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HUGONIOT ELASTIC LIMITS AND COMPRESSION PARAMETERS
FOR BRITTLE MATERIALS*

W. H. Bust
Lawrence Livermore Laboratory, University of California
Livermere, Califarnia U.S.A.

LWTRODUCTTON

The piysical properties of brittle materials are of interest vecause of the
rapidly expanding use of these materials in high-pressure and shock wave
technology, e.g., geophysics and explosive compactian as well as military
applications. These materials are characterized by unusually high sonic
velocities, have large dynamic impedances and exliibit large dynamic yield
strengths.

EXPERIMENTAL METHOD

wWhen a shock wave traverses a material that exhibits a dynamic compressive
yield point or Hugonoit elastic limit (HEL) it may break up into two
successive waves depending upon the velocity of the compressional waves. In
such a case the first wave (usuaily called the elastic wave) brings the
material up to tne plastic yield point and propagates at about longitudinal
sound speed. The plast1c yield occurs in the second or plastic wave front
which compresses the mat rial to the final stress achieved in a given shock.
The velocity of the second wave depends upon the' sirength of the initial shock.

If a phase transition occurs, a three wave structure may be present. In this
case, the second wave, displaying roughly cunstant shock and particle
velocities, brings the material up to the point whers the phase transition is
initiated. The actual transition occurs in the third wave which takes the
material to the final stress state.

Dztermination oF the dynamic yield strength in compression or Hugoniot elastic
Timit for a brittle material requires different tochniques than those used for
stress measurements on materials where the elastic wave can be easily
overdriven. This is because a strong elastic wave (e.c., ~ 4 or 5 GPa) can
tri ger ordinary shock arrival sensors and thus-mask &iwe arrival of the
piastic wave.

There are several techniques that are used to vesolve multiple wave shocks.
Thesa methods fall into two catagories; those that continuously measure the

*Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore Laboratory under contract No. W-7405-Eng-48.
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material free surface velocity as each wave passes through it and those that
use a transducer to measure pressure directly, Detailed descriptions by those
who introduced the techniques are available. Recently Graham and Asay (14)
published a critical review of all of the techniques used for measuring wave
profiles in shock loaded solids.

For muitiple-wave structures the application of the conservation of mass and
momentum and energy across the shock front leads to the basic Hugoniot
equations which are:

S |
°n Yn-1 (Usn ) Up(n-l)) (Upn ’ lupn-1) * nt m
v o=V U -U U -u
n n-1 ( Sq pn> S pn_]) (2)

B = V2 loy = 0pq) Vg = ¥y ) tE, : (3

The free-surface approximation, i.e., U, /2 was used for the
elastic dnd phase transitional waves. ?R1s 1s 9 reasonable approximation
since for brittle or relatively incompressible materials the rise in
temperature and hence the change in internal energy is smail.

ELASTIC-PLASTIC BEHAVIDR

If a material is shocked to a state lying along the deformational Hugoniot and
is able to support a shear stress of magnitude tpax the Hugoniot will be
offset above the isothermal hydrostat by a stress

4. ‘

3 “max. (4)
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If a shock-induced phase transition occurs this shear stress may cause a
difference between the measured shock transition stress and the corresponding
transition pressure determined hydrostatically. If the shear stress does not

aid in the transition and temperature effects are neligible then_the i
transition stress that should be compared with the hydrostat is Py. not oy
b moT.2(d=2vy HL_ T _ 4 2w
T % 73 -V X 9% ~ 3 c—?"x . )
L 5

When the elastic wave data was analyzed through use of Eqs. (1) and (2), the
part1c1e velocity was obtained from the free surface velocity approximation

Ufy/2. This implies that the entropy increase related to the elastic
sﬂuck state is small and the material properties in the initial and final
states are substantially the same.

It has been found that many materials exhibit a linear relationship between
shock and particle velocity, i.e.,

Us =6, +S Up vhere S = dUs/dUp. (6)

The compression at zern pressure is A = (Vu - Vl)/vu = up/us' (7)



¢

Substitution into (6) yields

v, =Gy /(1 - Sa), and U, = Co/(l - SA).

