Dynamic compression of an Fe—Cr—Ni alloy to 80 GPa
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Wave profiles were measured in an Fe—Cr—Ni al(stainless steel 304shock compressed to
Hugoniot stresses between 7 and 80 GPa. A single-stage propellant gun was used to generate shock
states and time histories were recorded by velocity interferometry. The particle velocity
measurements are generally consistent with impedance match calculatian2%o Unloading

wave velocities were obtained from analysis of the release wave profiles. Using Eulerian finite strain
theory and under the assumption of fully elastic initial release, the first and second pressure
derivatives of the longitudinal modulus are given by:(@.9) and —0.160.06 GPa !, where the
numbers in parentheses are one standard deviation uncertainties. The first and second pressure
derivatives of the adiabatic bulk modulus are:(6.8) and—0.170.08 GPa . The unloading wave
velocities are generally consistent with extrapolated trends from low-pressure ultrasonic data as well
as with higher stress shock measurements on an alloy of similar composition. From 1 bar to 80 GPa,
Poisson'’s ratioy, increases with Hugoniot stress,(in GPa, according to the relation:=0.29 +

0.0008r. The Hugoniot elastic limit of 304 steel was found to be Q0352 GPa, and the initial

yield stress is 0.2D.07) GPa. The elastic precursor velocity was (6.8 km/s. Numerical
simulations of the wave profiles using a constitutive model that incorporates a Bauschinger effect
and stress relaxation reproduced the main features observed in the profiles. Release adiabats were
also calculated from the measured wave profiles. The shear stress at unloading was determined to
vary with stress according to the relationy+7,=0.149+0.018r, where o is given in GPa.
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I. INTRODUCTION tion of state(EOS has been determined to 190 GPand
shock temperatures have been measured between 138 and

The elastic properties of Fe and Fe alloys at high pres271 GP&3

sure are important for understanding the seismic properties

of the _Earth’s core. While the core is known to be domi-”_ EXPERIMENTAL TECHNIQUE

nantly iron on the basis of density data and cosmochemical

arguments, a number of possible alloying elements hav&- Samples

been proposed. Measurement of elastic wave velocities in  The chemical composition of the Fe—Cr—Ni alloy was

iron alloys offers a means to place constraints on the naturgetermined by electron microprobe analysis and is listed in
and amount of such components. Comparing laboratory datpaple | together with the compositions reported in other
to seismic data under core conditions requires large and uUrstydies using this material. Samples were machined into 32-
certain extrapolations in pressure and temperature. It is thergnm-diam disks from commercial steel rods. The end faces
fore important to delineate the separate pressure and temyere lapped flat and parallel to better than 0.01 mm. Bulk
perature variation of wave velocities. and crystal densities were measured by weighing the samples
In this study, wave profiles are reported for an Fe—in ajr and toluene under controlled temperature conditions.
Cr—Ni alloy (304 stainless steeshock compressed to 80 The average crystal density was 7.880.01 g/cn, in good
GPa. Elastic properties were determined from the interfacggreemem with the x-ray density of 7.89 gfciihe average
particle velocity histories measured using velocity interfer-pyik density was 7.870.01 g/cni, indicating minimal po-
ometry. Comparison of wave profile measurements to finitgosijty. The longitudinal sound velocity was measured ultra-
difference simulations provides information on constitutivesonica”y and found to be 5.250.03 km/s, in agreement
properties such as the yield stress, the shear stress changgnh a previous value of 5.760.02 km/s* The rear surface

upon unloading, and the Bauschinger effect. These propertigst each specimen was lapped to either a diffuse or specularly
provide insights into the details of the shock-compressioneflecting surface.

process, an understanding of which is necessary to relate
shock data to static data or geophysical measurements of trée
Earth’s interior. Stainless steel 304 has been the subject of a
number of shock-compression studies. The Hugoniot equat. Dynamic loading system

Experiments

The samples were shock-loaded using a 40 mm bore
dElectronic mail: duffy@geo.princeton.edu propellant gun. The experimental apparatus for achieving
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TABLE I. Chemical composition of stainless steel 304 samples in weight (a)

- . . . Projectile Pins
percentages. The analysis of the samples used in this study was via JEOL
Superprobe. %
%
[ ——> -
Element This study Ref. 1 Ref. 2 %/ [ —_|
Fe 69.7 68 69.3 ,l/ . .
cr 19.3 19 194 Foam Flyer Sample Window  Light to VISAR
Ni 8.2 10 9.1
Mn 13 2 -
b . < .
Si 0.4 1 0.7 () Projectie Pins
Total 98.9 100 98.5 % Z '/Z
/ fl — > % -
=
one-dimensional planar shock loading has been described in —

. ! N Foam Sample Buffer Window Lightto VISAR
detail elsewheré® A brief summary is included here. Pro-

jectiles are~100 g and consist of a lexan sabot with a vari- FiG. 1. (a) Forward- andb) reverse-impact arrangement for velocity inter-
able thickness, 32-mm-diam flyer plate, backed by &erometer experiments.

