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INTRODUCTION 

th,esho1d f or 

pleteri und <?r 

nu.mber 40737, 

number 2~64- 0090. 

Samples a~d ~lyers u ~ed t h ese experiments were 

prepared by MTU . s ~mpl es were s u pplied ~s disks about 112 

a lso 

s L~pp 1 i ed 

by MTU . 

pol ycrys t al l ine pract ic2 samples designRterl F- 1 and P-~; 6 a 

singl e crystal samples, 

pairs, T-1 through T-4. 

Th~ h ard phase CoAl samples supplied were: nr~r··· r -·-

ti ce bi crystal s ; PT ·-1 r.:.;. i l"'l t·1 1 P 
... - • - 73 -· - -

T- 1 t hrough T-6 . 

A s r·ece.i.ved,. had uneccepta.t, le 

rou.ndi.rtg . Thi s was Pli mir ~led hv .. , 

th 1 ct~nesses 



repo,t..ed in 

t h e data sheets ~r□m MTU . 



MATERIAL PROPERTIES 

the sample,. densities c>.nd :.:; o~ind speeds we,!': measured for the 

several samples of the two alloys . Fr·om these data a linear 

Hugoniot relation w2s estimated, i.e., a relation between 

the fina.1 press 1.1re and the parh.cle veloci -t. y abtain:?d jn the 

shock p,-ocess. 

The Huganiot will have the form 

P 10 p cu 
p 

P 1s the density in gr/cc; 

C is the apprapriete sound speed in mm/mi crosec; 

Up 1s the particle velocity in mm/microsec . 

Density was measured by the displacement t echn ique 

described in the Appendix. I t has a probable error of 0.005 

gr/cc. Ultrasoni c sound spe~ds were measured by the pulse 

over lap method GT Appl. Phys., ~~, 1474 

(1964) J . Longitudinal sound speeds are probably good ta 

plus or minus 0.01 mm/microsecG~d and shear waves speeds are 

good to plus or minus 0.05 mm/m1. cr·osecond ~ The larger error 

in the shear speed is d1.,e tu the di f ficulty of estim<:.'lting 

coincidence of overJBp bec~use of a l~rge dispersion ir, the 
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Data for the Hard Phase C□Al ~re; 

p = 6.197 gr/cc 

CL 7.355 mm/µsec 

cs = 4.689 mm/µsec 

C' = 3.671 mm/µsec 
s 

The average of the density measurements given on t he 

MTU data sheet sent August 17, 19A2 is 

p = 6.113 gr/cc 

Lemar (Lemar and Duvall, 1973) has report ed a density 

for this alloy of 6.914 gr/cc. Assuming he was using the 

same material s upplied f or this work, in error. 

Compar· i son ~..ii th the a.bove f i gu,~es s •.•ggests the s e cc•Pd and 

third digits were transposed. li near Hugoniot 

from t1i s meast.lred st1ock =-peed B.nd the abc~ve density is 

P = 395 U 
p 

This relation will be used to estimate pressures in the 

reported hard ph ase C□Al e~periments . 

An interesting SP'='et, l=c;tion abc_]ut the dynamic yield can 

be made by comb ining the ultrasoni c dat-=\ frn- thi s r.1.lloy a.nd 

the Hu.goni ot points mea.sured by Lemar·. In the elasti c 



regime the materia l resp~nse can b e c haracterized by a 

Hugoniot whose slope is 

+· _1mes the 

at U p •= O. 

the :;_ c.>n g i tud i nal sound s peed 

p -- 0 

P 455 U 
p 

The slope of the plastic Hugoniot can be es timated for 

c>. s hort di stance by t h e p i-o duct of t .h e bul !; sound s peed 'J3 * 

a.nd the dens i t ,., ~ This line v,il1 p a=:s through the rne":'\sur·er.i 

Hugoniot points and its intersection ~ith the elastic 

Hugoniot will be th~ Hugoniot elastic limit. An aver age o·f 

the data fr om Lemar' s shot s 79--021 and 79-022 give a 

Hugoni ot e l 2.sti c 1 i mi t of 45 !:bar., 

Figure 1 is a graph s howing pl ots of the eJast :i c 

Hugoniot~ Lemar's measured Hugoniot points, estima ted plas-

tic Hugoniot , and the corrected Hugoniot of Lemar. 

