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- NOTICE-

apparatus, product or

ONE-DIMENSIOHAL CALCULATIONS OF SHOCK-LOADED POLYCRYSTALLINE BERYLLIUM

by

Richard E. Swanson

ABSTRACT

This report describes a numerical study cf the response of
polycrystalline beryllium to shock loading. We discuss various
methods of incorporating material properties relations to improve
the hydrodynamic calculations and propose a treatment whereby the
anlsotropic, polycrystalline nature of beryllium can be modeled.
We present the results of calculations, compare them with experi-
mental data of several investigators, and comment on the applica-
bility of the treatment.

I. INTRODUCTION

Calculation of polycrystalline beryllium re-

sponse to plate impact experiments has not been suc-

cessful using the normal technique of hydrodynamic

calculations incorporated with an elastic perfectly

plastic (EPP) treatment. Calculations of the free-

surface velocity profiles of three experiments (Nos.

1-3) indicate that, without assuming a phase change

upon shocking, the observed velocity of the rare-

faction wave cannot be reproduced. The observed

ramped elastic precursor is also not calculated by

this method. The results of calculations using the

EPP model with a yield strength (Y Q) of 0.15 GPa

(1.5 kbar) are compared with the experimental pro-

files of Taylor (Expt. Nos. 1 and 2) in Fig. 1.

The experiments shown in Fig, 1 were performed

using the same material, target thickness, and driv-

er plate velocity but with different driver plate

thicknesses. Therefore, the observed difference be-

tween the two experiments in the rise of the pro-

file is not explainable. Chrietman and Feistmann

also noticed such an effect, vshich was conclude! to

be real and due to a material effect that would in-

clude material properties. No proposed theoretical

J. W. Taylor, Los Alamos Scientific Laboratory, un-
published data (1967).

treatment will produce this difference if identical

samples are assumed.

II. DISCUSSION

Certain mechanisms for treating the behavii>V of

polycrystalline beryllium can be considered. One is
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the existence of a phase transition upon shock load-

ing which changes the bulk properties of the mate-

rial. This possibility would not explain the ob-

served ramped profiles and does not seem likely.

Another possibility is to treat the strain

hardening properties of the beryllium. Incorporat-

ing the strain hardening properties and the Bausch-

inger effect alters the character and magnitude of

the elastic precursor and rarefaction waves and thus

shows promise in explaining the observed profiles.

We used the strain hardening and Bauschinger effect

relations proposed by Read.

Vci

reverse
loading

yield strength,

initial yield strength,

asymptotic value on reverse loading,

coefficients selected to fit quasi-static
data,

equivalent plastic strain, and

maximum plastic strain attained during
initial loading.

Where

Y Q « 0.135 GPa,

Y^ - 0.220 kbar,

CQ - 74, and

C, - 17.

The Incorporation of these relations produced

the velocity profiles shown in Fig. 2. We used the

SIN code described in Ref. 3 to perform calculations

in this report. The technique for incorporating

strain hardening models in the SIN code is given in

Ref. 4. Obviously, the strain hardening prescrip-

tion as presented (that is, as determined from qua-

si-static experiments) does not reproduce the data.

However, the prescription could be refined by assum-

ing different hardening behavior at high strain

rates to match the observed profiles. For example,

Eloslic perfectly plostic
• • • • • strain hordening. CO>74. Ct = 17
• — . — . Strain hardening, Co = 74, C,--74

iO 2.4 28
Time (,,»)

3.2

Fig. 2. Experimental and calculated free-surface
velocities of a 12.7-mm beryllium plate
driven by a 6.35-mm beryllium plate ini-
tially traveling at 0.412 mm/us.

to produce the calculated profile shown as the dash-

dot line in Fig. 2,we increased the value of C. to

simulate increased hardening or reverse loading.

Certainly strain hardening properties should be con-

sidered in a complete treatment. We think Chat the

polycrystalllne nature of beryllium should also be a

primary consideration.