~ 3-mm-thick layer of 40 Ib/ft polyurethane foam. The flyer

plate materials used in this study were polymethyl methacry- . . . .

late (PMMA), 304 stainless steel, and tantalum. The equatiorﬁ’ler shift in reflected laser light, which creates interference
of state properties of the flyers, as well as those of otheffinges in a modified Michelson interferometer. In the SvI, a
materials used in these experiments, are listed in Table |d€lay time is introduced by routing a portion of reflected
Variable amounts of nitroglycerine-nitrocellulose propellantIIght thr_ough a Iong d_elay leg. To produce fringes in the
are used to accelerate the projectile dowa &m length of re_comblln_ed beam, it is necessary that the sgmple retain a
the gun barrel into an evacuated chamber containing the taf?irTor finish after shock wave passage. For this reason, SVI
get assembly. Impact velocities between 0.9 and 2.5 km/s afe<Periments were limited to stresses below 12 GPa.
achievable in this manner. Projectile velocity is determined N the VISAR, a small time delafl -2 n3 is introduced

to ~1%—2% precision using both double-exposure flash xI" ©N€ leg of the interferometer by means of fused silica

ray photography and time-interval counters triggered by:ylinders, _but the interferometer mirrors are positioned such
laser-beam interrupts. that the distance along both paths appears to be the same

from the point of view of the detector. This allows interfer-
ence fringes to be formed with a spatially incoherent source.
The VISAR we have constructed is similar to that originally

. The diagnostic technique used in this study was veloCityye s ribed by Ref. 12 except that it incorporates the push-pull
interferometry, which gives a time history of the motion of @ modification and data reduction scheme of Ref. 13

diffusely or specularly reflecting sample surface. Two types For both the VISAR and SVI, the relationship between

of mterferomlelters were used: the specular velocity interfers, ¢ .o velocity and the number of interference fringes can
ometer (SVI)™* and the velocity interferometer system for be expressed s

any reflector(VISAR)'2. Both interferometers work on the
same principle: motion of the target surface induces a Dop-  U(t—7/2)=kF(t), (1)

2. Interferometry

whereu is the surface velocity, is time, 7 is the delay time

TABLE II. Equation of state standards. Numbers in parentheses are on@f the interferometerk is the velocity per fringe constant,
standard deviation uncertaintigs, is the densityc, ands are shock wave and F is number of fringes recorded. For the VISAR, the
EOS constantsy, is the Gruneisen parametep, is Poisson’s ratio, an¥, fringe constank is given by

is the yield strength.

A

bulkh ¢ Y k= : 2
Material p(og/(crr?)) (krr?/s) s Yo Vo (Glga References 2TWc€e
304 Steel 782) 4581 1491 22 029 02 ab yvhere)\ is the Ias_er wavelengthy is the dela}/ time of the
PMMA  1.181) 2582 1531) 1.0 - . c interferometer which depends on the length @filen mate-
Al6061  2.6833) 5.34956) 1.33§20) 2.1 0.34 0.2 c rial and its refractive indexw, is a correction term that
Al2024 27845 5335 1.342) 20 - - c accounts for the stress-induced change of refractive index in
Ta 16.63) 3.2935) 1.30425 1.6 034 08 d the shock-compressed window, aegdis a correction term
;'IFO 5'96;'% fl'llage’l)) igég ig 0'_22 ?‘2 ec that accounts for dispersion in the fused silitalens. The
Lexan  L10B1) 242433 1211 . - - . time resolution of our VISAR is estimated to be 2—3 ns.
Foam 0.641) 0.87 2.03 - - - f
=This study. 3. Target assembly
°Reference 1. Two types of target assemblies were used in the present

‘Reference 7. . . .
dReference 8. experiments. In the forward-impact geomeftRig. 1(a)], the

eReference 9. Fe—Cr—Ni sample is impacted with a flyer plate of PMMA,
‘Reference 10. 304 steel, or tantalum. An array of 4—6 electrical shorting
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FIG. 2. Lagrangiarx-t diagram for forward-impact experimentdgg and FIG. 3. Lagrangiarx-t diagram for reverse-impact experiments. The sub-
Ug; are the shock wave velocities in the sample and flyer, respectivgly. scriptb refers to the buffer, and the subscriptefers to the samplé/p, is
andVp ; are the Lagrangian velocities of initial release in the sample andthe elastic precursor velocity in the sample.is the arrival time of the
flyer, respectively.V{ is the sound speed in the interaction regidmn)( plastic wave at the interface. Ap, a weak reverberation in the buffer is
defined by the intersection of the forward and backward leading charactedetectedt; marks the onset of the unloading history at the interface. Other
istics.t, is the arrival time of the plastic wave at the interface monitored by symbols are the same as in Fig. 2.

the VISAR.t, marks the onset of the unloading history at the interface.

as the impedances of aluminum and LiF differ by only about
pins are used to trigger the recording instrumentation and t6%. A weak rarefaction is propagated back through the
measure the tilt between the flyer and target at impact, whicbhuffer, which returns to the interface as a weak reshock at
was typically a few milliradians. A Z-cut sapphire or lithium time t,. The compressive-wave structure in the sample re-
fluoride window is affixed to the rear surface of the target,flects from the sample-foam interface and a rarefaction fan
using a~ 10-um-thick epoxy layer. propagates back through the sample and buffer as shown,
Sapphire provides an excellent impedance match to 304ith the first arrival reaching the interface at The distor-
stainless steel but was not used above 12 GPa because titsn of the wave form is minimal in this geometry. However,
yielding properties preclude its use as an interferometer winthe maximum stress attainable for a given velocity is limited
dow at higher stress&sLiF, which has been calibrated for by the low impedance of the aluminum buffer.
use as a VISAR window to 115 GPawas used for the In both geometries, sample dimensions are chosen to
majority of the present experiments, although its impedancenaintain uniaxial strain conditions throughout the unloading
differs from steel by more than a factor of 2. of the specimen. The window thickness is also chosen so that
The main features of a forward-impact VISAR experi- the shock arrives at the LiF free surface after the arrival of
ment are shown in the Lagrangian distance-time diagram dahe elastic and plastic waves at the buffer-window or sample-
Fig. 2. Impact generates shocks propagating into the flyewindow interface. The experimental conditions for the
and sample, which, depending on stress level and materiérward-geometry SVI experiments and both the forward-
properties, could be preceded by an elastic precursor. Upamnd reverse-impact VISAR experiments are listed in Tables
arriving at the interface between the flyer and its foam backill, IV, and V.
ing, the shock wave reflects as a rarefaction'Tapartially
u_nloadin_g the material from its high-stre_zs; state. The rgreffiq-”' RESULTS
tion fan is shown as a set of characteristics representing ini-
tial elastic, plastic, and final unloading. When the flyer and  Interface particle velocity histories for the VISAR ex-
sample are different materials, the characteristics will be berfeeriments are shown in Fig. 4. The results of experiments
when encountering the change in material properties at th804 and 802 have been scaled by factors of 1.12 and 1.07,
flyer-sample interface. The shock traveling through therespectively, to account for non-normal incidence of the laser
sample reaches the sample-window interface at tingd is  beam for these two experiments and to bring them into ac-
recorded by the VISAR. Because of the mechanical impedeord with the impedance-match results discussed below.
ance mismatch at this interface, a partial rarefaction is gen-
erated, which propagates back into the sample, interacts with B N _ _ _
the oncoming rarefaction, and perturbs the unloading WaVaABL_E lll. Initial conditions for SVI experiments.uy, is the impact
form observed at the sample-window interface beginning a¥eloc'ty'