* The bulk sound speed was used to obtain 
tions -3.nd is _ev~l u a_ted from_v~ . = _c; - -}v~2 

taken as a s2mp1e average □T cne ~wo she~r 

thj_ s rel -3: ­

,,...,her e VS 1 s 
s peeds. 
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Data for the Soft phase Co(Al) are: 

A li near Hugoniot from these data for the fully relaxed 

plastic state is 

P = 376 U 
p 

where P is the final pressure behind the shock front in 

kbar and is the parl:.i cJ.e velocity in mm/microseconds. 

This is very close to the Hugoni ot found by Lema,- (Lema.r ?.nd 

Duvall 5 1973) viz P = 380 UP . Estimates of impact pressure 

reported in the various correspondences on this project were 

based on 21. copper Hugoni ot; pressures st,:1ted in this report 

are based on the above dat a and will be somewhat higher. 

Since the impac ts were symmetricJ that th e flyer 

was of t he same material as the sample, par ticle velocity is 

taken as half the impact velocity and 

estima ted by the fo llowi ng re]a~i □n 

where ! i s - p 

p = 
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SPALL EXPERIMENTS 

The basi c geometry for all of the spall experiments was 

the same. The sample was mour,ted i n a close ~itting c opper 

guard ring which was the s0me thic kness as the sample. This 

copper ring also served as the sample mounting. It was 

attached with spots of glue to an adjustAble target plate. 

This assembly was the" adj•1~tPrl untjl the impact surface was 

perpendicular to the axis of the launch tube. Alignment 

could be made to better than 0.5 milliradian. 

The flyer was supported near is edge by an aluminum 

plate glued to a foam projectile. The flyer face was mAriP 

perpendicular to the sides of the foa~ projectile by bending 

the aluminum plate. This cuuld be done to an accuracy of 

about 2 milliradians. The c onfiguration of the experiment 

just at impact is shown schem~tically in Fig. 2. 
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SOFT PHASE 

Spall experiments on the soft phas e Co(Al) are summar-

ized in Table I. After recovery all sampl e s, except sample 

A, were cut in the direction of the shock wi th a slow speed 

diamond Thi s surface was polished and etched with 

Nitol (Ethanol and 10% Nitric {kid, . Microscopic examina-

tion of this surface wa s made for evidence of spall , usually 

Experiments were done at pressures up to 

44 . 8 kbar (sample A> using thick and thin flyers; in no case 

was spall detected . Pressure 1n the first gr o up of 

ments was 10.1 ta 29 . 1 kb2r . Since this produc ed no spall, 

an experiment was tried ~t 3n_9 ~bar using a thicker flyer. 

This also did not spall. An e x per iment at 44.8 kbar using 

the 4~ gas gun~ was not sectioned but ultrasonic testing 

showed no separation had o c curred. The target arra.ngement 

is shown in Fig . ~, tilt in this exper iment was not meas-

ured, but it presumed to ha.ve been less than 0.5 millira-

dians on the basis of other me,:,surements . This test ha.d 

been intended to also produce data from a Hugoni ot point 

using the VISAR* 

* VISAR = ~ el oc ity I interferometer § ystem for B ny B 
eflector-. See Bar !~er and Hollenbach . ,L Appl. Phys . 
B. 43~ 4669 (1972) . 
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Figure 3. Experimental arrangement for spall experiment 
using 411 gas gun. Projectile shown just prior 
to impact. 



Due to timing difficulties, o-f t.he e~:per i ment 

failed . 

A series of experiments was unde rtaken to test the 

geometry of the experimental subst i t 1_1_ting 

copper for the target ~nd flyer with everything else the 

same2 The results cf t bi s series a re .;: or_1nd in Tab 1 e I I . 

Spall in copper was f o und tQ □~cur betwee~ 21.1 

kbar as expected ( 3 etter· f-1u.gust 1 2 ~ 1982). 
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¥JAVE PROF I LES 

Two experiments ~ere dane with soft to 

deter-mine Hugoni o t point s . Thes~ were both symmetric 

impacts L\Si ng the shot-ted q•.• r:.,,-tz rJauge (Jones and Halpin, 

Rev. Sci. Instr. }~~ 258 {1968)) t □ measure shock pressure. 