Pope and Johnson and Pope and Stevens report-

ed on wave propagation in single-crystal beryllium.

They studied the free-surface velocity profiles of

the single crystals which were subjected to planar

shock loadii.t, along various directions with respect

to the crystal planes. Their data showed that the

elastic precursor was well defined and not ramped as

observed in polycrystalline beryllium experiments.

They made the interesting conclusion that the re-

sponse of the polycrystalline beryllium is a conse-

quence of the grains in aggregate rather than a con-

sequence of some intrinsic property of the beryllium.

Stevens and Pope performed experiments on hot

pressed polycrystalline beryllium aftet the texture

of the samples was varied by rolling. The effect of

rolling was to increase the concentration of basal

planes nominally parallel to the rolling direction

(normal to the shock propagation direction). They

describe the texturing of the as-pressed material as



having random R intensity and measured the texture

in three rolled samples as having intensities of

3R, 5R,and 8R relative to the as-pressed material.

The wave profiles observed in these experiments are

shown in Fig. 3a along with an elastic perfectly

plastic calculation of the response. They also

measured sound speeds in the samples and concluded

that, as texturing increased, the number of C-axes

parallel to the wave propagation direction increased

and therefore the speed was weighted toward the

higher value of sound speed observed in the direc-

tion of the C-axis in single crystal samples. This

resulted in a higher (13.79 mm/us) sound speed meas-

ured in the highly textured (8R) material as com-

pared to the sound speed (13.44 mm/us) measured in

the 1R material. This phenomenon is a result of

the orientation of the grains in the polycrystalline

material. Stevens and Pope proposed a model for

unrelaxed thermal microstresses to explain the ob-

served ramping (supressing of the elastic precursor)

in the as-pressed material.

Fig. 3. a. Experimental and calculated free-sur-
face velocities of a 3.00-mm beryllium
plate driven by a 1.00-mm fuzed quartz
plate initially traveling at 0.120 mm/ps
where the texturing of the beryllium was
varied.
b. Calculated profiles of the same experi-
ment using the polycrystalline treatment.

III. CALCULATIOMAL MODEL

Facts such as those discussed above lead to the

conclusion that a proper method for calculating the

response of beryllium should treat the anisotropic,

polycrystalline nature of the material In hydrody-

naraic computer codes. He considered Individual be-

ryllium cells in the calculation as representing

grains oriented in oeparate directions and assigned

the cells different yield values since the ̂ 'lenome-

non of different yield strengths along different
5 8

crystal directions is observed. ' We call the

method described below the polycrystalline treat-

ment.

In the crudest sense, consider a slab of beryl-

lium with two types of grain orientations distrib-

uted randomly with respect to the planar shock propa-

gation direction. One group of cells (the even

ones) is oriented such that the yield strength is

small (Y « 0.075 GPa) and the other group (the odd
o

cells) is oriented such that the yield strength is

0.4 GPa. For this case, the code treats the even

and odd cells as shown in the Pressure-Specific Vol-

ume diagram of Fig. 4a. The response of the

1.0

0.8

2 06: N^x

066 cell fesoonse
Yo> 0 0 7 5 CPo

. 1 . 1 .

1 '

/

NX
> ^

- • - | r • | - i
a. ,

moletiol response

y-Cven cell
/ Yo=040

\ 1 .

•

response

GPa

1 •

0.536 0.537 0538 0.539 0.540 0541 0542
Specific Volume is/cm')"1

0.0 0.40 O.S0

Fig. 4. Representation of the response of a mate-
rial assumed to have two different yield
strengths evenly distributed among the
cells.



che aggregate material is represented by the average

renponse shown by the solid line. If the ratio of

higher yield values to lower yield values was

changed, the average response would be weighted ac-

cordingly. Likewise, If more Chan two different

yields were assigned, the response of the aggregate

material would be represented by store Chan one change

of slope of the solid line. The solid line Kugonlot

In the figure predicts two vaves traveling at con-

stant velocities (C, and C.) repreiented by the

slopes of the line segoents. Then two "elastic"

precursors with velocities Cj and C and stress nig-

nitudes given by Oj - -j-r-̂ J ̂  and o2 - J-^JZ *2

(v is Polsson's ratio) are propagated as shown In

Fig. 4b. Similar behavior is also exhibited by the

elastic components of the rarefaction, the first

rarefaction wave travels at velocity C and the sec-

ond at velocity C_. Figure 5 shows the calculated

pressure profiles In the material as the wave propa-

gates.

