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This internal report describes the material model for 6061-T6 aluminum for use in shock 
wave experiments and wave code calculations. The following discussion presents the 
various equations and figures as needed. The material model was derived for stresses up 
to 100 kbar. 

A. Data Sources: 

1) Hugoniot and ultrasonic properties: 

Hugoniot data up to 25 kbar was quoted from Lundergan & Herrmann's work1. 

Hugoniot data from 50 to 100 kbar was quoted from Isbell & Christman's report2. 

Ultrasonic data up to 10 kbar was also quoted from Ref. 2. 

Initial density was quoted from "LASL Shock Hugoniot Data"3; p
0 

= 2. 703 g I cm3 • 

Note: The data quoted from Ref. 1 were those measured using symmetric impact 
technique. 

B. Procedure to determine the parameters: 

1) Elastic response: 

From 

and 

cL = 6.368 + 0.0173P (mm I µs) 

cs =3.197+0.0104P(mm/ µs) 

PHEL = 6.4 kbar, 

(Isbell & Christman) 

(Lundergan & Herrmann) 

the elastic response was integrated numerically. Here cL and cs are longitudinal and 
shear wave speeds, respectively, P is the mean stress in kbar, and P HEL is the 
longitudinal stress at the Hugoniot elastic limit. 

2) Hugoniot beyond elastic limit: 

The low stress data from Ref. 1 and the high stress data from Ref. 2 were fitted 
against volume compression with a polynomial (up to the third order) and with the 
following constraints: 

a) The polynomial intersects elastic response at 6.4 kbar. 

b) All the coefficients are positive to prevent a "S" shape curve, which would be the 
result if the data were fitted without constraint. 

3) Yield surface: 
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Assume constant strain-hardening yielding. The yield surface is 

where Y0 is in terms of J:i[. The result of uniaxial-stress compression2 was 
approximated as bilinear resulting in Yo = 1.85 kbar and M = 7 kbar. To be 
consistent with the final numerical fitting of the Hugoniot, the initial yield strength 
was adjusted to Yo= 1.871 kbar. 

4) Mean stress: 

The yield strength was incrementally calculated; the resultant deviatoric stress (s) 
was subtracted from the longitudinal stress to obtain the Hugoniot mean stress. The 
result was then fitted into a polynomial (up to the third order) of volume 
compression with the coefficient of the first order term being fixed as initial bulk 
modulus. 

C. Results: 

i) Representation for designing shock wave experiments: 

1) Longitudinal stress, Px (kbar) vs. particle velocity, uP (mm/µs): 

~ = 172.luP + 42.88u; 

and ~ = 1.184 + 140.2uP + 37.38u; 

for ~ s 6.4 kbar 

for ~ > 6.4 kbar. 

The result is presented in Fig. 1 and in the Px - uP plot attached. 

2) Longitudinal stress vs. volume compression, µ(= V JV - 1): 

~ =1096µ+2352µ 2 

and ~ = 2.134 + 732.2µ + 1279 µ 2 + 954.4µ 3 

for ~ s 6.4 kbar 

for ~ > 6.4 kbar. 

The result is shown in Fig. 2 and in the Px - µ plot attached. The initial 
longitudinal modulus is 1096 kbar. 

3) Shock wave speeds, U51 & U52 (mm/µs) vs. particle velocity: 

U 51 = 6.368 + l.553u P (Elastic shock wave speed) 

U 5 2 = 5.244 + 1J 73u p (Plastic shock wave speed). 
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In deriving Uw the following jump conditions were used: 

PHEL (Us2 - UHEL) = p(Usz - up) 

and 

where the subscript "HEL" denotes the quantities associated with the Hugoniot 
elastic limit. The result for Usz is plotted in Fig. 3. 

ii) Representation for COPS calculation: 

1) Hugoniot mean stress, PH (kbar) vs. volume compression: 

PH= 727.6µ+ 1281µ2 + 954.4µ3
, 

The result is shown in Fig. 4. The initial bulk modulus is 727.6 kbar. 

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

p - P, = r (V) (E - E ) 
H V H 

where the subscript "H" denotes the quantities along the Hugoniot curve, E is the 
internal energy per unit mass, and f(V) is the Gruneisen parameter. For 6061-T6 
aluminum, r (V) = 2.0V I V0 • 

2) Shear modulus, G (kbar): 

G(P) = 276.3 + 2.171P +4.661 X 10-3 P 2
' 

where P is the mean stress in kbar. Fig. 5 presents the result. The above equation 
is a direct extension of the ultrasonic shear wave measurement2, which was made 
only up to 10 kbar. It is difficult to comment on the validity of this equation at 
high pressures. 