P (8),(9)

From which we obtain the equivalent of a stress-volume shock locus, namely
= 2 1 2 s

o1 = of M- Sa)c. (10)

At zero pressure vy = 25 - 1. c . (11)

In order to estimate the temperature at regimes above the HEL and any phase
transitions that may exist we have used 2 simple Gruneisen equation-of-state
model. :

We assume a specific heat Cy = 3R and a Grineisen vy derived from the slopes
of the continuously joined Sections corresponding to the sggménts in the Ug,
Uy piots, The ‘s are assumed linear in volume. The temperatures are then
computed as if the Hugoniot represented equilibrium states.

HUGONIOT ELASTIC LIMITS

In this paper a brittle material has been arbitrarily defihed as being one
that .. a Hugonict elastic 1imit of about 2.0 GPa or more., Table I lists the
existing HEL measurements that fal) into that category (excluding geological
materials). Data prior to 1958 has been surveyed by Jones' and Graham {19).
Their compilation also lists many HEL measuremen”s with amplitudes less than
2.0 GFa.

The MEL data for most materials display considerable scatter. A unique value
may only be obtained when strain rate effects or time dependent yield
phenomena are neyligible. These effects can be monitored by varying the
amplitude of the driving pressure and be varying safple thickness. Many
times, however, results from using these techniques are inconclusive, i.e., no
definite trend is noted. One would expect, for example, that materials of
extreme purity and ordered atomic array like single crystals would exhibit a
unique value but that is not the case. For a given driving pressure and
thickness, the HEL values for extremely pure crystalline Si, Ge and Alp03
(Table 1) vary about 10% with no apparent relation to strain-rate or
time-dependent phenomena.

HIGH STRESS REGIME

References for published high-pressure deformaticnal Hugoniots for the brittle
substances iisted in Table 1 include: AISI4340, maraging and AMS5656 steels
(6,9), W(9), Si and Ge (11,14}, Si0s (17,18,19,2D,33), Ti03 {22), Mg0

(23,24), caCo3 {25,34), Al203 (26,27,28,35), B4C (9.27), BeO (27), 5iC

{9,32), TiBz %32), BegB (32).

Previously unpublished sound velocity, devidtoric stress and Hugoniot data for
a number of polycrystalline ceranics are given in Table 2. Except for ZnS and
ZnSe experimentally determined hydrostats could not be located so the shear
strength characterstics were not determined.

Iron carbide, Fe3C does not exhibit a iarge enough HEL to qualify as a
brittle material by our standards. However, there is current interest in this
cubstance as a possible component of the earths core so it has been included.
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The Hugoniot for FesC exhiblts a discontinuity at U; = 2. 5 km/s (138 Pa)
that is probably reldted to a phase transit1on. Earths core calculations
should take that into account. . i i i

The Ug, Up plot for HFC also exhibits a d1scunt1nu1ty at Up = 1.0 km/s.
However, ghe Hugoniot for Ug.> 2.6 km/s was, abtained kith ﬁfc that was less
dense {10.9 vs 12.3 Mg/m3),” Because of thislit i5 not clear that’this
discontinuity is related to a pnase trans1t10n. o B
The HEL's for WC and Beas were found to be 7L0 and 14.0 GPa respectively.

No unusual features were observed: The WC qata agrees well w1th that by R. G.

McQueen et al. (16). l

It has been noted (20-28) for crystalline si0p, M0, crystalline A1503,

8e0, W and perhaps BjC that the high pressure Hugoniots and, ihe isotropic
compression curves are essentially coincidents These*materxa]s exhibit fairly
large HEL's (2.5 - 21 GPa) but apparently have zero shear® strength for shock
loading greater than the HEL. They have been characterized as’
elastic-isotropic solids rather thin elastic-plastic solids,  Grady et al (28)
have s~ggested that the loss of strength for quartz s caused by localized
melting in shear deformation bands, Their /recovered specimens exhibited-
planar deformation lamella that attested toa non-unIform yield process.