time t,. Flyer Sample Window
The effect of this wave interaction is eliminated in the , ;

. . . Thickness  uyp Po Thickness
reverse-impact geometry. In this case, the sample is mounteg, ;. vaterial mm)  (kmi9  (glcr) (mm) Material
in the projectile and used to impact a tHi—2 mn) alumi- -
num buffer with an LiF window epoxied to [Fig. 1(b)]. As 746 PMMA  0.99%) 1.622) 7.85716) 2.0044) Sapphire

. ; n . PMMA 0.983) 1.37%1) 7.83§12 2.0743) Sapphire
shown in Fig. 3, impact at=0 produces compressive waves PMMA 15786) 1791) 7.8518) 6.4294) Sapphire
in both the buffer and sample. The arrival of the shock atthe7;  pmma  2.1593) 2.153) 7.8209) 6.3004) LiF
buffer-window interface produces only a small perturbation
J. Appl. Phys., Vol. 82, No. 9, 1 November 1997 T. S. Duffy and T. J. Ahrens 4261



TABLE V. Initial conditions for forward-impact VISAR experiments.

Flyer Sample Window

Po Thickness Utp Po Thickness Po Thickness
Shot Material  (g/crf) (mm) (km/s) (glcnt) (mm) (g/cnt) (mm)

802 ss304 7.87182) 2.6135) 1.152) 7.8786) 6.2994) 2.631) 7.9532)
804 ss304 7.8@) 2.5484) 1.9412) 7.84711) 6.3529) 2.631) 7.94585)

809 Ta 16.47)  1.8585  2.004) 7.83512) 6.3751) 2.6341) 7.9502)
812 Ta 16.6(2)  1.8921) 2.464) 7.827123 6.3592) 2.6261) 7.8272)
813  ss304  7.882) 2.02744) 1.192) 7.8676) 6.4152) 2.6255  7.8311)
847 Ta 165@)  1.8913) 2.453) 7.8916) 6.3353) 2.6302) 8.1287)
862 Ta 16.58)  2.2753) 2524) 7.8936) 6.3244) 2.6372)  8.1504)

The forward-impact experiments are characterized by doading history were recovered because of recording failures.
shock arrival, followed by a flat-topped plateau region, andThese give well-defined initial unloading velocities but no
by broad, featureless unloading. The shape of the wave pradditional information.
file changes little with increasing stress. The scalloping ob-  For experiments using the reverse geometry, the follow-
served for experiment 812 is an artifact of data reduction duéng expression for the initial Lagrangian unloading velocity,
to severe changes in sample reflectivity during this experiVp, s, can be obtained with reference to Fig!’3:
ment. The reverse-impact experiments show a slight dip in
particle velocity in the plateau region because of the arrival B Xs—hy
of the reverberation through the aluminum buffer. The initial PLS™ At+ X, /Ugp— (X5t h1)/Vpos— Xp/VpLp @
unloading is more distinct in the reverse impacts.

The measured impact velocity, together with EOS datavherexs andx, are the sample and buffer thicknessds,,
(Table 1), can be used to determine the Hugoniot stateandVp , are the shock and unloading wave velocities in the
through impedance matchifigBy requiring the stress to be buffer, At= t;—t, is the time between the shock arrival at
continuous across the impact interface, the particle velocitythe reflector and the initial arrival of the unloading watae,

Up, is constrained by the known stress-particle velocity reds the thickness of the interaction region between the precur-
lations in the flyer and target. The shock velocitys, is  sor and shock at the rear of the sample:
then determined from the material law:

VPOs_ Usj

Us=Co+SU,. | | | (3 hl_XS(VPOS+US
In the case of reflection from a higher or lower impedance
boundary, the release isentrope is approximated by using thehereh; = 0 if Ugs> Vpgs. The elastic precursor velocity
Hugoniot itself, and the free-surface approximation iswas taken to be 5.76& 0.02 km/s from ultrasonic compres-
made!® The resulting Hugoniot states for the samples aresional sound velocity measuremehfshe shock velocities in
listed in Tables VI and VII together with the calculated andthe flyer and sample are determined from impedance match-
measured particle velocities at the sample-window interfaceng (Tables VI and VI). The unloading velocity in the buffer
In most cases, the calculated particle velocities agree witlis obtained from the reverberation arrival time:
the VISAR measurements withitt 2%. The measured par-
ticle velocities lie systematically below the impedance-match 2Xy,
calculations, however. PLO™ T 1, ©®)
Unloading wave velocities were determined from the
initial unloading points using the analysis outlined below.which makes use of the experimental observation that release
For the SVI experiments, the initial unloading point waswaves and reshocks in aluminum travel with the same
measured directly from the interferometer records, and theelocity'®. In addition, the slight change in stress state
wave profiles were not analyzed in detail. For VISAR ex-(~3%) caused by the reverberation is neglected, and it is
periments 804 and 847, only the initial portions of the un-assumed that the material can support passage of multiple

®)

TABLE V. Initial conditions for reverse impact VISAR experiments.