3) Constant strain-hardening yielding: 

M-(1.871+7.jY;_p)=O. 

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 4 mm thick 
6061-T6 aluminum plate impacts a 18 mm thick target of the same material for 
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several impact velocities. The results are listed in Table 1 and compared with those 
calculated directly from the Px - uP and U, - uP relationships. The elastic shock wave 
speed for numerical results was determined by measuring the speed of middle point 
of the wave front while the plastic shock wave speed was measured at the middle 
point of the computed plastic 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 files and the output plots of stress and 
particle velocity histories for an elastic calculation and for an elastic-plastic 
calculation are attached as examples. 

Impact Particle Px calculated U, calculated Px computed U, determined 
velocity velocity from Px - uP from U, - uP using COPS from numerical 
(mm/µs) (mm/µs) (kbar) (mm/µs) (kbar) results (mm/µs) 

0.04 0.02 3.459 6.399 3.458 6.403 

0.07 0.035 6.076 6.422 6.073 6.430 

0.26 0.13 20.04 5.422 20.04 5.415 

0.64 0.32 49.88 5.683 49.86 5.676 

1.20 0.60 98.76 6.068 98.74 6.063 

Table 1, Comparison between the analytic solutions and the numerical 
results for the material model of 6061-T6 aluminum 

References: 

[l] C. D. Lundergan and W. Herrmann, Journal of Applied Physics, 34, 2046, 1963. 

[2] W. M. Isbell and D.R. Christman, GM Report, MSL-69-60, February, 1970. 

(3] "LASL Shock Hugoniot Data", edited by S. P . Marsh, University of California Press, 
Berkeley, 1980. 



-c:-
"' :e -

a.)( 

II) 
Cl) 

t 
Cl) -"' .s ,:, 

:E 
0) 
C: 
0 

...J 

120 r"'l'"""T"'--,-.......-:r-,---.--.--..-,--.--.-"'T""'"..-,"""T"'--,--,.-,......,.."""T"'--,-........,"""""1"-.-"'T""'" ......... -,---,--,.-,-..,.-, 

100 

80 

60 

40 

20 

Result deduced from Px - µ relationship 

Px = 1.184 + 140.2uP +37.38u/ (for Px > 6.4 kbar) 

Px = 172.1 up+ 42.88u/ (for Px < 6.4 kbar) 

0 "--"--'-....._...._.......,___._....._.......,__,__._..._ ....... __._.....__.__ ....... __._....._ ................ _._...._ ........ __.__._..._.__. ...... 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Particle Velocity, up (mm/µs) 

Fig. 1, Px - uP relationship of 606 l -T6 aluminum 
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pimulation of 1-D Wave Propagation in 6061-T6 Aluminum 
Max cycle= 0005000 Max Time= 4.000e-06 nedit = 02000000 iplot= 
ntedt = o njedt = 2 nlayers = 2 layfl 
islide = O 
jedit = 502 1402 
jmat = 1 1 
vproj = 4 . 000e+03 angle = 90.0 
ell = o.oo cql = o.o cl2 = o . o cq2 
ism = O 
dtmult =l.00000000 
ncell 1 = 400 thick 1 = 4.000e-01 6061-T6 Al 
ncell 2 = 1800 thick 2 = 1.aooe+OO 6061-T6 Al 

1 mtrls= 1 
= 1 

= o.o 

6061-T6 Al density= 2.703e+OO indp = 1 indd = 2 indc = 0 
mul = 7 . 276e+ll mU2 = l.28le+l2 mu3 = 9 . 544e+ll ganuna/V = 5.406e+OO 
Yo = l.87le+09 M = 7.000e+09 
GO = 2.763e+ll Gl = 2 . 17le+OO G2 = 4.66le-12 
plots = 4 
vars = 1 9 10 12 
ifreq = 2 

f 
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Simulation 
Max Cycle= 
ntedt = 
islide = 
jedit = 
jmat = 
vproj = 
ell = 
ism = 

of 1-D Wave Propagation in 6061-T6 Aluminum 
0005000 Max Time= 4.oooe-06 nedit = 02000000 iplot= 

o njedt = 2 nlayers = 2 layfl 
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1 mtrls= 1 
= l 

= o.o 

dtmult =l.00000000 
ncell 1 = 
ncell 2 = 
6061-T6 Al 
mul = 
Yo = 
GO = 
plots = 
vars = 
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density= 
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