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.ABSTRACT 

<• 

The effect of Quenched-ln vacancies upon the elastic modulus 

of aluminum vao investigated* Equipment for dynamically measuring 

the change in elastic modulus was developed for the purpose* It 

was demonstrated that the presence of lattice vacancies will reduce 

the elastic modulus. This change in elastic modulus was investi¬ 

gated as a function of the number of vacancies and the annealing 

of vacancies at room tesaperature* A comparison is mode with 

theoretically derived results* . 
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IHTRQDUgTION 
* 

VJbea a pure metal is alloyed with partially soluble dements the 

elastic modulus is reduced* Kdster and Kauscher^ observed this effect 

in copper and gold alloy a, using solutes that had a vide range of atomic 

disasters. Zener^ attempted to analyze the above data. Ho concluded 

change In elastic modulus was associated vith tho strain energy 

introduced into the lattice by the difference in atomic size. The analysis 

indicated that the change in modulus decreased linearly vith increasing 

solute concentration. 

Another model which can also cause a change in elastic modulus was 

fa) suggested by Koehler' * m this model dislocations vere tied down at 

various points along their lengths mainly by Inpurity atoms. Under the 

Influence of an externally applied stress these dislocations would bow 

out in such a manner os to cause an apparent excess strain. This strain, 

while plastic, is to be considered reversible in a manner similar to 

elastic strain. Koehler showed in a first order approximation that the 

change was proportional to the reciprocal of the impurity concentration 
(h\ 

squared. Granato end Hie ha' ' successfully elaborated on Koehler* s vork. 

f5) 
A similar approach was taken by Fsledel'" for the cose of copper base 

alloys* 
S 

It has been known that vacancies can be Introduced into a solid 

material by quenching from a high temperature* Winteriberger^ found 

a relation for the number of vacancies that anneal out of aluminum 

vith time at room temperature, subsequent to quenching* Tho majority 

anneals out vithin a period of about two hours at room temperature* 

The basis for the present investigation vas tho assumption that 

vacancies could behave like very small solute atoms* Thus, excess 



vacancies vould affect the elastic modulus through Zener's concept. It 

is also probable that vacancies could pin dislocations as required by 

Koehler's mechanism. Either one of these mechanisms could contribute 

to the change In modulus in the case of vacancies. 
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EXEBRIMEKTAL APPARATUS AKD PROCEDURE 

Because only very small changes 1st the elastic modulus could possibly 

bo caused by the small number of vacancies introduced, a dynamic method 

of measuring the elastic modulus became imperative* For the purpose of 

this study, only measurement of the change in the elastic modulus, sot 

the absolute quantity, was. considered essential* 

Vacancies can be most suitably introduced by quenching* Other 

techniques, such as cold working or radiation, tend to introduce other 

imperfections in addition to vacancies* In order to obtain a rapid 

quench, the specimen vas limited to the shape of a fine wire* Past 

dynamic techniques for measurement of elastic properties have often made 

use of comparatively large rods in composite oscillators* The other 

general technique of measuring elastic moduli, the pulse technique, vas 

not considered sufficiently accurate to make satisfactory incremental 

measurements* Therefore, a system similar in idea to the composite 

oscillator vas selected* 

The completed apparatus consisted of two piezoelectric crystals 

mounted in counterbored bakellte holders, Fig* 1* Spring loaded clips 

vere used to hold the crystals in place and also to conduct electrical 
% 

energy to the plated surface of the crystal* To prevent capacitive 

transmission between the input and output circuits, a grounded shield 

vas introduced between the crystals* 

Specimens vere Bo* 30 (0*23 millimeter dia*) 99*997 P^r cent pure 

/ 

aluminum wire. These vires vere mounted on the crystals by the use of 

magnesium mounting blocks of 5 x 5 x 3 na with a Bo* 70 hole drilled 

In them for a wire and a 4-1*0 set screw in the side for clamping the 
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wire* These blocks were atteched to the surface of the crystals with 