Sample Buffer Window
0o Thickness Utp Do Thickness 0o Thickness
Shot  (glcm) (mm) (km/s  Material  (g/crd) (mm) (glcn?) (mm)

820 7.88712  3.1925 1.953) AI2024 2.72020) 0.8092)  2.62510) 11.93G2)
849  7.85%4)  3.1892) 2.314) Al6061  2.6874)  1.9701)  2.6312)  12.1184)
858  7.87111) 3.1924) 1.292) AI6061  2.6814)  1.9383)  2.6302)  12.1214)
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TABLE VI. Forward-impact impedance-match solutions, is the calcu-

I T I I ‘ I lated interface particle velocity, ang,, is the measured interface particle
a62 N | @ velocity.
/\cﬁ 20 812 = N _
£ Sample Sample/Window
< 809
2 15 B Up Ug p o Upc Upm
8 804 Shot (km/9  (km/9  (glcm?) (GPa  (km/s  (km/s
()
i 101 - 746 0.2095) 4.89111) 8.20819 8.1(2)  0.1926) -
9 g(‘)g ' 747 0.1703) 4.83411) 8.11913 6.51) 0.1564) -
5 749 0.2394) 493612 8.25711) 9.31)  0.22%5) -
£ *r ] 771 0.28812) 501021) 8.298624) 11.35 0.41222) -
HEL 802 0.57%8) 543716 8.81013) 24.64) 0.81411) 0.758
oo ) . . | ) 804 0.9706) 6.02590) 9.38586) 46.03.6) 1.35782) 1.220
10 12 14 16 18 20 22 24 809 1.18824) 6.34738 9.63035 58.11.5 1.64432) 1.611
Time (us) 812 1.45822) 6.75337) 9.98341) 77.11.6) 2.01730) 1.991
2 813 0.5978) 5.47016) 8.83X13 25.74) 0.84710) 0.831
: ' ' ' . 847 1.44715) 6.73627) 10.05G22) 76.91.1) 2.00520) -
® 862 1.48821) 6.79335 10.10230) 79.61.6 2.05629) 2.054
) 84 AR ~ -
15 -
£ 820r 7 '
< —
>
S
S b - Voi—Ust
[0 —
S 858 hi=Xil g7/ 9)
9 Vor+Ust
% osk ] andh; = 0if Ug; = Vy;. For symmetric impaca= x;+Xq
€ andb=0. For a non-symmetric impact=x; and b= (X;
—hy)/Vp ¢, whereVp  is the Lagrangian unloading veloc-
{

00! ' L ity in the flyer. The arrival timd, is given by either

1.0 15 2.0 25 3.0
Time (us) X
S
tzZAtSR+_, (10)
FIG. 4. Interface wave profiles fdg) forward- and(b) reverse-impact ex- UsS
periments. Shot numbers are listed to the left of each wave profile. Dashed
lines show the particle velocity expected on the basis of impedance*
matching calculations. The vertical lines show the initial unloading. The X
. - ; . . s
times are relative to an arbitrary trigger signal. t,= AtPR+ Voo , (12)
S

elastic waves. Unloading wave velocities in aluminum areVhere Atsg is the time difference between the shock and
discussed in Ref. 17. Lagrangian and Eulerian wave velocitélease arrivals andtpr is the time difference between the

ties are related through elastic precursor and release arrivals.
The interaction regioth, is defined by the point where
_P the forward-traveling and backward-traveling rarefactions in-
Vp =—V5p. (7 .
0 tersect:

Interpretation of the forward-impact experiments is com- Vb4 1 1 1 1
plicated by the wave interaction that occurs in the sample h2:_2 f _Vpo+ Uy s Vprs Use
interior. In this caséFig. 2) the velocity is expressed as

1 1
a—h;—h +h ———) . (12
VpLs= L2 (8 YUy Ve

-— — —,
te=ha VL= (X +hy)/Ugs =D The average velocity in the interaction regiovy , was

where x; is the flyer thicknessU,; is the velocity of the taken to be the bulk Lagrangian velocity at the interaction-
initial loading wave(shock or precursgrin the flyer, andh; region stress. The bulk velocity is appropriate because of the
is given by large stress change in the interaction region and the low yield

TABLE VII. Reverse-impact impedance-match solutions.

Sample Buffer Buffer/Window

Up Ug o p Up Ug p Upc Upm
Shot  (km/9 (km/s) (GPa (glcn?) (km/s) (km/s) (glcn?) (km/s) (km/s)

820 0.60410) 5.47739 26.16) 8.86321) 1.34421) 7.13226) 3.51926) 137622 1.370
849 0.718§13 5.64924) 31.98) 8.99820) 155818 7.47469) 3.40615 1.61527) 1.570
858 0.3906) 5.16015 15.83) 8.51415 0.90013 6.55458) 3.1089) 0.91913 0.914
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TABLE VIII. Measured unloading wave velocities in Fe—Cr—Ni alld¥g

T T T T -
382 544 795 n _ - is the bulk sound velocity and is Poisson’s ratio.