Figure 6 shows how the code treats such a situa-

tion. Plotted are the total stress, particle
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velocity, stress deviator, and specific volume pro-

files In the beryllium as the compresslve waves

propagate. Note that the pressure and particle ve-

locity arc continuous since they are matched from

cell to cell. The discontinuous nature of the yield

strength is compensated for by the discontinuity in

the compression. This method has proven to be Inde-

pendent of mesh size.

By varying the distribution of cells and their

yield strength, a large variety of profiles can be

produced. Increasing the number of one yield

strength over another has the effect of "texturing"

the sample. Figure 7 shows typical calculations

performed during a parameter study where the magni-

tudes and wave speeds of the elastic components of

the waves vary as the yields and distribution of the

cells are varied.

For convenience we use the following notation

to Indicate the yield strength values used for the

polycrystalline model.

(V1,Y2,...,Yn) GPa, meaning
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Fig. 8. Experimental and calculated free-surface
velocities of a 12.7-mm beryllium plate
driven by a 6.35-nm beryllium plate Ini-
tially traveling at 0.412 on/us.

YQ « Yj GPa every first cell of a block of n cells

Yo - Y GPa every second cell

• Y - Y GPa every nCh c .11.
O T>

For example, in Fig. 7, the notation Y • [0.75,

0.15] GPa indicates thai all the odd numbered cells

were assigned a value of Y • 0.75 GPa and the even

numbered cells were assigned a value of V • 0.15

GPa.

Of course, in polycrystalllne beryllium the

grains are oriented in an extremely complicated,

three-dimensional way and the interactions between

the individual grains are also complicated. We at-

tempted to indicate the effects of such randomness

by averaging the effects of the crude polycrystal-

llne treatment using a real viscosity factor. Cer-

tainly, we could Incorporate enough viscosity to

smear out and obscure the effect of the treatment.

Figure 8 shows a parameter study of the effect of

real viscosity on calculations of beryllium impact

experiments. A viscosity factor of 2 kP was found

to reasonably descilbe the response of aluminum dur-

ing plate Impact experiments for shock pressures of

2.C to 10.0 CPa. Thus we do not consider a vis-

cosity factor of 3 kP an unreasonable value for be-

ryllium. Ue used the one-dlmen6ional hydrodynatnlc

code SIN to perform the calculations. Ue treated

the spallIng observe! in Expt, No. 6 by using the

pressure gradient spall model with a Spall A con-

stant of 8.5 « 10"* (CPa.mo)1/2 - 0.027 (Mbar.cm)1/2.

The results of calculations are compared with ex-

perimentally determined wave profiles in Section V.

The equatlon-of-state parameters used in the

SIN code to describe the response of the materials

considered are listed below. The nomenclature and

units are identical to those used in Ref. 3 and are

described in detail there. We treated the fuzed

quartz (FQ) as an elastic material for the stress

ranges experienced by the quartz in the experiments

studied.

Beryllium

C 7.975 -01

S 1.091 +00

Fg 2.07189823068 +00

Cs -2.90125259335 +01

H_ -7.55281579097 +01
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Js

a

V
o
u

-7.78921352738

-2.62045226172

1.1

4.74

1.233

5.40540540541

1.615

Polytetrafluoro-ethylene

C

S

F-
>

1.022

1.634

+01

+01

+00
-01

-05

-01

+00

! (PTFE)

-01

+00

Expt.
No.

