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I. ALLOY DESIGN AND QUAS I-STATIC PROPERTIES

A. INTRODUCTION

The decomposition of Al—lO S Zn, Al — i .1% Si , and Al—lO S Zn—l. I% Si alloys was

studied using a 200—kV electron microscope in order to characterize microstructures

after different ageing treatments and to rel ate the structures to mechanical prop-

erties. This determination of quasi—static properties was undertaken as part of a

study of the response of the m i crostructu re of these a l loys to shock loa di ng

(Section II).

A luminum—zinc alloys have been studied extensively over the l ast ten years by

various methods i nclu d i ng res i stiv i ty, har dness, small—angle X—ray, an d m icroscop ic

methods. The first decomposition product for Al—Zn alloys has been established as

spher ical , coherent Guinier—Preston (G.P.) zones by small—angle X—ray scattering

measurements (I). The mode of decomposi tion proposed was nuc l eation and growth.

Cahn (2) and Hillert (3) have proposed a theory of spinodal decomposition which

pred icts that decompos i t ion i s i n i t iated by select i ve growth of s i nuso idal compos i-

tion fluctuation . Rundman and Hil l lard (4) have determ i ned the coherent spinoda l

curve for the binary Al-Zn alloy , and recent exper imenta l conf i rmation of the

splnoda i decomposition by magnetic susceptibili ty methods has been achieved (5).

For A I-6.8 at. 5 Zn, the spinoda l temperature has been determined (6) to be

1 290 + -2°C.

The decomposition of supersaturated Al—Zn Is complicated by the fact that

there exi sts a misci b ility gap for the G.P. zones. The G.P. zone solvus line for

the Al—rich side has been well established up to 200°C (7), w hil e the rest of the

metastable misc Ibility gap still lacks general agreement. Another metastable

phase, the so—called “R” phase, is also found to form in Al—Zn alloys , with Zn in

excess of 6%. Simerska and Syneck (8) and Rao et al. (9) have shown the existence

of this transitiona l rhotnbohedra l phase by X—ray diffraction methods.
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The precip i tation sequence in Al-Zn based on present knowl edge can be

characteri zed into the fol low i ng five stages:

I) Spherica l G.P. zones, coherent with the cubic matrix, form e i ther by

nuc l eation and growth or by spinoda l decomposition, depen di ng u pon the composit ion

and ageing temperature.

2) Spherical zones grow, and because of the an i sotropy of the coherency

strains become ellipsoida l in shape, wit h a contraction of spac i ng along one

<~l ll > d i rection.

3) The zones become partially coherent and form the rhombohedra l R phase,

which are platelets parallel to the {l l l } plane s of the matrix.

4) The R phase loses Its partial coherency and forms a non—coherent cubic

at phase.

5) Stable zinc precipitates are formed by continuous precipitation from the

a’ phase. The hexagona l zinc platelets have their basa l plane (001) parallel to

the (Ill ) planes of the a matrix. Discontinuous precipitation of zinc is also

observed at grain boundaries and dislocations .

The present study of Al - lO wt S Zn, Al- tO wt S Zn-I .1 wt S Si , and

A l— l. l wt S SI inc l uded observation of the precipitation phenomenon after an

age! ng treatment at 100°C. The age i ng temperature of 100°C I s above the sp i nodal

temperature but well be l ow the G.P. solvus l ine . The precipitation mode is

bel ieved to be nuclAetion and growth . Naudin and Al lain (10) have shown that G.P.

zones formed by nucleation and growth have a l arger size and a narrower distri bu-

tion of size range. The ternary Al-Zn-Si alloy was studied to observe the effect

of small additions of Si to the Al—Zn alloy . Al—S i alloy was also studied for

the sake of comparison.