Duco cement* 

The entire assembly van placed vithln a Incite box lined vith 

aluminum sheet to reduce capacitive transmission* The box was closed to 

minimize external temperature effects* 

In a preliminary experiment one of the crystals was driven by an 

external variable-frequency oscillator* The signal was received by the 

other crystal, amplified, and the phase shift measured* The phase shift 

could be correlated to a change of velocity of transmission* After run¬ 

ning preliminary tests on the apparatus, it was found that this was not 

practical, for the transmission along the wire was very sharply tuned os 

a function of the length of the wire* The next test was to manually 

readjust the oscillator to the maximum amplitude of a certain resonant 

peak* See Fig* 2a. It was possible to retune with an error of one part 

in 50,000. Experience t/lth this technique shoved, however, that there 

were apparently extraneous peaks introduced by the surrounding system* 
\ 

It was impossible to determine at the beginning of a test whether the 

selected peak was one of system resonance or of resonance of the wire 

Itself, so that it was difficult to moke rapid, repeated measurements 

tilth this system. 
\ 

la order to remove as much of the human element as possible, the 

apparatus was modified* It was redesigned (Fig* 2b) as an oscillator 

whoso frequency in port was determined by the physical characteristics 

of the wire. The output of the receiving crystal was amplified and used 

to drive the transmitting crystal* The frequency of oscillation could 

then be measured by the use of frequency counting equipment and recorded 
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on a digital printer* , 
» 

The specimen vas prepared for the apparatus by quenching from a 

temperature of 530°C* The vire vas counted In suitable holders and then 

placed within a vertical electric tube furnace* A helium atmosphere was 

maintained for the entire heating period* When time came to quench, the 

specimen, vith Its holder, was dropped from the furnace* While falling 

from the furnace into rater, it passed through a blast of air* The air 

blast vas introduced in order to minimize Internal strains that 'would 

have been introduced in a direct rater quench. The specimen van then 

removed from its holder end placed in the mounting blocks on the crystals* 

This mounting time usually required a period of four to five minutes from 

the time of quench. 

Original pleas called fbr quenching the vire in situ by use of on air 

blast* Ear ever, this required that the vire bo heated electrically in 

order to avoid damaging tho surrounding apparatus, including the crystals* 

It turned out that electric heating ras not feasible* As current vas 

passed through the vire, the temperature vas so near the melting point 

that the viro had a tendency to melt la spots. This technique van 

abandoned in favor of the preceding method of preparation, vhlch produced 

specimens quenched from the high temperature to room temperature vithln 

15 milliseconds. 

After the tests vere performed, it vas necessary to relate the change 

in clastic modulus to the change in oscillator frequency* This vas 

accomplished by vanning the entire apparatus a few degrees.Centrigrado 

and allowing it to cool very slovly. As expected, tho frequency varied 

os a function of temperature* The changes in the constants, such as 
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those of the crystals sad the wire, are Known as functions of temperature. 

It vao then possible to determine tho desired relation, (see Appendix X). 

L 



RESULTS AND DISCUSSION 

The basis of this experiment vas the measurement of the change 

In velocity of sound in the wire specimen* This change causes 

additional phase shift in the feedback loop of the oscillator and 

thereby shifts the oscillator frequency* The frequency as a func¬ 

tion of time is shown in Fig* 3* 

The velocity of transmission is related to the elastic modulus 

(7) 
by equation''9 

E 
d* Cl] 

where d is the density* This equation holds for a body that has 

a small ratio of width to length* Calculation reveals that the 

change in density associated vdth the quenchsd-in vacancies is 

about an order of magnitude smaller than the other changes* It 

will therefore be neglected in future computations* 

A time relation for the change in elastic modulus is presented 

in Fig* 4* The values for the curves were calculated from the 

change in frequency (Table 1) and a calibration factor (Fig* 6)* 

The curves may be seen to have the shape of a power law 

*» Atm [2] 
£» ♦ 

The values of the exponent, as measured from the slopes, ere 

0*29 and 0*37 for the upper and lower curves, respectively* The 

maximum change in the elastic modulus vas approximately 60 x 10~^* 

The change of elastic modulus as a function of solute con- 

(2) 
cent ration, vas analyzed by Zener' * Be finds, on the basis of 
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thenao dynamic arguments, that tho change of shear coefficient, n , 
t 

with the strain energy, c , which la Introduced by the difference 

in size between solute end solvent atoms, can be expressed by 

§|-»[§flkf1 tel 

H is the number of atoms, h is Boltzmann* s constant, end $ is the 
'' i 

temperature* From elasticity theory the strain energy associated 

with the introduction of an atom of different size from that of 

the matrix con be calculated, so that 

(nf1 M 

c is the concentration of solute in mol fraction, R is the radius 

of the solvent atom, AR is the difference in radii of solvent and 

solute* Tho left-hand side of this equation may be considered 

equivalent to E vhere E is Young’s modulus* Combining the 

two equations results in 

l dG 
E dC 

6lr)2 & ■ 
15] 