Shot Stres§GPa  Vp (km/i9 Vg (km/s  py (glent) v
K 747 6.5 6.220.29 - - 0.30(0.04
= 746 8.1 6.290.30 - - 0.30(0.09
2 749 9.3 6.47(0.10 - - 0.29(0.0)
§ 771 11.3 6.500.13 - - 0.30(0.02
° 858 15.8 6.630.11 - - 0.31(0.01)
- 802 24.6 6.980.09 5.79(0.17 —15(33) 0.33(0.0)
g 813 25.7 7.130.07 5.66(0.17) 14 (31 0.31(0.0)

o
3 o This study 820 261 6.920.19 - - 0.34(0.02
— - Hugoniot 849 31.8 7.270.12 - - 0.32(0.02
— Ultrasonic data (300 K) 804 46.0 7.850.26 - - 0.31(0.03
5 . . -t . . . . .

B | oo Ultlrasonlc data I(Hugomot L) 809 58.7 8.100.20 6.52(0.20 16(12  0.32(0.02
0 2 s pos % Y00 847 76.9 8.360.17 - - 0.35(0.02
Pressure (GPa) 812 77.1 8.350.23 6.93(0.39 16 (14) 0.35(0.03
862 79.6 8.860.2) 6.89(0.2) 22(8)  0.30(0.02

FIG. 5. Measured compressiona{) and bulk (/g) wave velocities in the
Fe—Cr—Ni alloy. Also shown are bulk and compressional velocities calcu-

lated from the Hugoniot slope, using the assumptionsgheaand Poisson’s

ratio are constar(dashed lines The solid curves are third-order finite-strain

extrapolations of 1 GPa ultrasonic dagee Ref. 24 The dotted curves  significantly above expected bulk velocities, consistent with

have been corrected for thermal differences between the Hugoniot and thg,q expectation that Fe—Cr—Ni remains solid over the stress
isotherm. The numbers in parentheses near the top are estimated shock

temperatures in K at 20 GPa intervals. The difference between the Hugoni({@nge investigated. . ) .
stress and hydrostatic pressure has been neglected here. Bulk wave velocities were obtained from detailed analy-

sis of the unloading profiles discussed below. The measured

) . velocities are compared with extrapolations of low-pressure
strength of 304 steel. Estimates of the bulk wave velocity,yasonic data in Fig. 5. Extrapolations were performed us-

were obtained from Hugoniot slope calculations describeqlng third-order finite strain theorR?2° and pressure deriva-
below and agree with measured bulk velocities discussed bgyes were taken from measurements to 1 GPEhe com-

low. ) pressional and bulk velocities are in good agreement with
~ Equations(8) and(12) form a coupled set that are solved \jirasonic extrapolations throughout the stress range of this
iteratively. The interaction regionh,, typically extends gyqy. The initial unloading velocities in fcc metals might be

about 1/4 of the distance into the sample. Neglect of th§yyer than ultrasonic measurements due to quasielastic
interaction region would produce about a 5% decrease in thgyjeas23 and due to higher temperatures along the Hugoniot
measured velocities. For the flyer plates, compressional Unsiate Temperature calculations indicate that the Hugoniot

loading velocities were estimated by extrapolating tre”dsiemperature at 80 GPa is 854 *he temperature coeffi-
based on available data for &’ and PMMA’?! together  qionts of compressionalp, and bulk velocity,Vg, are

with ambient-pressure ultrasonic data. For Ta, the followinggiven by
relationship between Eulerian unloading velodiiy km/s)

3 2 oV \%
and shock stresén GPa was used- ((9_:) =7P[(<9CL/(9T)p/CL+a], (15
In Vp=1.4298-0.0263 Ino+0.0205 Ifo. (13 P
In the case of PMMA, a quadratic relation between Lagrang- dVg| Vg
ian unloading velocity and the particle velocity was used: T P‘?“‘?KS/‘?T)P/K@L al, (16)

VPL:2'86+4'04JP+0'42112)' 19 WwhereT is the temperature;, = Kg+4G/3 is the longitu-
The measured Hugoniot sound velocities are shown as @nal modulusKsis the bulk modulusG is the shear modu-
function of pressure in Fig. 5 and listed in Table VIII. Ve- lus, anda is the thermal expansivity. We assume that the
locities obtained using the two types of experimental geomtemperature coefficients of the elastic moduli as well as the
etries are in good agreement, suggesting that our correctiom$oductaKg are constant with stress. The temperature coef-
for the interaction region are adequate. Velocities obtainedicients of the elastic moduli for 304 steel were taken from
using the SVI and the VISAR are also consistent with eaciRef. 26. From Eqs(15) and (16) we find that ¢Ve/dT)p

other. increases from—7x10"* km/s/K at ambient pressure to
—3.5 X10 % km/s/K at 80 GPa, whileqVg/dT)p increases
IV. DISCUSSION from —2.64x10°* to —1.21x10™* km/s/K over the same

stress range. The resultant thermal corrections to the 300 K
velocities are shown in Fig. 5. The measured Hugoniot ve-
For a solid, the initial unloading velocity of a shocked locities lie above the calculated values, suggesting that ther-
material corresponds to an elastic or quasi-elastic wavenal effects may be smaller than those inferred here or that
velocity 12 while for a liquid it corresponds to the bulk extrapolation of low-pressure ultrasonic data may not

velocity, Vg. The initial velocities we have measured lie be reliable.

A. Sound velocities
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T 7 T T T TABLE IX. Comparison of elastic properties of Fe—Cr—Ni alloy under

Hugoniot conditiong5-80 GPawith ultrasonic measurements to 1 GPa.
Single and double primes represent first and second pressure derivatives of
the elastic moduli, respectively.
‘\E” Modulus Hugoniot Ultrasonics
=< CL, (GPa 262(2) 261.3
= K, (GPa 158 (1) 158.2
3 G, (GPa 78 (2) 77.4
2 Clo 7.9(0.5 7.90
K, 6.4(1.0 5.57
G, 1.1(0.8 1.75
C/, (GPa? —0.16(0.06 -
' | , 1 l K. (GPa?) —0.17(0.08
% 50 100 150 200 250 300 G, (GPaY 0.0(0.08
Stress (GPa)
aSee Ref. 24.