B. EXPER IMENTAL METHODS

The alloy specimens were solution heat-treated at 540° + 5°C in a tilt

furnace for I hr and then quenched to 0°C i n ice wat r. The specimens were then

~~~~~~~~~~~~~~ . ~__~~~~~~~~~~~ i~~~
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i ’ra~tedlately transferred to a 300°C furnace and held there for 3 m m .  This was

fol low ed by an ice water quench, and the samples were then aged at room temperature

for 48 hr. The specimens were then aged at 100°C for various times up to 7 days.

The specimens for tensile tests were cut from a roi l ed sheet perpendicular to

the roilin g direction. The gauge l ength was 1 .25 in., and the tensile tests were

conducted at room temperature usi ng an l nstron tensile machine at a strain rate of

0.02 in./min . Specimens for transmission electron microscopy (TEM ) were obtained

by spark-cutti ng 3—trm discs from the region under the grips . Also, TEM speci mens

were made by punchin g out discs from a rolled-out strip. These speci mens were

electrothinned by Jet polishing using a 25% nltric-75% methanol electrol yte at

—20°C with a currc’nt of 0.2 amp and 30 V. Transmission microscopy studies were

performed with a 200 Ky JEM electron mi croscope.

C. EXPERIMENTAL RESULTS

I. Al—Zn

Figure I shows the results of the tensile tests for Al—Zn . The yield stress

and the tensile stress (0.2% elongation) showed an initial decrease in stress and

reached a min imum va l ue of 4.2 x 1O3 psi for 8 hr agei ng at 100°C. The stress then

i ncreased for longer ageing times. A similar trend was also observed for Al—Zn—Si

(Fig. 2), but the change was less drastic. The yield stress dropped from a maximum

of 12 x IO~ psi with no agei ng at 100°C to a ml nirnum of 8.7 x IO3 PSI for ageing of

I hr at 100°C. Fi gure 3 shows the variation in ultimate stress, and FIg. 4 shows

the variation in ductility (percentage elongation to fracture) for Al—Zn and

Al—Zn—Si. Al—Zn—Si shows no substantial change in ductility , in contrast to which

Al—Zn shows a maxImum (32%) corresponding to the agei ng time at which a minimum In

stress is observed.

Another series of tension tests was made with specimens which were held at

300°C for varIous time durations after solution heat treatment and were not given

any agei ng treatment at 00°C. Th. summery of these tests Is shown in Fig. 5. It 

a . . ~~~~~~~~~~

—.~——~ - ..a.  -



-~~~ 
_ _ _ _

9 
. . •~~~W . .~1J O~ •4,~ ,

~
— —

~ i 
~~~~~~~~~~~~~~ 

L I

t. $ .iI
)

T .
I . 1.:

I 
I

4

i s ’  ~~~~~~ . .
/

/
/
/

/

/
/ 

~0~

‘s ’d ,o, )C

.1

______________________________ — ~~~~~~~~~~~~~~~~~~~



- -

H
5

I

I..

\ .
c.j \

\ I

‘p I
I r.)

I 

N

~4 ?sc 1~.O1v

. . . ..~— , 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ — -.

~~-— ---—-



~~~~~~~~~
-
~~
.-- ..----- —-

~~~
-. -.

______-. — ‘ , ..,-~~~. - -I
-

6

4.

‘I)

I ~~

/ ‘1

1~~
‘0 4 P4 ‘0
‘4 ,, ‘S

-4

f

_____ - 
- 

I 

— _._ii_~
_ 

~~~~~~~~~~~~ 
-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
.—

~~~~~~~~~~~~ —--~~-—-- - —-- -~
..-- - .

— — —. ——.—.---- — —.— ~~~- —  , — - .— .— - — —— .— -. —- --——~~~~~-———.—-— - ~~~~~~~~ r

—

f

‘ :H H-~ 
- - 

7

+
‘4

I. —

\~

‘ 1
,~

I ’  
43

$4

“ 4 0

I.J

S.
I

”

‘
I

Q
.4 -.

L .~~. — - — . .
~~~~~~~~~ -

.— - .
~~~~

- -~~~~~ — -  -- — -~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~ 

______



~~~~

V 

- 

8

-HH H -

H ’ .

‘ I

I I - -

I I
~ 1 I 

- . . , . . r--
1 I

- I

‘ 4 . - . ‘ L -  . - . 1

$ ‘I—I 
I 

I9~~~~~~~~ -

~ t -

/ / . I

~~
i1 I

- 

- 

I 

T 
- 

/
. .

~~~~~~~
. -

iv”
~~~~~~~~~

- -  - .4 .  
~~~~~~~~~ :~ .

~~ — — —~

— - - - -—-- - - - -~~ -~~~— 
.__ _~_~i~

_
~ --~~~~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-,~~~~~~~



- -~~~~~~- 
— -  . . - - — -.

9

can be seen tha 1 ~or A l —Zn there was an in itial increase in yield stress with

treatment of up to 30 mm at 300°C; thereafter the stress dropped. For Al-Zn-Si

there was a gradua l decrease all the way up to 24 hr at 300°C.