1

2

3

4

5
6

TABLE

SUMMARY OF

Driver
Velocity
(mm/us)
0.412

0.412

1.25

0.351

0.346

0.120

I

EXPERIMENTS

Driver
(nn)

3.18

6.35

6.3

1.509

1.524

1.00

Be

Be

Be

FQ

FQ

FQ

Target
(mm)

12.7

12.7

12.7

6.203

9.149

3.00

Be

Be

Bea

Be

Be

Be

Target
BacklnR

Free surface

Free surface

Fq

FQ

Free surface

*Manganin gauge Imbedded In PTFE 12.7 an from impact
plane.

6.8
3.0

1.0

4.761904762OO

Fuzed Quartz (FQ)

4.075

1.5

-01

-01

-05

-01

-01

+00

C
V

a
V
o
V

2.0
1.8

5.5

4.54338936800

3.09

+00

-01

-07

-01

-01

IV. EXPERIMENTAL DATA

A suomary of the experiments studied In this

report is given in Table I. Experiments 1 and 2

were performed by J. W. Taylor who Impacted target

plates of polycrystalllne beryllium with beryllium

driver plates and monitored the tine-resolved free-

surface velocity of the rear surface using the d-c

capacitor technique.

Experiment No. 3 was performed by P. Fuller of

the Atomic Weapons Research Establishment,

Aldermaston, England. He monitored the pressure in

a jiolycrystallim- I 400 beryllium target with a pres-

sure gauge imbedded 12.7 nia fron the impact surface.

Christman and Fclstraann tested S-200K, Type 1,

hot pressed block Brush beryllium extensively. Ex-

periments Nos. 4 and 5 are the results of two of

their plate impact experiments. They monitored the

particle velocity at the beryllium-quartz window in-

terface using the interfcromctric quartz window

technique. The shock propagation direction was par-

allel to the pressing direction. They noted little

evider.ee of structure or texturing in the samples.

However, they did observe some elastic anlsotropy

which implies A crystallographlc anisotropy.

Experiment No. 6 is actually a series of sever-

al shots performed by Stevens and Pope where the

textuwng of the beryllium vas varied *•- discussed

In Section It. They used Knwockl-Borylco hot pressed

HP-10 beryllium ,-ind annealed the samples prior to

texturing. Tl-e laser ir.tcrferonetrlc technique was

used to monitor tut: free-surface velocity during the

plate Impact experiments.

The lack of knowledge of the texturing end pri-

or treatment of the beryllium used lor most of the

experiments studied maken it difficult to relate the

results of different tcsi scries to each other.

V. RESULTS

The comparison of experimental and calculated

results Is shown in Fig. 3 and Figs. 9-13. We

J. W. Taylor, Los Alamos Scientific Laboratory, un-
published data (1967). Unpublished data.

' " ' • * • • " • "



qualitatively simulated the effect of texturing of

the berylliuo by changing the ratio of yield

strengths, thus texturing the material In the cal-

culations as discussed in Section III. Figures 3a

and 3b compare the results of calculation and ex-

periment.

In Pigs. 9-11, the treatment is shown to bet-

ter reproduce the ramped elastic precursor and ve-

locity of the elastic component of the rarefaction.

However, the agreement is stii.1 not satisfactory.

For Expl. No. 3 (Fig. 11) the beryllium experiences

over 10.0 GPa (100 kbar). Under these conditions,

the occurrence of a phase change on shocking is a

greater possibility.

Figures 12 and 13 Illustrate the difficulty of

determining parameters from one set of experiments

and applying them to experiments where beryllium

with different treatment history and texturing is

used. For these two experiments we were unable to

match both the observed behavior of the elastic pre-

cursor and rarefaction waves without considering ef-

fects outside the scope of this report.

VI. CONCLUSION

Obviously, more work must be done to properly

characterize Che response of polycrystalllne beryl-

lium. This report demonstrates chat the polycrys-

tallinc treatment can be used to reproduce certain

aspects of the observed response. Ic should be con-

sidered when effects such as strain hardening and

rate dependence (e.g., real viscosity) are studied.
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