Shockw~induced phase transitions were observed at ahout 17 5GPa for ZnS and at
14.5 GPa for ZnSa. Comparisons with uncorfected data by Brtdgmaﬁ‘show that
hotn materials exhibited shear strength above the HEL: ~Thé calculated
deviatoric stress correction for Zn3 is 2.5 GPa so, neglect\ng a small
temperature rise, the comparable hydrostat1c pressure is 15.0 GPa, This
agrees exactly with the hydrostitic values Ireported by Le Niendre et al. (31)
and by Piermarini and 8lock {32). Other réported values for the ZnS
+ransition pressure are 24.0 GPa by Samara and Dr1tkamer (33) (1ater revised
to 18.5 GPa) and 11.8 GPa by Ruof¥ and Chan (34)}.

)

NOTATIiON
8 Bulk Modulus Up Particle Velocity
Cg Bulk Sound Speed v Specific Volume
CL Longitudinal Sound Speed ¥ Griineisen Coefficient
Cg Shear Sound Speed v Poissons Ratio
E Internal Energy o Density
P Hydrostatic Pressure a Stress
T Temperature T Shear’ Stress

Shock Velocity
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- Samp le

Material aHELa(GPa) Condition Th}ck?ess Technique®  Reference
Meta]s )
4340 steel 1.9-1.t* annealed 6-50 G-9 1
4340 steel 2.3-2.1 annealed 3- 6 6-7 2
4340 steel 1.7 Rc15 25 E-7 3
4330 steel 1.7-1.9 REIS 12 G-6 4
4340 steel 1.6 Rc30 23 E-9 5
4340 steel 1.6-2.0 Rc32 12 G-6 4
4340 steel 2.5 'Rc35 25 E-7 3
4340 steel 2.0-1.8 Rc40 20-51 E-9 5
4340 steel 2.2 RCSO 23 E-9 5
4340 steel 1.4-3.1 Rc54 12 G-6 4
4340 steel 1.0-2.8 RCGI 6 E-4 6
Maraging steel 2.6-5.3 Vascomax 350 6 E-4 6
AMS 5656C steel 1.0-3.3 As Received 6‘ E-4 6
HF-1 steel 2.4-2.1 R 30 3.2-6.4 6-9 7
W 3.8 99.9% pure 9.5 6-9 8
293K
W Z.3 1223K 9.5 G-9 8
Be 2.5 Arc melted 0.5-1.0 G-7 9
i
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Shock ! Sample

Material gy, (GPa) Propagation Thickness Technique Reference
HEL Direction {mm)
Single Crystajs

Be 4.0 " c-axis - G-7 10
Si 9.2:1.0 [100] 6.4 E-4 11
Si 5.0+0.5 [110] 6.4 £-4 1
Si 5.4+0.3 1] 6.4 €4 1l
Si 4.0 [nmnj N £-10 12
Ge 5.3-4.6% [100] 6-12 E-3 12
Ge 9.7% [100] 6 G-7 13
Ge 5.8:0.8 [100] 6.4 E-4 14
Ge 4.7:1.0 110l . 6.4 E-4 14
Ge 4.4:0.5 [l 8 C g7 15
Ge 4.1-3.5* [mmj 6-12 E-3 12
Ge 4.8+%1.4 [nnj 6.4 E-4 14
€ds > 3.2 c-axis - E-9 16
€dS > 2.8 a-axis - E-9 16
(51'02) 9,8-4.81* x=cut 5-25 E-5 7
(3102) 6.6-5.5% ) x-cut [ E-2 18
(Si(]z) 11.0-8.2* y-cut 10 E-5 17
(SiOZ) 8.6-6.5* y-cut 3-6 £-2 18
(Si(]z) 14.5-12.0% z-cut 10 E-5 17
(Si(]z) 14.8-10.0* . z-cut © 3-8 E-2 18
(Si(]z) 14.5- 6.0 z-cut - E-3 19
Sil)z) 6.0 [1210] - E-3 20
(SiOZ) 8.5 [1010] - E-3 20
(S'iOZ) 14.8 [0001] - E-3 20
(A1203) 12.0-20.0 z-cut 10-13 E-5 21
(A’.203) 13.5-18.0 x-cut 10-13 E-5 21
T1'O2 7.0 [100] 6 E-8 22
Ti(]z 10.0 [001] 6 E-8 22
Mgo 3.7 [100] - E-2 23,24
Mg0 8.9%10 {100] - E-2 23,24
(CaCO3) 2.2 [1219] 6 E-2 25
(CaCo4) 2.4 [1070] 6 E-2 25
(cacos) 1.9 [0001] 6 €-2 25

