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This internal report describes a material model for oxygen-free high-conductivity (OFHC)
copper for use in shock wave experiments and wave code calculations. The following
discussion presents the equations and figures as needed. The experimental results exist
for longitudinal stresses up to 1500 kbar. For our laboratory needs, the model was derived
for longitudinal stresses up to 500 kbar. '

A. Data Sources:

The data used in this work were quoted from Appendix B of Bloomquist's thesis'. The
information consists of the Hugoniot data for deoxidized annealed copper from
McQueen ef al.? and the ultrasonic and uniaxial-stress measurements done in our
laboratory.

The pertinent data are as follows:
U,=3.94+148%, (mm/ps)
c, =481 mm/ s
cg =2.32 mm/ps
p,; =8.93 glem’
o’ =0.2 kbar
H=15.5 kbar

where u, is the particle velocity in mm / ps, U, is the shock speed, C; and C; are the
ultrasomc longltudmal and transverse wave speeds, respectively, p, is the 1mtlal

density, and o} and H are the initial yield stress and the hardening modulus of the
material under uniaxial-stress compression, respectively.

B. Procedure to determine the parameters:

1) Assume that the elastic response is linear and solve the particle velocity and volume
compression associated with the Hugoniot elastic limit, P, (=0.43 kbar , which

was derived from c}).

2) Solve the Hugoniot response beyond the elastic limit through the following set of
equations:

Prer (U — st ) =p(U, — up)
(P, = Pzy) = P (U ‘—uHEL)(up — Uy )
U, =3.94+1.48%,



where P, is the longitudinal stress, the subscript "HEL" denotes the quantities
associated with the Hugoniot elastic limit, and U, is the plastic shock speed in
mm/ps.

3) Assume constant strain-hardening during yielding,

f=JT -G+ ML, )=0

where Y, (=0.1155 kbar) is the initial yield strength in terms of JJ_; and M (=10.46
kbar) is the strain-hardening modulus (see the attached photocopy for detailed
derivation). Subtract the resultant deviatoric stress (S,) from the longitudinal stress
to obtain the Hugoniot mean stress, P,,. Fit the mean stress-volume compression
curve to a third order polynomial with the coefficient of the first order term being
fixed as the initial bulk modulus.

4) Backwards calculate the longitudinal stress using the yield strength and the fitted
mean stress response. Fit the resulting longitudinal stress-volume compression
curve to a third order polynomial.

5) Solve P, - u, and U,, - u, relationships for the given P, - p relationship and check
out the consistency with the original U, - u, relationship.

C. Results
i) Representation for shock wave experiments:
1) Longitudinal stress, P, (kbar) vs. particle velocity, u, (mm / ps):
P, =352.6u,+ 132.1uf,

This equation is the result of the best quadratic fitting through both elastic and
plastic responses. Therefore, the coefficient of the leading term does not reflect
the ultrasonic properties at all. The result is presented in Fig. 1 and in the P, - u,
plot attached.

2) Longitudinal stress vs. volume compression, p (= ¥,/ V- 1):
P, =1436p+2072u° +4769u°

Again, the fitting was through both elastic and plastic responses. The coefficient
of the leading term is different from the initial longitudinal modulus, which is
2066 kbar. The result is shown in Fig. 2 and in the P, - p plot attached.



3) Plastic shock wave speed, U,, (mm / ps) vs. particle velocity:
U, =3.984+1.431u,

As shown in Fig. 3, this result has a maximum difference of 1% from the original
U, - u, relationship due to enforcing the consistency between the initial bulk
modulus and the P, - p relationship. The original description at zero particle
velocity yields a value 1.4% lower than that from the ultrasonic measurements.

ii) Representation for COPS code calculations:
1) Hugoniot mean stress, Py, (kbar) vs. volume compression:
P, = 14251 +2109u” +4688u°.
The result is plotted in Fig. 4. The initial bulk modulus is 1425 kbar.

In the current version of the COPS code, the thermodynamic mean stress, P is
calculated as,

r(v)
4
where the subscript "H" denotes the quantities defined on the Hugoniot curve, E is

the internal energy per unit mass, ¥ is the specific volume, and I'(V) is the
Gruneisen parameter. For OFHC copper, I'(¥) = 1.997".

(P-Fy)= (E-Ey)

2) Shear modulus:
G =480.6 kbar.

3) Constant strain-hardening yielding:
JJ; —(0.1155 kbar +10.46,/1,") = 0.

iii) Results of the COPS code calculation:

A series of 1-D wave propagation calculations have been performed using the
COPS code and the above computational model and assuming that a 3 mm thick
OFHC copper plate impacts a 16 mm thick target of the same material for several
impact velocities. The results are listed in Table 1 and compared with those
calculated directly from the P, - u, and U - u, relationships. The shock wave speed
was measured at the middle point of the computed wave front. The result may
involve errors due to the nature of such measurements. However, the overall



agreement is very good as expected. The cell layout, the input data file and the
output plots of stress and particle velocity histories for a sample calculation are

attached.
Impact | Particle | P, calculated | U, calculated | P, computed | U, determined
velocity | velocity | from P, -u, |from U;-u, |using COPS | from numerical
(mm/us) | (mm/us) (kbar) (mm/js) (kbar) results (mm/ps)

0.4 02 75.80 4.2702 76.22 4.261

1.0 0.5 209.3 4.6995 209.3 4.686

1.6 0.8 366.6 5.1288 366.4 5.128

Table 1, Comparison between the analytic solutions and the numerical
results for the material model of OFHC copper
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Shock Wave Speed, U, (mmAiLs)
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P_- n Plot for OFHC Copper
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Simulation of 1-D Wave Propagation in OFHC copper

Max Cycle= 0006000 Max Time= 4.500e-06 nedit 02000000 iplot= 1 mtrls= 1

ntedt = 0 njedt = 2 nlayers 2 layfl 1
islide = 0
jedit = 402 1302
Jjmat = 1l 1
vproj = 1.000e+05 angle = 90.0
cll = 0.00 cql = 0.0 cl2 = 0.0 cg2 &= 0.0
ism = 0
dtmult =1.00000000
ncell 1 = 300 thick 1 = 3.000e-01 OFHC Cu
ncell 2 = 1600 thick 2 = 1.600e+00 OFHC Cu
OFHC Cu density = 8.930e+00 indp = 1 indd = 2 indc = 0
mual = 1.425e+12 mu2 = 2.10%e+12 mu3 = 4,688e+12 gamma/V = 1.777e+01
Yo = 1,155e+08 M = 1.046e+10
GO = 4,806e+ll
plots = 2
vars = 1 12
ifreq = 1,
“INPUT. DAT"
CELL LAYOUT
4 301 302 1902
ey q vana
OFHC ¢y OFHC Cu
=@ ‘f/b
“O /\/Fm 4 o
profitee were monitored
WM/at{ tom/mu
|
l'_3 Pakt [ 6 mm
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