TEM specimens were cut from the region under the grips . They were found to

contain too large a density of dislocations and could not be used to study the

precipitate size and shape. Another set of specimens was punched out from a roiled

strip and was given heat treatments correspond i ng to that given for the tensile

test specimens. In Fig. 6, the mean prec ipi tate s i ze i s p lotted as a function of

the ageing time at 100°C. For Al—Zn , no significant change In size Is noted

except for long ageing times (7 days). The spherica l solute—rich G.P. zones were

i n i t i a l l y  coherent, and their growth was greatly dependent on the vacancy super-

saturation . The kinetics of G.P. zone formation and growth is known to be

control led by the quenched—in excess vacancies (Ii , 12). The negil gib le growth

of G.P. zones Is attributed to the fact that the specimens, after so l ut ion heat

treatment, were held for 3 mm at 300°C. The quenched—in vacancy concentrati on

after the above treatment was significant ly lowered. The zone size after solution

heat treatment arid w i thout the 300°C treatment was found to be 35 A. Figure 7 is

a bright—field image of the above specimen , and it shows a large number of disloca-

tion loops, ind icative of high vacancy supersaturation. The matrix Is seen to

contain spherica l G.P. zones with a mean size of about 35 A. Figure 8 is a

m icrograph of an Al—Zn spec!’~ien that was subjected to a 300°C treatment for 3 mi ri

after solution heat treatment. Besides G.P. zones (50-70 A) in the matrix, some

grain boundary precipitation was also observed in the form of discontinuously

precipitated zinc . Figure 9a shows a specimen tha~ was aged at 100°C for 7 days;

the G.P. zones appear to have grown to about 120 A. A number of heterogeneously

nuc l eated zinc precipitates are also seen. The sel ected area diffraction pattern

(Fig. 9b) shows additiona l spots due to these precipitates. Further verification

of the precipitate structure in Al—Zn for longer agei ng time is bei ng done. 

- - I. , -.~~~~~~~~ ‘ 2 -
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Fig. 7. Bright—field image of Al—Zn after solution heat

treatment. Zone axis [1101. Hag. 50,000. DislocatiOn

loops and C,.P. zones (35 A) are seen.

Fig. 8. bright—field image after 3 n u n  at 300°C. Zone
axis ~2111. Mag . 15,000. Grain boundary precipitates and
G.P. zones in matrix (50—70 A). 
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Fig. 9a. Al—Zn specimen after  ageing at 100°C for 7
days. Zone axis [100]. G.P. zones appear to have grown
-n about 120 A. Also seen are larger Zn particles.

Mag . 15,000.

- ;
• _ _ I. - .. -

Fig. 9b. Selected—area pattern of the above specimen .

_____________________________ 
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2. Al—Zn—Si

The sequence of decomposition in Al-Zn-Si was studied in order to examine the 
51

effect of the addition of smal l amounts of SI to -t he Al—Zn al loy. Figure 6 shows

the variation in precipitate size as a function of ageing time. These specimens

were subjected to a 300°C trea tment. Without the 300°C treatment, the mean G.P.

zone size was about 40 A (Fig. 10). When given a 3-mm treatment at 300°C, a large

nunter of spherical , el l ipsoidal , and platelike precipitates were seen. The mean

size of the largest diameter was about 110 A (Figs . h a  and b). The grain boundary

regions showed a PFZ of wIdth 500 A (Fig. I Ic). The precipitates were observed to

grow to about 230 A (Fig. 12) after I hr ageing. A decrease in precipitate size

occurred for longer agei ng times (Fig. 13). The diffraction patterns show addi-

tiona l spots, which could be i ndexed as silicon spots of [III], [220], and [311]

types (Fig. 14).

3. Al—Si

Al—Si alloys were examined for agei ng times of I hr to 7 days at 100°C. These

specimens showed I ncoherent piateUke precipitates. After 7 days’ agei ng , the

structure was as shown in Fig. 15. The diffraction patterns showed a complex

pattern of additional spots (Fig. l5b) . Three rings could be identif led as coming

from (III) , (220), and (311) planes .

D. DISCUSSION

The I ne I gnl f I cant growth observed for Al -Zn can be attributed to the 300°C

treatment, which reduces the vacancy concentration. The fact that G.P. zone growth

is greatly Inf l uenced by the exc ss vacanc ies has been w e l l  estab l ished by resis-

tivity measurements (II , 12). This is a msar~ by which the kinetics of zone forme—

lion and growth can be slowsd. At long.r egeing times, the formation of zinc

particles both by growth of hceogensously nucleated a’ precipitates and hetero-

geneously nucleated zinc particles Is ~cp cted, end this was observed in the

specimens dsspit lb. 300°C treatment. 

, . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 10. Bright—field image of Al—Zn—Si specimen after
solution heat treatment . Zone axis [110]. Mag . 50 ,000 .
C.P . zones of size 40 A can be seen .
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Fig. hic. Mag . 5 ,000 .

Fig. 11. Bright—fiel d (h a) and dark—field (lib) images of Al—Zn—Si after

3—mitt treatment at 300°C. Grain boundary region (110) shoving P F .Z.
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Fig . 12.  Br i g h t — f i e l d  image of Al— Zn—Si a f te r  1 hour  ~ r 100 C C.  Zone axis
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Fig. iSa . Bright—field image of Al—Si alloy after  7 days ’ ageing at 100°C .
Zone axis [2111. Wig. 50,000.
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Fig. 15b . Selected—area diffraction pattern (100) of the above
specimen. 
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In Al—Zn—Si the larger precipitates observed are attributable to Si , since

the G.P. zones in Al—Zn showed no appreciable growth. These large precipitates In

Al— Zn—SI were similar to those observed in Al—Si . The initial drop in tensile

strength with ageing may have resulted from the loss of coherency of spherica l

G.P. zones, The G.P. zones formed invnedlately after solution heat treatment and

are believed to be coherent up to about 100 A . Al-Zn alloys were found to exhibit

lower ultimate strength than Al—Zn—S I , and a comparison of their grain size shows

that Al—Zn has almost fivefold larger grain size (850 u) compared to Al—Zn—S i

(175 ii) (Figs . l6a and b). This effect of small additions of Si on grain size is

interesting and warrants further i nvestigation.

E. CONCLUSIONS

The slowing down of the kInetics of G.P. zone formation by using an i nter-

mediate heat treatment of 300°C can be used to study the early stages of decomposi—

lion in Al—Zn alloys . Precipitate growth resulting from other treatments such as

shock loadIng can now be studied. Such a study is presented in the following

section.

II. THE EFFECT OF SHOCK LOADING ON ALIJ’4I NL%~1 ALLOYS

A. INTRODUCTION

The microstructural response to shock loading has generated considerable

i nterest, as it has been demonstrated that shock damage is I nf I uenced by the

microstructure In addition to other variab l es such as peak pressure and r i se  time

of the shock wave. The physica l aspects of the shock wave and the dynamic fracture

mechanIcs have been extensively studied end reported. The macroscopic approach to

the problem of high strain rate deformation relates the stress and strain to such

material properties as moduli , yield stress, ultimate and fracture strength, and

stra in—hardening coefficients . The sub-m icroscopic approach relates the spec imen

response of dynamic load ing to the grain size, sub—grain size, preferred

orientation, and second—phase particles.
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In a typica l shock load I ng exper iment the spec i men fractures because of

tensions set up by the interactIon of the compressive shock wave and the reflected

wave f rom the free surface. The fracture can be either ductile or brittle in

nature and may resu I t from the nucl eation, growth, and coa I escence of ml crocracks

and voids. The passage of a shock wave in a material produces numerous effects,

some of which may be transi ent whil e others are residua l • The residual changes

are much easier to measure and study. Some of the residual effects Include phase

transitions, magnetic effects, density changes, thermol um i nescence, lattice

sublimation, production of color centers, and defect structures. This last effect

includes the generation of a high densIty of dislocations, vacancies, stacking

faults, and deformation twins . Most of these effects have been reviewed by Ibran

an d Lin de (13). Another recent review of phase transitions due to shock loading

has been published by Duvali and Graham (14).

The aim of the present study was to observe the mlcrostructural changes In

Al— Zn—Si , Al— Zn, and A s— Si alloy s after the passage of a planar shock wave. These

alloys were given different heat treatments, and the microstruc4 ire prior to and

after shock loading was exami ned using optica l microscopy, scanning electron

mIcroscopy, and TEM. A possible explanation for the observed macroscopic

deformation was sought in terms of the microstructure.

