
Missouri University of Science and Technology Missouri University of Science and Technology 

Scholars' Mine Scholars' Mine 

Materials Science and Engineering Faculty 
Research & Creative Works Materials Science and Engineering 

01 Jan 1976 

Void-strengthening In Aluminum And Its Nature Void-strengthening In Aluminum And Its Nature 

P. G. Manusmare 

Hollis P. Leighly 
Missouri University of Science and Technology 

Follow this and additional works at: https://scholarsmine.mst.edu/matsci_eng_facwork 

 Part of the Metallurgy Commons 

Recommended Citation Recommended Citation 
P. G. Manusmare and H. P. Leighly, "Void-strengthening In Aluminum And Its Nature," Acta Metallurgica, 
vol. 24, no. 11, pp. 1047 - 1052, Elsevier, Jan 1976. 
The definitive version is available at https://doi.org/10.1016/0001-6160(76)90135-8 

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for 
inclusion in Materials Science and Engineering Faculty Research & Creative Works by an authorized administrator 
of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including reproduction for 
redistribution requires the permission of the copyright holder. For more information, please contact 
scholarsmine@mst.edu. 

http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/matsci_eng_facwork
https://scholarsmine.mst.edu/matsci_eng_facwork
https://scholarsmine.mst.edu/matsci_eng
https://scholarsmine.mst.edu/matsci_eng_facwork?utm_source=scholarsmine.mst.edu%2Fmatsci_eng_facwork%2F2992&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/288?utm_source=scholarsmine.mst.edu%2Fmatsci_eng_facwork%2F2992&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/0001-6160(76)90135-8
mailto:scholarsmine@mst.edu


VOID-STRENGTHENING IN ALUMINUM AND 
ITS NATURE 

P. G. !+vlXXUS>L4RE and H. P. LEIGHLF, Jr. 

Department of Metallurgical Engineering. University of Missouri-Rolla, Rolla, MO 65401 

Abstract-Temperature and strain rate dependence of yield strength were used to analyze the nature 
of aluminum strengthened by the formation of voids. Aluminum rods 99.999”” pure were quenched 
and heat treated to form voids with an approximate density of 10’3-10” voids;cm3. Voids in selected 
samples were observed by electron microscopy. The yield strength of the void strengthened samples 
was measured at various temperatures from 77 to 593 K and at two strain rates, 3.33 x lo-’ s 
and 1.67 x LO-‘is. Tests at room temperature and at 77 K were made at various strain rates. 

The similarity of Coulombs approach to void strengthening and that of Orowan stress with Ashby-‘s 
dipole criterion was observed, and it was determined that the extent and effectiveness of void strettgthen- 
ing depends primarily on void density and much less on void size. The amount of strengthening 
obtained at room temperature was found to be consistent with the estimates. Compared to annealed 
aluminum, void strengthened aluminum is more susceptible to the instability of plastic flow at low 
temperatures; its temperature dependence of yield strength varies in different temperature ranges and 
shows a higher strain rate sensitivity of yield strength. 

Rbumt!-On a analysC la nature du durcissement de faiuminium par formation de avitis. en etudiant 
la variation de la limite tlastique en fonction de la temperature et de la vitesse de deformation. On 
a trempt et trait& thermiquement des barres d’aluminium 99.9997(; pour former des cdvites dont 13 
densite allait approximativement de IO” h 10” cavites‘cm’. On a observt en microscopic ilectroniquc 
des cavites dans quelques echantillons choisis. On a mesure la limite iiastique des tchantiilons durcis 
par les cavites a diverses temperatures comprises entre 77 et 593 K et pour des vitesses de deformation 
tgales B 3.33 x IO-’ et 1,67 x iO--‘~ec-~. On a effectue des essais B I’ambianrz et h 77 K pour 
diverses vitrsses de diformation. 

On a observe la rcssemblance entre l’approche de Coulomb du durcissement par cavitos et cehe 
de la contrainte d’orowan avec le &tire du dipdle dAshby. et l’on a dtterrnine que t’importancs 
et I’eficacite du durcissement par cavitis depend essentiellement de la densite des cavites et beaucoup 
moins de leur taille. Le taux de durcissement 6 l’ambiante Ctait en bon accord avec les valeurs estimirs. 
L’aluminium durci par cavitts est plus sujet que l’aluminium recuit g une instabilite de la dtformation 
plastique B basse temperature; la variation de la limite tlastique en fonction de la temperature depend 
du domain de temperature: la limite elastique est plus sensible B la vitesse de deformation. 

Zusammenfassung-Aus der Abhangigkeit der FlieBspannung von Temperatur und Dehngeschwindig- 
keit wurde auf die Verfestigung von Aluminium durch Ausbildung von Hohlrlumen geschlossen. Alu- 
miniumstlbe mit einer Reinheit von 99,9999/, wurden zur Erzeugung von HohMumen in einer Dichte 
von etwa 10 t3 bis 10” cm-’ abgeschreckt und wLrmebehandelt. Die Hohlrlume wurden elektronen- 
mikroskopisch in ausgewlhlten Proben untersucht. Die FlieBspannung der hohlraumverfestigten Proben 
wurde bei verschiedenen Temperaturen zwischen 77 und 593 K und bei zwei Dehngeschwindigkeiten 
(3,33 x IO-’ und I,67 x 10e3 set-‘) gemessen. Bei Raumtemperatur und 77 K wurden Versuche mit 
mehreren Dehngeschwindigkeite.n durchgefuhrt. 

