano-Fe powder.
We considered two cases in the model calculations: �a� ne-
glecting the powder strength �Eq. �10�� and �b� considering
the strength �Eq. �6��. For case �a�, Y and PE were assumed
to be negligible �Y �0 and PE�0�. For case �b�, Y was
treated as the strength of nanoparticle grains and PE was
obtained from the measured input stress traces. The calcu-
lated �x−V /V00 curves are shown in Fig. 13, indicating that
the calculated Hugoniot for both cases using the Wu–Jing
approach is not consistent with the measured data. The prin-
cipal cause for the ineffectiveness of the Wu–Jing method is
most possibly the neglect of the characteristic properties of

FIG. 11. Plot of measured shock wave velocity �D� against measured shock
stress for �25 nm Fe compacts of �35% and �45% TMD.

FIG. 12. Plot of measured shock stress vs relative specific volume �V /V0�
for the �25 nm Fe powder compact together with quasistatic data: �a�
�35% TMD compact and �b� �45% TMD compact.

FIG. 13. Comparison of experimental data to results from model calcula-
tions using the Wu–Jing method.
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Fe nanoparticles, in particular, the contribution of the very
large specific surface energy associated with the internal en-
ergy of the system.24 The applicability of the Wu–Jing
method for predicting the Hugoniot nanopowder compact
can possibly be improved by incorporating the difference in
internal energy between the powder compact and the solid,
and the size effect of nanoparticles on lattice vibrations as
they relate to the Grüneisen parameter. The experimental
data obtained in this work are particularly valuable for prob-
ing the shock densification of Fe nanopowder, for validating
the models for nanopowder Hugoniot prediction, and for
modeling the complete EOS of iron over a relatively wide
range of initial density and temperature.

V. SUMMARY

We have reviewed two representative models of isoch-
oric �McQueen et al.� and isobaric �Wu–Jing� approaches for
predicting the Hugoniot of highly porous materials �low-
density powder compacts� and showed the decreasing accu-
racy of the two models in predicting the Hugoniot with in-
creasing porosity by comparing the predicted results with
available experimental data. The method of McQueen et al.
becomes insufficient as the porosity of porous materials in-
creases to the critical porosity of 1+2 /�0, whereas the Wu–
Jing method is still effective as the porosity is over the criti-
cal value. We have also measured the Hugoniots for �25 nm
Fe powder compacts of �35% TMD and �45% TMD by
using piezoelectric stress gauges. The experimental data
show that the Hugoniot of both highly porous solids �powder
compacts� consists of two segments with a densification-
distension transition occurring at �2 GPa for �35% TMD
compact and �6 GPa for �45% TMD compact. The experi-
mental data also show a higher shock impedance of �45%
TMD compact than that of �35% TMD. Comparison of
model predictions with experimental measurements shows
that the nano-Fe powder Hugoniot cannot be predicted by
using the Wu–Jing method, which is otherwise capable of
predicting the Hugoniot of highly porous materials �or low-
density compacts� of micron-sized powders.
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APPENDIX: HUGONIOT DATA UNCERTAINTY
EVALUATIONS

1. UNCERTAINTY OF COMPACT DENSITY „��00…

The initial density of powder compact is calculated by
using

�00 = m/V , �A1�

where m and V are the mass and volume of the powder
compact, respectively. V is also expressed as

V = ��d/2�2�h , �A2�

where d and �h are the diameter and thickness of the powder
compact, respectively. Because m, d, and �h are indepen-
dently measured, the uncertainty of �00 can be expressed as

��00 =	 ��00

�m
�2

��m�2 +  ��00

�d
�2

��d�2 +  ��00

��h
�2

���h�2,

�A3a�

where �m, �d, and ��h are the uncertainties of m, d, and �h
measurements, respectively; ��00 /�m, ��00 /�d, and
��00 /��h are obtained from Eqs. �A1� and �A2� as follows:

��00

�m
=

1

V
=

1

��d/2�2�h
, �A3b�

��00

�d
= −

m

��d/2�3�h
, �A3c�

��00

��h
= −

m

��d/2�2��h�2 . �A3d�

Inserting Eqs. �A3b� and �A3c� into Eq. �A3a� yields

��00

�00
=	�m

m
�2

+ 2�d

d
�2

+ ��h

�h
�2

. �A4�

2. UNCERTAINTY OF SHOCK WAVE VELOCITY
„�D…

The shock wave velocity is determined by using

D = �h/�t , �A5�

where �h and �t are the compact thickness and shock wave
propagation time through the compact, respectively. Since
the �h and �t are independently measured, the uncertainty
of D can be expressed as

�D =	 �D

��h
�2

���h�2 +  �D

��t
�2

���t�2, �A6a�

where ��h and ��t are the uncertainties of �h and �t mea-
surements, respectively. Similarly, �D /��h and �D /��t are
derived from Eq. �A5� as follows:

�D

��h
= 1/�t , �A6b�

�D

��t
= − �h/��t�2. �A6c�

By substituting Eqs. �A6b� and �A6c� into Eq. �6�, we have

�D

D
=	��h

�h
�2

+ ��t

�t
�2

. �A7�

3. UNCERTAINTY OF PARTICLE VELOCITY
„�U…

The particle velocity is calculated by using
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u = �x/�00D , �A8�

where �x is the measured shock stress. Because �x, �00, and
D are independently measured, the uncertainty of u can be
expressed as

�u =	 �u

��x
�2

���x�2 +  �u

��00
�2

���00�2 +  �u

�D
�2

��D�2,

�A9�

where ��x, ��00, and �D are uncertainties of �x, �00, and D
measurements, respectively. Similarly, by inserting the ex-
pressions of �u /��x, �u /��00, and �u /�D, obtained from Eq.
�A8� into Eq. �A9�, we have

�u

u
=	��x

�x
�2

+ ��00

�00
�2

+ �D

D
�2

. �A10�

4. UNCERTAINTY OF SHOCK-COMPRESSED STATE
DENSITY „��…

The shock-compressed state density is calculated by us-
ing

� = �00D/�D − u� . �A11�

The uncertainty in u can be approximately expressed as

�� �	 ��

��00
�2

���00�2 +  ��

�D
�2

��D�2 +  ��

�u
�2

��u�2.

�A12�

Similarly, by substituting the expressions of �� /��00, �� /�D,
and �� /�u obtained from Eq. �A11� into Eq. �A12�, we ac-
quire

��

�
�	��00

�00
�2

+ � u

D
� �D

D − u
��2

+  �u

D − u
�2

.

�A13�

5. UNCERTAINTY OF SPECIFIC VOLUME UNDER
SHOCK COMPRESSION „�V…

The specific volume �V� at shock pressure is related to �
by V=1 /�. Thus, the uncertainty of V can be expressed as

�V =	 �V

��
�2

����2 = � �V

��
��� =

��

�2 , �A14�

from which we have

�V

V
=

��

�
. �A15�

6. UNCERTAINTY OF RELATIVE SPECIFIC VOLUME
„��=V /V0…

By definition, �=V /V0 �where V0 is the initial specific
volume of polycrystalline solid�. We assume that the uncer-
tainty of V0 is negligible and, thus, the uncertainty of � is
approximately expressed as

�� =	 ��

�V
�2

��V�2 = � ��

�V
�V� =

�V

V0
. �A16�

The relative uncertainty of � is

��

�
=

�V

V
=

��

�
. �A17�
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