B. EXPERIME NTAL METHODS

A l—lO wt % Zn—l .l wt % Si , A l— lO wt % Zn, and A l- l.l wt % Si alloys were made

i nto cylindrica l specimens (I in. long and 0.5 in. in diameter) and given two

different heat treatments as noted below:

I) SLA—lA (Al-Zn-Si) Solution heat-treated at 540° + 5°C for I hr;

SLB-IA (Al-Zn) quenched to 0°C in Ice water; 300°C treatment

SLC—lA (Al—Si ) for 3 m m ;  quenched to 0°C; and aged at room

temperature for 48 hr
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2) SLA —2A (Al—Zn—Si )
Same as above plus aged for 24 hr at

SLB—2A (Al—Zn )
l00° + 2°C

SLC-2A —

The heat—treated specimens were mounted in cylindrica l blocks 3 In. in diameter

and were shock—loaded using a high explosive plane wave generator. An aluminum

buffer plate (3.5 in.) was used to obtain an attenuated peak pressure of 58 kbars

at the entry surface. The pressure at the lower free surface was 35 kbars, and the

wave was allowed to ref l ect back into the specimen (i.e., no momentum traps were

used). The specimens were recovered in styrofoam and water relatively f ree f rom

secondary damage. The spec imens were then sectioned in half long i tudi nal ly, using

a spark erosion machine . One half was polished , using O.25—~i diamond paste, and

used for optica l and scanning electron microscopy . The other half was again cut

i n  ha l f , and one pert was sliced i nto thin slices of about 0.020 in. perpendicular

to the shock direction . A disc of 3—nyn diameter was cut from each slice from a

region close to the specimen axis and used to prepare the specimens for TEM.

TEM specimens were made by eiectropolishing in a solution containing 25% nitric

acid and 75% methanol at —20°C in a Jet polishing unit • Selected samp l es from

different positions along the shock direction were examined In a 200—ky electron

microscope.

C. RESULTS

I. Macroscopic Observations

F i gures 1 7a, b, and c show macrographs of sections of the three alloys which

were aged at room temperature and then shock—loaded, it can be seen that the l east

damage occurred In the Al—Zn—Si alloy (SLA—IA ) and the maximum In the Al—Si alloy

(SLC—lA ). Figu re 18 is a plot of the specimen diameter at different positions from

the loaded end . The relative necking was a maximum for Al—S i , an d for each case

the minimum in diameter occurred near the region of maximum damage.

_ _ _ _ _ _ _ _  -.-~~~ . . . --- . . -
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7
Figures l9a , b, and c are macrographs of Al—Zn—S i , Al—Z n, and Al—Si which were

shocked after an agei ng treatment at 100°C for 24 hr. Al—S i showed a complete

spel l , and the l east damage was found in the Al—Zn—Si alloy . Fi gure 20 is a plot

of the change in specimen diameter vs distance. Comparison of the shock damage of

the same alloy at two different heat treatments showed that in the case of Al—Zn—S i

and Al—Zn , greater damage occurred for the specimens aged a-P room temperature.

For Al —Si the shock damage was greater (complete spall ) when aged at 100°C for

24 hr before shock loading .

Pore size measurements were made using an optical microscope along the central

axis. The number of pores In the size range 20—100 ~i were counted f rom an area

0.25 x 0.35 cm2 along the specimen axis in i ntervals of 0.25 cm. Figure 21 shows

the number of pores vs the distance for an Al-Zn—S i specimen. A maximum in the

curve Is seen between 1 .75 an d 2 cm from the l oaded end . Th is i s i n the same

region wht~re the minimum In specimen diameter occurs (see Fig. 20). The micro—

graphs correspondi ng to this region are shown In Fig. 22.

Pore size measurements for an Al—Zn specImen are shown In Fig. 23. In this

case, a number of maxima were observed in the number of pores counted. The

apparent decrease In the total number of pores counted in the region of spell crack

resulted because a l arge part of the area is occupied by the crack which Is formed

by the coalescence and linkage of pores. It can be seen that in this specimen

there are three major spal l cracks. Fi gure 24 shows the region of the Al—Zn

specimen 1 .5 to 2 cm from the loaded end .

2. Transmission Electron Microscope Results

The d islocation sub—structures observed for both Al—Zn—Si and Al—Zn showed a

planar network of a very high density of tangled dislocations . No dislocation cell

structure was seen for either ageing treatment. Figure 25 is a bright—field

electron micrograph show ing a typIca l dislocation sub—structure in shock-loaded

aluminum alloy . The Al—Zn—Si specimen was aged at 100°C before shock loading, and

- - ..- . - .~~. - - .-- - - * -- 
- - — •~V
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the TEM specimen Is from near the top end. Several dislocation loops and

precipitates can be seen.