FIG. 6. Sound velocities in Fe—Cr—Ni alloys to 300 GPa. Filled circles are

this study (304 steel; open circles are data of Ref. 2316 steel. Filled

squares are ambient pressure daee Ref. 2}l Solid curves are fits to

compressional and bulk velocity. uct py. The results of this calculation are given in Table

VIIl. The uncertainties are quite large, particularly at low
stress, and illustrate that a substantial range ofn€isen

Sound velocity measurements in an Fe—Cr—Ni alloy ofParameters can fit the present data. For compariggfg
similar composition(steel 316 have also been reported at =17 at ambient pressure for 304 steel.
shock stresses between about 100 and 300 GPayure 6 Under the assumption that the release wave velocities
shows that the two data sets are generally consistent, afre fully elastic, the data of Fig. 5 can be used to extract
though it appears that the trend of the compressional velocRggregate elastic constants. We use fourth order Eulerian fi-
ties measured here may be slightly higher than the measuréite strain expressiorf$;*>and the small difference between
ments of Ref. 27. The variation of Hugoniot compressionathe Hugoniot longitudinal stress and the hydrostatic pressure

sound velocity with stress in Fe—Cr—Ni alloy to 220 GPa carhas been ignored. A least-squares fit to the Hugoniot data
be described byFig. 6) and the ambient-pressure elastic moduli yield the elastic co-

efficients along the HugonidiTable IX). Both first and sec-

In Vp=1.742+0.024 Ino+0.014 Irfo. (17) ond pressure derivatives of the aggregate bulk and shear
Similarly, the variation in bulk sound velocity along the modulus are obtained. The first pressure derivatives are con-
Hugoniot from ambient pressure to nearly 300 GPa is giversistent with ultrasonic values within their uncertainties.

by
In Vp=1.519-0.036 Ing+0.031 Irfo. (19
The bulk sound velocity along the Hugoniot can be ob-

tained by relating the initial slope of the release adiabat to As seen in Fig. @), the elastic precursor was recorded
the Hugoniot through the Mie—Gneisen equatioh.This  in two experiment¢802 and 818 The precursor manifests

B. Constitutive response

can be expressed as itself as a ramp increase in velocity with a distinct shoulder.
1 The magnitude of the Hugoniot elastic lifIEL) was de-
Vg= \/ES:HO?_U) 1_(&_ E)Q + gy termined from the measured patrticle velocity of the elastic
p pl, po pl 2] 2p| wave at the shoulder, using
(19
where @o/dp)y is the local Hugoniot slope, angl is the UHEL:(ZSJ“Zw)Upm’ 1)
Grineisen constant. Bulk sound velocities calculated in this 2

manner for 304 steel are shown in Fig. 5, where the assump- ) S )

tion has been made thatp is constant. Also shown in the Whereéoye, is the elastic limit stressy,, is the measured
figure is the compressional velocity calculated by making thdntérface particle velocity, ands andZ,, are the impedances
additional assumption that Poisson’s ratio is a constant func@f the sample and window given by the product of density
tion of stress. That this assumption overpredicts the data in@"d elastic wave velocity. The measured particle velocities
plies that Poisson’s ratio increases with compression. Thwere 0.0130.005 km/s, and the corresponding HEL stress
variation of Poisson’s ratio along the Hugoniot to 80 GPa iswas 0.35-0.12 GPa. The Hugoniot elastic limit of an Fe—

given by (Table VIII): Cr—Ni stainless steel of similar composition was determined
to be 0.56 GPa at 293 # The yield stressr, can be ob-
v=0.290.01) +8(2) X10 “o, (200 tained from
whereo is given in GPa.
Measured bulk sound velocities can, in conjunction with _(1-2v) 22

the equation of state, be used to solve B@) for the prod- 07 (1—y) THEL:
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where v is Poisson’s ratio. The value of, obtained from 25 . , .
these experiments is 0.2D.07 GPa, which is consistent
with values of 0.2 and 0.34 GPa reported previously for this = .|
materiaf®
The velocity of the elastic precursor was calculated to be
5.72+0.1 km/s and 5.760.1 km/s for the two experiments.
This was determined by using the measured time difference
between the precursor shoulder and the shock arrival, to-
gether with the shock velocity determined from the
impedance-match solution. This is in excellent agreement
with the ultrasonic value of 5.760.03 km/s discussed
above. 00 L
. . . . . 0.5 1.0 1.5 20 25
Numerical simulations of the wave profiles were carried Time (us)
out using the one-dimensional Lagrangian finite difference
wavecodewonDy.?! This wavecode solves equations for 20 . . .
conservation of mass, momentum, and energy together witr ®
a constitutive law. Relevant geometric- and material- ~
property data are input for each material layer in a particular € "°[ o0 | il
experiment. The simplest material law for solids that retain
their strength is the elastic-perfectly plastiEPP model. ol sss R
Wavecode simulations of the experimental particle ve-
locity histories were first performed by treating each material
layer as EPP except for the foam layer for which the model € 5L ' i
of Ref. 10 was used. The wave forms predicted by this model
were in poor agreement with the data. In an attempt to im- J J
prove upon this, we broadened our constitutive model to in- oo . - . A
clude both a Bauschinger effect and strain rate dependen Time (ps)
stress relaxation. The Bauschinger effect, or anisotropic
strain hardening, is a consequence of the micromechanics 6fG. 7. Comparison of measurgd wave profi_les with Wave_code simulations
the deformation process and can be described as a hysterels(® forward- and(b) reverse-impact experiments. The circles show the
. . . : experimental data, and the solid lines are numerical simulations.
in the stress-strain curve. The yield stress upon loading and
unloading differs and the clear distinction between elastic
and plastic behavior is blurred by this effect. The Bausch—L

inger effe_ct IS |r_nplemented_ Into th_e code using a mL_“t"reverse-impact experiments, the material response of alumi-
ele_mer_lt kinematic model which requires a set _Of normalize um 6061 is important. Deviations for EPP behavior are well
weighting factors,a; and a set of elemental yield Stresses yocumented in aluminud?33 The model used here incorpo-