By using Kdster’s detail, the value of ^ may be calculated* 

For the cose of elumimsn Zener finds r— » -10* The atomic volume dc 

change associated with tho introduction of many foreign atoms in 
(g\ 

a face-centered cubic lattice has been calculated by Eshelby'^' as 

&V ** -6II?VI/2Q, [6] 

where Q is the atomic volume. For the case of copper and gold 

Jongeriburgerte®) evaluated h * 0*015 for vacancies* Using these 

values, one obtains a 0*157* Thus the elastic modulus varies 

according to the difference equation-. 

& E « -1*5 $c* 
E 

✓ 

173 
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Recent vork on vacancies Introduced Into aluminum by quenching 
9 

makes it possible to calculate the change In concentration of vacan¬ 

cies* Bradshaw and Pearson^) observed the change In resistivity 

as a function of quenching temperature, T, 

8^> • 12^0 e “O’^/kT micro-ofam-cm. [8] 

Because of the high mobility of vacancies In aluminum It may be 

safely assumed that most vacancies anneal out at room temperature. 

For purposes of calculation, It Is further assumed that one per cent 

of vacancies causes a change In resistivity of 1.5 micro-obm-cm. 
(12) This Is the value found for copper and gold' ' and is assumed to 

hold sufficiently veil for aluminum, unfortunately, no data could 

be found for other than monovalent metals. With these assumptions, 

the Tnftyjmum vacancy concentration In an aluminum specimen quenched 
-6 from 530°C would be approximately equal to 13 x 10 . From equation [73? 

the maximum change in elastic modulus due to solute effects of 
-6 vacancies Is about 20 x 10 * By similar calculations from data pre- 

(6) -6 sented by Winteriberger' , one obtains 8c • 17 x 10 and 

P » 26 x 10“6. In Zener’s table of values of elastic modulus changes, 

comparing analysis with experiment, the experimental data Is about twice 
fig 

as large as the calculated ones. Thus a maximum value of -g of about 
. -6 
40 to 50 x 10 could be anticipated from theoretical considerations. 

This Is In good agreement with the present experiments, Fig. 4. 

Analytical vork on the migration of solute atoms to dlsloca- 
(l^) tlons was carried out by Cottrell' . In his analysis, the solute 

$r 

atom will migrate to that side of a dislocation which will afford 
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a decrease In strain energy* The tine relation for this diffusion 
» 

process Is given by 

f ** (1 - l9l 

where f Is the fraction of atoms attracted* The value of s is 2/3* 

Ilk) 
Resistivity measurements by wiateriberger' ' demonstrate that this 

relation holds, except for m » 1/2* She values of the exponent 

determined In the present experiment ere different from either of 

these values* Ebr small values of At*, equation [2] may be vrlttea 

£| = U - ll°l 

which is similar to [9]* Zt is recommended that resistivity measure¬ 

ments bo made in order to check the discrepancy in exponent* 

. This investigation shoved that Zener’s approach is applicable 

not only to solute atoms, but also to vacancies in metals* This does 
fq\ 

not preclude the possibility of Koehler's dislocation pinning'having 

an effect on the clastic modulus. An analysis of the latter, however, 

would require a opecifio knowledge of the pinning effect of vacancies, 

which, at present,is not available* 

To Investigate the effect of the vibratory waves used to measure 

the change in modulus, on additional run was made* The majority of 

runs had been made with the oscillator running continuously* The 

check run was made with the oscillator running during the short 

period when the frequency measurement vas actually taken* Ko differ¬ 

ence was observed between this curve end the previous ones* Hence, 

the vibration appeared to have no effect on the annealing rate of 

the specimen. 
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SUMMAKT . 

2his investigation led to the following conclusions* 

1* Qxeached-ln vacancies cause a decrease in the elastic 

modulus. 