For each shock—loaded specimen, several TEM specimens were made f rom different

positions along the shock direction. Prel imina ry study of Al—Zn—S i (SLA—lA) showed

that there was an i ncrease in precipitate size after the passage of the shock

wave . For a specimen I cm f rom the loaded end, the mean precipitate size i ncreased

from 107 to 180 A. At other positions, significant growth has also been observed.

Further microscopy should reveal any variation in growth at different positions

in the shocked specimen.

In the case of Al—Zn—Si with l00°C/24 hr ageing, the shocked microstructure

also showed a growth in precipitate size. Tab le I i s a summary of the mea n

precipitate size at different positions from the load end . The variation in

precipitate size was not very significant and was within the error of measurement.

The measurement of precipitate size is difficult due to the presence of dislocation

loops. Fair accuracy is possible with dark—field images obtai ned by beam deflec-

tion using the precipitate spot. Figure 26 is a dark—field image (specimen No. 6)

from the [002] matrIx spot def l ected to the center. The foil norma l Is [110], and

the specimen was taken 0.44 cm f rom the l oaded end of the Al—Zn—Si (SLA-2A )

sample.

Table I

SLA-2A

Specimen Mean Size Distance from
Pb. (A) Loaded End (cm)

2 203 0.1

6 214 0.44
12 185 0.95
13 227 1 .03 -

20 187 1 .59
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Figures 27a and b are a dark— and bright—field pair showing the dislocation

structure and precipitates In SLA—2A No. 2 f rom a region near the loaded end. The

precipitates were found to be about 200 A. Some dislocation loops can also be seen.

Smaller loops gave contrast effects similar to the precipitates. Figures 28a and b

are a pair of electron micrographs of SLA—2A No. 12 specimen 0.95 cm from the

loaded end. The foil norma l was [110] and the (002) matrix spot was deflected to

obtain the dark—field image.

For Al—Zn specimens, the dislocation structure was similar to that seen for

Al—Zn—Si alloy——a planar network of a high density of dislocations and dislocation

loops. For the specimen aged at room temperature, the precipitates showed consid-

erable growth after shock loading . The G.P. zones in the unshocked state had a

size range of 30 to 50 A and in the shocked specimen the size range was 150 to

450 A. Table ii is a summary of the precipitate size measurements in the Al—Zn

specimen (SLB—IA). In most of the specimens the precipitates were found to have a

iarge range of sizes. Figu res 29a and b show bright— and dark—field images of

specimen SLB—IA No. 5. The precipitate size was about 330 A. The dark—field

image was obtai ned from the (I ll ) matrix spot and the precipitate spot near it.

The foil normal is [110]. Figures 30a and b are corresponding images under

i dentical diffraction conditions for the specimen SIB-IA No. 16 located I .25 cm

f rom the loaded end. The mean precipitate size obtai ned form the dark—field image

was about 200 A. Another dark fIeld of the same specimen from a precipitate spot

near the [002] matrIx spot had a mean precipitate size of 330 A.

Table II

SIB— IA

Specimen Mean Size Distance from
lb. (A) Loaded End (cm)

5 331 0.37
10 316 0.779

16 267 .25
26 366 2.12

34 463 2 ,88
162
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Fig. 27. Bright-field (a) and dark-field (b) image of Al-Zn~.Si alloyafter shock loading ( SLA-~2A #2) showing dislocations,
precipitates end a gr~in boundary . Mag. 35,000.
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Fig. 28. Bright—field (a) and dark—field (b) electron micrographs of shocked
Al—Zn—Si alloy (SLA—2A #12) 0 .95 cm from the loaded end. Foil. normal [1101.
Mag. 50,000 . 

~~~
,-• ,

-

-
_ --. - - - 

-

- - -~~~ - - - .

L_. - - _ _ _ _ _ _ _ _ _ _ _ _  — ---~ 
- - 
—

~~~~~~ -~~~~~ ~~— 



__________________ -~~ -_---~------—=--- — - -- - v- - - -‘
p. -

I

~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ ‘~~~~ 

- 

- - ‘ -
~~

- ~~~
- : ‘

~ •
-
~~~~~~ ~~~~ - - “  - -

- 
~
. - • • 

- - - -
• 

- ‘-
~I - ~~~~~~~~~~ 

- • 
- - 

-

- 

- 

- -

• 
-
• 

- -

• $ ~, - -~~
- . •- 

- - - -

Ii ~ 
- 
-

- - 
- - 

.• - . “ - 
.- I 

-

- - 
• .