32
Yi™ e . __rates anisotropic strain hardenfign addition to the param-
The possibility for strain-rate dependent stress relaxatlorg!,[erS of Table II

was also mcluded. In this phenomgnpn, the deviatoric The final model for describing the dynamic response of
stresses temporarily exceed their equilibrium value and relaé04 steel is compared to wave-profile measurements for se-

back to steady state at a rate controlied by a time constanb, veq forward- and reverse-impact experiments in Fig. 7.

§ignificant improvements over the EPP model were achieved
by incorporation of the Bauschinger effect and strain-rate
o' — créq dependent stress relaxation. Inclusion of stress relaxation im-
g= G (23 proved the fit to the data at late times in the unloading his-
tory. A time constant of 15 ns was found to give the best fit
whereo’ is the stress deviatou,, is the equilibrium stress  to the unloading profiles. The incorporation of stress relax-
deviator,G is the shear modulus, andis the effective ma- ation broadens the shock front to a much greater extent than
terial relaxation time. The stress deviators, together with thavas experimentally observed for the forward-impact experi-
pressure, determine the axial stress, ments. The Bauschinger effect is responsible for smoothing
_ , the transition from elastic to plastic unloading. The Bausch-
oc=P+o’, (29 . X .
inger model parameters are listed in Table X.
where the pressure is determined using the Hugoniot EOS Release adiabats were calculated for the forward-impact
and the Mie—Groeisen equation. The complete constitutive experiments using a centered, simple-wave anafysihe
equation is described in Ref. 31. initial unloading point was first identified and connected to
The measured wave profiles were fit in an iterative fashthe Hugoniot state, using the EOS of the sample and win-
ion by adjusting the parameters of the Bauschinger modalow. The stress state at the sample-window interface was
and the relaxation time constant. The LiF windows werecalculated from the nonlinear stress-particle velocity rela-
treated as elastic-perfectly plastic as were the Ta flyer platesionship for the window(Table II):

05

Interface Velocity (km/s

nterface Velocity (km/s)

exan was treated as a hydrodynamic solid. In simulating the

using a Maxwellian relaxation functiow, of the form
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TABLE X. Parameters of Bauschinger model for the Fe—Cr—Ni alloy. 80

T T T T T
a; Y; (GPa d
0.4 0.20 60 - ., .
0.2 0.35 = .5
0.1 0.50 o
0.1 0.65 S L _
0.2 1.25 a3 P~
@ 5
)
20 -
Ow=pPoColy T Posua/ J (25
. . 0 1 L 1 ! L
wherea,, andu,, are the stress and particle velocity at the 1.00 1.05 110 1‘;/5p 120 125 130
0

interface. The Lagrangian wave speed as a function of par-
“CI? Ve'PC'tya c(u), was then ?St'mated from release WaveFIG. 9. Release adiabats from Fe—Cr—Ni alloy at three different stress lev-
arrival times and the travel time of the shoymmetric  els. Dotted lines are calculated from simple-wave analysis. The dashed lines
impac) or the travel time of the shock and reledsensym-  are inferred from wavecode simulations using the Mie@isen theory.
metric impac} through the flyer. An approximate correction 1" solid line is the principal Hugoniot.

was made for the effect of wave interactions near the win-

dow, based on the explicit analysis of the preceding section. ] ] - ]
The wave profiles were then corrected from interface to inPlastic velocity trend to Hugoniot conditiofis The Eulerian

material conditions using the incremental expressions bulk velocities are then obtained from Eq) (Table VIlI)
The calculated release adiabats are shown in Fig. 9. Also

dus=3[du,+day/poc(us)], (260 shown are release adiabats extracted fromwtbapy fits to
27) the data. The wavecode uses the Mie=&igen gquation
and the assumption thaty=const, wherey is the Gruneisen
whereos andus are the in-material stress and particle veloc-constant. The release adiabats are initially steeper than the
ity, respectively. Once the in-material properties are in handugoniot, reflecting the initial elastic response, but gradually
the conservation equations can be applied: become less steep. This is also illustrated in Fig. 10 where
(29) the stress differences between the Hugoniot and the release
curves are plotted against density.
dn=dus/c(uy), (29 According to Fig. 9 and 10, the calculated release curve
is less steep than the Mie-Greisen prediction at low den-
sities for the higher stress experiments. There are two pos-
sible causes for this. First, the centered, simple-wave analy-
n=1-polp. (30 sis strictly applies only to rate independent materials for
A plot of Lagrangian wave speed(uy), versus strain is Which wave speed is constant at a givenThe computer
shown in Fig. 8. A gradual transition from elastic to plastic Simulations require some rate dependence to fit the profiles at
unloading behavior is evident. The Lagrangian bulk velocitylat® times. Second, the higher stress experiments used Ta
at the Hugoniot state is estimated by extrapolating the linear

dos= %[do'w—i_ poC(Ug)duy],

dos=poc(us)dus,

to determine the stress-strain paths. Here the strajns
defined as

> s
T T

T
|
oy - O (GPa)