2* The measured change Is found to compare with a 

theoretically derived result, which considers the 

vacancies as small solute atoms* 

3* The Kinetics of the change In modulus are not in close 

agreement with either theoretical or experimental work* 

This will require further work on resistivity measurements. 
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APPEHDIX 
, . • , _ * , . » * • ■ , • , ^ 

: ; * 

“ " > 

■ The apparatus was calibrated by externally changing the elastic 

modulus at the vlre* This was accomplished by changing the tempera¬ 

ture* The entire apparatus vas heated a few degrees Centigrade 

end allovcdto cool at this rate of about one degree Centigrade 

per hour* Paring this period, frequency readings were taken end 

plotted against temperature, Fig. 5» , . 

From this curve a variable calibration factor was computed* 

Shis factor could he applied to relate frequency change directly 

to a change In clastic isodulus. Since the basic oscillator fee- . 

queasy vas determined by the barium-titannto crystal, the tempera¬ 

ture coefficient of frequency change of the cxystal^1^ vas sub¬ 

tracted from the temperature coefficient of frequency change of 

the system. A relation of elastic modulus versus temperature fbr 

aluminum Is baowaS&K She change In density of the material due 

to temperature vas found to be Insignificant compared to the other 

changes. The value of the calibration factor is shown In Fig. 6. 



TABLE I 

Run HO. £ 

t 
min min 

Frequency 
CPO 

Frequency 
Change 

Multiplying 
Factor 

Modulus 
Change 

6.5 107 193 0 0.341 0 
7 107 195 . 19 0.344 6.5 
8 107 196 28 0.345 9.7 
9 2.5 107 197 37 0.347 .•12.8 

10 3*5 . 107 158 47 0.398 16.3 
11 4.5 107 199 56 0.350 19*6 
12 5.5 107 199 56 0.350 19.6 
13 6.5 107 200 65 0.351 22.8 
lit 7.5 107 200 65 0.351 22.8 
15 8.5 107 200 65 0.351 . 22.8 
16 9*5 107 201 75 0.352 26.4 
17 10.5 107 201 75 0.352 26.4 
18 11.5 107 202 84 0.354 29*7 
19 12.5 107 202 64 0.354 29.7 
20 13.5 107 202 64 0.354 29*7 
21 19*5 . 107 202 84 0.354 29.7 
22 15.5 107 202 84 0.354 29.7 
23 16.5 107 203 94 0.355 33.4 
24 17.5 107 203 94 0.355 33.4 
25 18.5 107 203 94 0.355 33.4 
26 19.5 107 204 103 0.357 36.7 
27 20.5 107 203 94 0.355 33.4 
23 21.5 107 204 103 0.357 36.7 
29 22.5 107 204 103 0.357 36.7 
30 23.5 107 204 103 0.357 36.7 
35 23.5 107 205 112 0.353 40.0 
40 33.5 107 203 94 0.355 33.4 
45 33.5 107 204 103 0.357 36.7 
50 43.5 107 205 112 0.358 4o.o 
55 48.5 107 206 121 O.36O 43.6 
6o 53.5 107 203 140 0.362 53.7 
70 63.5. 107 208 i4o ■ 0.362 50.7 
80 73.5 107 209 150 0.364 54.6 
90 83.5 107 210 154 0.365 53.0 

100 83.5 107 210 159 0.365 58.0 
110 103.5 107 211 163 O.366 61.5 
120 113.5 107 211 168 0.366 61.5 

150 144 107 213 
107 212 

1O7.' 
176 

O.369 
0.368 

69.0 
65.5 

l60 154 107 213 187 0.369 69.0 
170 164 107 213 187 0.369 69.0 
l80 174 107 213 187 O.369 69.0 
200 194 107 214 196 0.371 72.7 



TfiPtE I 
(Continued) 