- 
•I-~ - - - - ,- - -

V - 
- -

- . 
- 

- - - • - - - -
, -

- - - i’- ’ - - - .- - 
•

I
I ~ 1:-: ~-

‘

•
~ ~~~~~~ - --~~~~~~~~~~~

-
-~~~

‘
~ - -  

___________________

Pig .  fl . Bright—field (a) and dark—field (1~) electron nrtcri ’-r phn of
room temperaturc—~~e4 ~nd sho~kpr1 ‘~l —7 -n al l oy (

~J- 1~— l A  ?~~) .  TI ~- ’ I fl P r n r~ pItate
~i~n 330 A . Th~ . j3000 .

- - -  - ~~~~~~~~~~~~~~~~~~~~~~~~ -- - ----C-— ---- ---- — —-~~•-- -— _--



—~~~~~~~~~~~~~ 
_
~~~~~~—

38

i~ _ _  

_ _:‘ W ~~~~~~~~~~~~~~~~~~~~~~~~~

~! i~1~~ 
_ _ _ _ _  

___
-
~~~ -~~

‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _-.~ ~~~~~~~~~~~ - 

• -  
_ _ _ _  

_ _ _  _ _ _

c~~~. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

__ _

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

~~~~~ •

-

•
•
~~

-
-

.

~~~~~~~~~~ 

I
(_

~) (1)

Fi~’. 30. Bright-field (a) and d ark-field (b) imsges of shock— loaded
Al—Zn alloy (SIB—1A #16) 1.25 cm from the loaded end .
P’ean precipitate size 200 A. Mag. 15 ,000.