Pressure hi story at the ,-e,=1r sample T-4~ 

inferred fr om the current output of a quartz gauge affixed 

to the S<:'mple; is shrJwn in Fig r Rise 

shown,, the C.tf ri s e being about 4L5 

kb/microsecond. 

the output of C<=1.lcuJ. a t.ed 

impact pressure was 17 kbars. A si,:etch of the e;-:per iment: in 

the x-t plane is shown in Fig. 4b . It was assumed in draw-

ing this figure that work-hardens during 

compression to produce a compression fan, as shown . The 

rarefaction from the b8ck of the flyer then overtakes the 

compression fan in the target, as shown, producing attenua-

tion of the impact induced peak and limiting the maximum 

tensile stress induced 1n the specimen . Quan-ti ti:>.ti ve 

description of the stress fields produced in this material 

by impact wo:_~ld requi..--e c:i.r- intensive study of i,,•ave profiles 

for different target an d flyer t hi c knes~es . This ,,.,oul c! be 

dif ficult to carry out without spec imen s of greater diameter 

than those available. 



HARD PHASE 

. ,.., 
! /.. . 

A summary of the impac t experiments an the hard phase 

CoAl specimens is found in Table III. These shots were d one 

with the same recovery technique used for the soft phase 

Co(Al) shown in Fj g, 2. 

w,c1s obv:i QUS - The brittle nature of the alloy 

made a dramatic difference in the ma nifestation of sp-3.11 

over a narrow range of pressure. 

The original estimate of spall stress was 20 to 24 

Thi s was very much above spall threshold and s hots 

were done with successively lower impact nn 

a pparent sepa.rB.tion occur-red Two more shot:5 

were done at higher pressures to more closely br~cket the 

spall The spal] t/-n-es hol d i. s apparently beb,;een 

3 .3 and 4.3 kbar. It probably not practjcal to further 

narrow those limits with material 8va ilable and LI5ing this 

technique. 

on t he hard phase CoAl . 



DENS I TY MEASUHFMOffS BY DJ SPi. ACE!-tFNT METHOD 

Density measurement of solids is based 

displa.ced " The density is the former· divi0e d by the latter, 

sity of 

difference. 

have a smooth and clean surfac e which must be wet easily by 

It should not have h~!es or irregular surf~ce 

which will trap air bubbles~ 

of 

Dissolved n i ,~ i == re<noved by . . 1 . 
001. J. ng 

vigorously in a narrow necked flask for several minutes. 

The water must then be allowed to coAe to the ambient tern-

perature of 

left over night . 

A small amount of household detergent added to the 

water does not materially change the density of the water 

but greatly increases its '••./et ti. ng reduci11g the 

chance of trc1.pped bubbles, The amr:,1_1.rit of liquid detergent on 

a clean glass rod after~ smart shake is about right for 250 

cc of we.ter . 
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A hook is needed to suspend the ~~mplP in the water 

from the balance. The hook should be made of bare wire, 

copper "hook L\p" wire warks welI. Insulated ~1ire~ including 

does nr.Jt 1_,.1et ~ell ~nd leads to erratic results. 

The hook should be designed so as co support the sample with 

fl at sides ver ti cal, ~ubbles are not trapped 

under the sampls. The thi ng•3 tn c.>voi d in niaki ng hooks are; 

any coils wound clos e together below the water level (these 

collect bubbles which are har d to detect or dislodge); wires 

twisted or close together through the surface (water will 

rise by capillary action between these wires leading ta 

erratic results) . 

The sample , water, and b~la~ce, hooks, et c., should be 

allowed to come to ambient temperature before weighing 

begins. The weight of the sample should be determined to 

one tenth of a milligram, for very accurate results~ a 

correction may have to be made for the bouyancy in air. 

the sample is placed on the displ acement hook and the 

water raised to submerge the sampl e; care in eliminRting any 

bubbles on the sample □r hoQk is important at t his point. 

Weigh the sample and hook in t he water. Wit hout wetting any 

more o f t he hook or changing the water level~ shake the sam-

ple off the hook into the v e ssel for the water. Dete!"mi ne 

the weight of the hook in the water at the same level as the 

original weighing. 

The density is f 0und by the following formula 
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