Hun Ho. ll 

t 
min 

t» 
. min 

Etequsncy 
CDS 

Frequency 
Clianso 

Multiplying 
Factor 

Modulus 
Change 

6.^' * " 107^183 0 0.320 0 
7*0* 107 185 19 0.330 6.3 
6.0* 1.5 107 183 JJ 0.334 15.7 
9.0* 2.5 107 190 66 0.337 22.2 

10.0* 3.5 107191 75 0.339 25.4 
11.0 4.5 107 192 84 0.340 23.6 

: 12 5.5 107 193 94 0.341 32.1 
13 6.5 . 107 193 94 0.341 32.1 
14 7*5 107 194 103 0.343 35.1 
13 8,5 107 194 103 0.343 35.1 
16 9.5 107195 112 0.344 38.5 
*7 10.5 107 195 112 0.344 38.5 
18 11.5 10? 195 112 0.344 3S.5 
19 12.5 107 196 121 0.346 41.9 
20 13.5 107 196 121 0.346 41*9 
21 14.5 107 106 121 0.346 41.9 
22 15.5 107 196 121 0.346 4l»9 
23 16.5 107 197 130 0.347 45.1 
24 17.5 107 198 l40 0.348 48.7 
25 13.5 107 197 130 0.347 45.1 
26 19.5 107 193 140 0.343 48.7 
27 20.5 107 198 l4o 0.343 48.7 
23 21.5 107 197 130 0.347 45.1 
29 22.5 107 193 1 ko 0.343 43.7 
30 23.5 107 193 l4o 0.348 48-7 
35 23.5 107 199 150 0.350 52.5 
40 33.5 107 200 159 0.351 55.8 
45 33.5 107 201 168 0.353 59*3 
50 43.5 10? 201 168 0.353 59.3 
55 43.5 10? 201 168 0.353 59.3 
60 53.5 107 202 1?8 0.354 63.O 
70 63.5 107 202 178 0.354 63.0 
80 73*5 107 203 187 0.355 66.4 
SO . 83.5 107 203 187 0.355 66.4 

100 93.5 107 203 187 0.355 66.4 
no 103.5 • 107 204 196 0.357 70.0 
120 ns.5 107 205 206 0.353 73.7 
130 123.5 107 205 206 0.353 73.7 
150 143.5 107 206 215 0.360 77.4 
l6o 153.5 107 207 224 0.361 80.9 
170 163.5 • 107 207 224 O.361 80.9 
180 173.5 107 203 234 0.36a 84.7 



TABLE I 
(Continued) 

0 

Run Ko. 13 

t 
min 

t* 
nln 

Frequency 
cps 

Frequency 
Clianse 

Multiplying 
Factor 

Modulus 
Cbcnge 

6.5 0 107 192 0 
0.341 

0 
7 107 193 9 3.1 
8 107 194 19 0.343 6.5 
0 2.5 107 196 37 0.345 12.8 

xo 3.5 107 187 46 - 0.347 l6.0 
11 4.5 107 193 56 0.343 19*5 
12 5*5 107 198 55 0.348 19.5 
13 ■6.5 107 198 56 0.343 19.5 
1*4- 7*5 lot 199 65 0.350 22.8 
15 8*5 107 159 85 0.350 22.8 
16 9.5 107 200 75 0.351 26.3 
17 10.5 107 200 75 0.351 26.3 
18 11.5 . 107 200 75 0.351 26.3 
19 12.5 107 200 75 0.351 26.3 
20 13.5 107 201 84 0.353 29.7 
21 14.5 107 201 84 0.353 29.7 
22 15.5 107 201 84 0.353 29.7 
23 16.5 107 201 84 0.353 29.7 
24 17.5 107 202 93 0.354 32.9 
25 13.5 107 202 93 0.354 32.9 
26 19.5 107 202 93 0.354 32.9 
27 20.5 107 203 103 0.355 36.6 
28 21.5 107 202 93 0.354 32.9 
29 22.5 107 202 93 0.354 32.9 
30 23.5 107 202 93 0.354 32.9 
35 29 107 £03 103 0.355 36.6 
*50 34 107 204 112 0.357 4o.o 
45 39 107 204 112 0.357 4Q.O 

50 44 107 205 121 0.353 43.3 
55 49 107 205 121 0.353 43.3 
60 54 107 205 121 0.353 43.3 
70 64 107 207 140 0.3& 50.5 
80 74 107 207 140 0.361 50.5 
90 84 107 203 149 O.362 53.9 

100 94 107 203 149 O.362 53.9 
110 io4 107 209 159 0.364 57-9 
120 n4 107 210 168 0.365 61.3 
130 124 107 211 177 O.367 65.0 
140 134 ,107 211 177 O.367 65.0 
150 144 107 212 135 0.363 68.5 
162 155 107 212 185 O.368 60.5 
181 175 107 213 195 O.369 72.0 
200 194 107 214 205 0.371 76.O 
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FIG. 2b 
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