— — 
_ _ -~~_ J~~~~~~—~~~~~~~~~_ _, . __ ~~~~~ _ — -——-



—C-- - - -  - ---—_ -- - - -C---- -— 
~~~~~— - - W~~~_

39

Figure 31a Is a selected—area diffraction pattern from an Al—Zn specimen

(SIB—IA No. 34) 2.8 an from the -top end. Nee Itte (I ll ) matrix spot, three addi—

tiona i spots .~an be seen FiQure 31b is a dark— field i dge obtai ned when all t~e

spots were usc -I . The &c: rogrch shows a -~lz +rib,ati ,n of large and small prec’pi~
tates. When spot I .~ s use~, ~~i l v  irw-~ ‘ arger rre-~ ,itates were seen (Fig 31c) .

Their mean size Is ;,bo~t ‘.&‘ A ‘Pi.~n spot ,~ was ‘is’~d to ge 4 -the dark—field Image,

o n l y  the smaller praciplt~te.. wer~ s~en u-ig. 31d ). Th’s effect is riot yet

fully understood.

D. DISCUSSION

The dynamic 4-racture resultir~ from Sfl*k lo~iding is du’~ -lo the tensions set

up in the specimen by the i’teracti3n o’ ‘he compressive for~-ard wave and the

reflected wave from the free surface. The nucie~~ion and grow1~ of the mIcro~ores

resu l tdd In fracture and spat ci ’on. The kin -~tics of fracture 1! - time— dependen-’,

since the spherica l voids grew under stress in a viscous manner. Barbee e~- ~ I

(IS) and Seaman et al. (i6) have deve l oped dynamic fracture crt~~rii for duc-’ le

and brittle materials by measuring the nucleation and growit r t e  tui :tions o- the

micropores. Their computed models predict the damage ‘evels “‘ alumini -. ari

copper in good agreement with experimenta l observations for low !e~eis  of damage.

The present study indicates that the damage l evel for al iminum alloy s is governed

not on l y  by the stress l eve l an d r i se time, but al so by the microstructu ra l

d ifferences in the alloys . The maximum damage occurred in the Al—Si alloy in the

aged condition (SLC—2A ) . The har d s I l i co n prec ipi tates are l ike ly  to a i d in  the

nuc l eation of the micropores which grow under stress and eventually coal esce to

cause spa l iatiori . The nucleation of voids may occur by the widening of i nherent

f l a ws, cracking of hard particles, separation along grain boundaries or by the

agglomeration of vacanc ies . In Ai-S i alloy the shock damage was greeter in the

case of the specimen that had a l arger Initial particle size. This is an indica-

tion that such particles may act as i nherent flaws . The actual process may be
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Fig. 31.. (a) Selected—area diffraction pattern fi-o’~i r1~oek—J oaded A l — ~-’n
specimen (SLB—1A #34); (b) dark—field image obtained when ~l l. the spnt~
near the (111) matrix spo t vera used; (e) dark—fi eld image ~-‘~on spo t 1
was used; (d) dark—field image when spot 2 was used. ?1ag. JS ,000. 
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a combination of one or more of these factors. To determine the role of vacancies

in pore formation, the ml crostructure was designed to act or react to the available

vacancy concentration. Si rice precipitates grow by a vacancy mechanism, they can

act as a vacancy—getter phase.

In Al—Zn—Si and Al—Zn the specimen damage seemed to be greater In the case

where the specimens had only room—temperature ageing. Further study of these

specimens is required for a possible explanation . Al-Zn-SI showed less damage

than Al-Zn despite the fact the former inc l uded silicon particles. This difference

is probably due to the difference in grain sizes between the two. Al—Zn—Si

specimens were found to have grain size of 175 i, while the Al—Zn specimens had a

grain size of 850 l~~ The i ncreased grain boundary area for the smaller—gra i ned

material can act as an obstacle to the propagation of cracks. In all cases, the

maximum pore volume was foun d to occur near the reg ion of maxi mum damage and

maximum reduction in diameter.

The dislocation substructure in face—centered materials subjected to shock

loading Is believed to be governed by the stacking fault energies involved.

Metals and alloys with a low stacking fault energy, such as stainless steel and

silicon bronze, develop a planar network of Jogged dislocations, while metais such

as Ni and Cu devel op dislocation cell structures. Table Ill Is a list of

observed dislocation structures in F.C.C. metals and alloys .

Pure alum i num, despite a high stacking fault energy, shows a p lan ar network of

dislocatIons (23). It has been suggested that the large number of Jogs, point

defects and prismatic loops formed during shock loadIng are responsible for the

absence of dislocation cells. Swarm (25) has shown that Al does produce a cel l

structure when cold-rolled at ambient temperature, w h i l e  at tow temperatures and

large stra ins, the structures are comparable to that produced after shock loading.

Those metals and alloys havIng a low stacking fault energy produce planar

n.tworks of dislocations because of Infrequent cross—slip.
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Table lit

Stacking Fault Dislocation
Metal or All oy Energy (erg cnr2 Structure Reference

NIckel 150 Cellular

Copper 40 Cellular 18, 19

Stainless steal 12.5 Planar 20
70/30 Cu—Zn 7 Planar 21

SIlicon bronze 1.4 Planar 22

Aluminum 170 Planar 2-3

Al —4.5% Cu Planar 24

Al—Zn—SI
Al—Zn Planar Present work
Al—Si

In the present study of aluminum alloy s, it was found that no d islocation

ce I I structures were formed. The primary aim of the study was to f I nd how the

microstructure governed the damage level . White it has been established that

there Is a general growth of G.P. zones and precipitates, it still remains to be

shown that max i mum growth occurs I n the rag Ion of max I mum damage. Such a resu it

is to be expected if the maximum vacancy concentration occurs in the region of

max imum tensile stresses. In earl ier studies of shock—loaded Al—4.5% Cu, such a

result has been observed (24).

No presence of microiwi  ns, as have been seen in pure copper ( I - B.. l9~-. has been
detected in the Al alloy s studied . The precipitate growth In the Al—Zn—S i and

Al—Zn alloys can be attrIbuted to -the excess vacancies produced by the noncon-

servative motion of the tangled dislocations.

E. CONCLUS IONS

It has been shown that Al alloys after shock loading produce mlcrostructural

changes, namely, The growth of the sscond-phas. particles and The creation of a

tangled network of dislocatIons . There was no evidence of mlcrotwi ns. Further

study i~ required to see if tier. Is any change in precipitat, size along the

length of the shocked spec lmsn. 
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The spherical precipitates in Al—Zn alloys are d i f f i c u l t  to Identify when

there is a high densIty of dislocation loops of comparable sizes . it Is suggested

That A l—4% Ag al loy may prove a superior test alloy, because in this system the

sequence of precIpitation includes the formation of rod—like precipitates from

spherical G.P. zones (26) . These precipitates are never completely coherent,

because of differing crystal structure, and this  should hel p in Its easy

identification even In  the presence of a high density of dislocation loops.
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