Plastic

N i 75 8.0 85 9.0 9.5 10.0 10.5

Density (g/cma)

Lagrangian Wave Speed (km/s)

L. l
0.00 0.05 0.10 0.15 0.20 025

Strain

FIG. 10. Stress difference between the Hugoniot and release adiabat as a
FIG. 8. Lagrangian wave speed in the Fe—Cr—Ni alloy as a function offunction of density for forward impact experimenolid lineg. A positive
strain determined from the centered, simple-wave analysis. The dashed linstress difference indicates that the release curve lies below the Hugspiot.
are extrapolations of the bulk sound velocity to the Hugoniot state. Thds the Hugoniot stress andy is the stress along the release adiabat. The
dotted curve is the Lagrangian bulk sound speed-strain relationship alondashed curves are taken fromonpy fits to representative high and low
the principal isentrope from extrapolation of ultrasonic data. pressure wave profiles.
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impactors, and the dispersion of the unloading wave through
Ta has been neglected. This will lead to increasingly under-
estimated unloading wave speeds and hence calculation of &
shallower release curve than actually occurs. In Fig. 10, the 3 7
stress difference is initially negative for tiveoNDY results E
because of the effect of deviatoric stresses. The uncertainty & .
in the Hugoniot states determined from impedance matching ¢ ?
was +0.4 to = 1.6 GPa for these experiments. +

Returning to Fig. 8, the release wave speeds can be usec ©
to estimate the shear stress increase upon unloading follow-
ing the method described in Ref. 33. The stress state in the
shocked state can be written:

Stress (GPa)

o=P+ 37, (31

wherer is the shear stress. The shear stress at the Hugon@G' 11. Shear stress change upon unloading as a function of stress. The
. . . .. ashed line is a least-squares fit to the data.

state is designated,. For an EPP solid, this is equal to the

maximum shear strength,, which is also equal t&'(/2. In

real materialsyy can be either above or below if harden-

ing or softening has taken place. Upon unloadingde-

creases fromry to a minimum value of- 7, at the point at

which reverse yielding occurs. Differentiation of the above

equation with respect to engineering strain,yields

do_dP 4dr
dy dy  3dy’

for 304 steel over the range of the present data. The strength
determinations near 80 GPa are divergent because of the
large differences in unloading wave velocity inferred from
the two experiments near this stress.

(32 V. SUMMARY

which upon integration over strain from the Hugoniot state to  >n0Ck compression of the Fe—~Cr—Ni a”@;_?d' stainless
the reverse yield point gives the following expression for theSt€€) was carried out to 80 GPa. Wave profiles were mea-

sum of the shear stress at the Hugoniot state and the shesjred using interferometric techniques providing information
strength maximum at reverse yielding on unloading wave velocities and high-strain-rate constitu-

tive response.
3 7p Measured bulk and compressional wave velocities are
TOJ“TC:ZPOL similar to extrapolations of ultrasonic data. Bulk wave ve-
locities are consistent with a constgmy = 17, and com-
The differencery — 7. can be obtained from reloading ex- pressional velocities required an increase in Poisson’s ratio
periments, and hence the componemgsand 7. can be with compression. Elastic coefficients were extracted from
determined® Since no reloading experiments were per-the measured velocities using fourth-order Eulerian finite
formed in the present study, only the sum can be determinedirain theory and assuming that unloading wave velocities
7o+ 7 is the shear stress change upon unloading. For theepresent fully elastic behavior. The first and second pressure
EPP model, the shear stress changeris Zhe Lagrangian derivatives of the longitudinal modulus along the Hugoniot
wave velocities required in the above equation were take@re 7.90.5) and —0.160.06 GPa %, respectively. The cor-
from the data of Fig. 8. The reverse yielding point is taken toresponding values for the bulk modulus are (6.9 and
be the strain at which the linear trend of the bulk velocities—0.170.08 GPa?, respectively. The second pressure de-
diverges from the measured wave speeds. The assumptiofgatives cannot be resolved from current ultrasonic data, but
that are necessary in applying this technique are discussed fRe values that result from truncation of the finite-strain ex-
detail in Ref. 33. The shear stress changes for stainless stglessions at third order in strain aré’C, /9P?)s=—0.12
304 determined using the data of Fig. 8 are shown in Fig. 11gPa® and (9?’Ks/9P?)s=—0.08 GPa™.
The stress dependence &f + 7. can be written as The Hugoniot elastic limit stress for 304 steel was found
7o+ 7o=0.149+ 0.0187, (34) to be 0_.35 GI_Da, implying a yield stress of_0.21_ G_Pa. Com-
puter simulations of measured wave profiles indicate sub-
whereo is expressed in GPa. stantial deviations from elastic perfectly-plastic response.
The increase inry+ 7, for 304 steel is similar to that The wave profiles were successfully reproduced by a consti-
observed in copper, where the shear stress change upon uotive model including anisotropic strain hardenif@ausch-
loading increases from its ambient value 0.08 GPa to 1.8nger effect and strain-rate-dependent stress relaxation.
GPa at 93 GP# Reference 20 summarizes data that also A centered wave analysis was used to extract stress-
show shear strength increases in 2024 Al, 6061 Al, pure Alstrain histories from a subset of the experiments. Calculated
Ta, Be, and W. For the aluminum data, a maximum in shearelease adiabats are initially steeper than the Hugoniot be-
strength followed by a gradual decline is observed to occurcause of elastic response. The release adiabats show devia-
This is believed to be due to the shock-induced temperaturgons from wavecode predictions that use the Mie—{@igen
rise. No strength maximum can be unequivocally identifiedequation. The yield strength of 304 steel was found to in-

(Vp—Va)d7. (33)

0
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