(cacoa 1.9 [10m1] - E-2 25
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N N 0
o ’ Initial Sampie . N
Material °HE§.(G a) I:E:éty . Ecmkn)ess- Technique, “Re
B
L 'Po]yc‘ryskti'l'line’ Ceramics K
1,0, 11.2+1.2 2397, 7 6.
A1203 13.4:0.8 .. 3.92 ;
A1203 8.3:0.5 3.81[
A12Q3 7.8:0.5 3.72"
1\1203 6.1:0.5 3.42.
A1203 7.0 - 13.6 3.97 -
84C 15.421.0 2.50 T
BaQ 8.2:1.0 3.01 &
BaTiO3 2.5 ) 5.54 13
BaTi0, ~3.0% - 3-13
Lead Zirconate . - 55 '
Titanate ~4.0 13 E-2,3 30
(P2T 95/5) if
Lead Zirconate - B
Titanate = - 13 E-5 29
(PzT 52/48) ' i
Maganese-Zinc A - ;
Ferrite ‘2.3 14 E-9 31
Yttrium Iron >6.0 - 8 E-9 3
Garnet .
TiOZ 3.3-7.5 - - £-2 22
8986 13.9£3.9 2.32 64 £-4 This Work
F63C 0.74 6.98 6.4 E-4 This Work
SiC 8.0:3 3. 6.4 E-4 32
We 7.0 14.9 6.4 E-4 This Nork
HfC 1.9 12.5 ¢ 6.4 E-4 This Work
InsS 3.4 4.07 6.4 E-4 This York
ZnSe 3.0 5.27 6.4 E-4 This Wark
[ntermetallic Compounds
T1'B2 8.6£3.0 4.51 3.2, 6.4 £-4 32
Ee4B 7.4£1.0 1.97 6.4 E-4 32
Be4B + 8%

' Bel 7.7:1.0 1.99 6.4 E-4 32
mBy, 8.7 2.54 6.4 E-4 32
T’iBe.’z 5.3 2.28 6.4 E-4 32
BEZB 6.5 1.99 6.4 E-4 32
ZrBe-|3 7.1£12 2.73 6.4 E-4 32
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i ,&. Symbols: ‘Smple thxckness Efect ubserved, “Stress relaxation observed; NS !
' r‘Poorly defined elastic’wave fromr s, - o
! b. When a range of sample thicknesses 1s given + is noted; the larger HEL, f‘” R v ¥
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) in the text,._ i °T s T
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2. Inclined errors [2] ’ ,7. CapacltOQ 16,73 U”O’D . . al
3. Optical Lever [2] * 8. Manganin Hire [8,9,107 Yo e o
4. 1Inclined Prisms={3] 9. quartt Gage [11,12] e w o s
5. fnifeEdge [4] © 10, Electromagnetic Probe [13] i g \D . Dol
— Q ) i \1 = © 9 N \}}‘ L. \\\A\ ,\\
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TanLE 27 Cosfficients for U =
. n

v TSTRESS  Znd WAVE £ 3rd NAVE_REGIME
oue MLOCIZIES WL OPESEL €y 5, Uinus €3 7S, Limits
'. s B (krvs) (m/s)

i
fys) (eys) (ous)  ta7)  tama) <l <ty

FeJC 7.0% 5.]9 2.36 ‘.‘3491 0.7 9.12 4.60 A 7‘1437 9.75-2.5 8.0 1.77  3.10-4.2
HFC 12.3 .29 3.90 1.5 19 61 5N 15 0.70-0.90
. )
10.9 5.65  3.52 -1 5.48 1.13 1.6 -3.9

13,9 6,87 413 1.9 7.0 3.3 5.61 : .16, 0.30-2.0

Bisy .33 136 8.8 3.9 14.0 7.8 8.40 1.80 0.64-1.6

12.1 1.83 3.7 -5.0 (Extrapolates ta
. Cg)
34 25 48 1.4 0.35-0.80 3.93 1.86 1.1 -1.4

ns 4.075 5.5 2.92 2
2nse 5.266 448 2.1 3. 3.0 1z 4.0 115 0.6 -0.65 3.66 1.83 .. 1.4