Unter Beriicksichtigung der Ahnlichkeit von Coulombs Niiherung mit der Hohlraumverfestigung 
und derjenigen der Orowanspannung mit Ashbys Dipolktiterium wurde bestimmt. da13 AusmaD und 
Wirksamkeit der Hohlraumverfestigung in erster Linie von der Hohlraumdichte abhingt, weit weniger 
von der HohiraumgroBe. Die Hijhe der Raumtemperaturverfestigung stimmt mit den Abschiitzungen 
iibcrein. fm Vergleich zu gegliihtem Aluminium ist hohlraumverfestigtes .Ah,tminium bei tiefen Tempera- 
turen cmpfindlicher gegeniiber FlieBinstabilitlten; die Temperaturabh&tgigkeit der FlieDspannung v-on 
hohlraumverfestigtem Aluminium ist in verschiedenen Temperaturbereichen unterschiedlich, die FlieB- 
spannung zeigt eine stlrkere Abhlngigkeit von der Dehngeschwindigkeit. 

I?xRODwTION related to larger vacancy clusters, i.e. the dislocation 
loops present in the samples. Similarly, Westmacott 

Makin et al. [l] observed a consistent relationship [2] found that the value of the increased shear stress 
between the increased critical shear stress in neutron is not related to the size and distribution of the 
irradiated copper crystals and the density of black observed dislocation loops in the quenched aluminum 
dot defects (vacancy clusters that are below the 50 nor is it related during the process when the loops 
A size and considered to be different from dislocation are annealed out. These two studies clearly show that 
loops). However, they found that a similar and consis- the presence of the different types of vacancy clusters 
tent relationship does not exist when the strength is other than the observable dislocation loops cause a 

lM7 



n,?ik%i StiX@XXliin~ in RixiIron k3.&3trd cqy?sr 
and in quenched aluminum. Hardis and ,Clichael [3] 
found the s‘ame to be true in their sxperiments on 
aging quenched specimens of aluminum and Al-Mg 
alio)s. 

The available theories. i.e. void-strengthening by 
the Coulomb [Z] theory and strengthening caused by 
tetrsgonal distortions by the Fleischcr [j, 63 theory, 
fail IO distinguish between the temperature depen- 
dence of the yield strength ior voids and for loops. 
The deductions that have been drawn from these 
theories concerning the temperature dependence of 
yiefd strength are incorrect only because the models 
were inadequate in this respect. Therefore, Westma- 
cott’s [2] inference. which is based on Fleischer’s 
theory. that the strengthening in quenched aluminum 
samples is caused by clusters of vacancies thought 
to be ungrown ioop nuclei that consist of 6-7 vacan- 
cies in a collapsed configuration has to be accepted 
with reservations. His observation that the larger 
loops do not cause increased shear stress is more 
striking. Loop nucleation and void nucleation are 
rapid processes that occur vvithin a few seconds after 
quenching, consequently the question arises as to why 
it takes a much !onger period of time (a few hours) 
after the quenching for the greater strength to de- 
velop. This indicates that either those vacancy clusters 
responsible for the strengthening become somewhat 
larger than the ungroun Loop nuclei or it is necessary 
for the vacancies to form certain other vacancy ctus- 
ters to be effective obstacles to the dislocation motion. 

Aluminum rod samples 3.1 mm dia. were prepared 
by roiling and swaging 99.999’, aluminum that was 
supplied by the flnited Mineral and Chemical Corpo- 
ration. sew York. .Atthough care was taken to keep 
from contaminating the material. which had initiaf 
impurities of Cu (2 ppm), Fe i5 ppm). Mg (0.1 ppm), 
and Si (1 ppm). rhe final analysis showed a sharp 
rise in iron content to about 30 ppm. 

During the heat treatment for void formation by 
quenching and aging, it was found. after quenching, 
that some of the specimens crack longitudinally. To 
sort out defective samples, all were first heated to 
6OO’C and then quenched in vvater at room tempera- 
ture. At& repeating this process three times, the 
cracked sampIes were rejected. 

The quenching and aging treatment [7-93 devei- 
oped for producing voids in aluminum was success- 

fully adapted with some modifications as shown sche- 
matically in Fig. 1. The specimens were placed in the 
longitudinal groove of a stainless steel core, which 
was heated in a tube furnace to 640X for 2 h. The 
hot core containing the sample was drawn out and 
quickly rotated so that the specimen dropped into 
3 Go0 Icon aqueous solution at 2O’C KS suggested 
by W’esrmacott [IO]. The sample was quickly 
removed in a wire mesh tray. washed in water at 
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Fig. I. Experimenta t’urnaie and quaching spparatus. 

90-IQO’C, and transferred to an oven at 105 5 I-C 
to age for about 5 h. The time required ior moving 
the samples from the initial quench to the oven was 

about 15s. 
Voids in some of the samples were observed by 

transmission electron microscopy after the specimens 
had been cut transversely with a wire saw to yield 
discs 0.1 mm thick. The discs were electropolished 
by a single stage. twin jet process described by Hac- 
king ri A. [l I]. 

The yield strength of the samples was measured 
at various temperatures between 7’7 and 593’K and 
at strain rates 3.33 x 10-l s and 1.67 x LO-’ ‘3. Ten- 
sile test at room temperature and at i7 K in liquid 
nitrogen were carried out at various strain rates 
between 3.33 x lo-‘,‘s and 3.33 x IO-’ s. The gage 
length was maintained at 1 in.. and the yield stress 
was taken as &I“;, proof stress. Each tesl lot consisted 
of four to six >Tecimens. and the mean value of each 
lot is represented by a single point on Fig, -1. 5! and 
6. Large variations in values are indicated by error 
bars showing greatest and least values. 

ESPERIMESTAL RESULTS 

Grnerd 
The void density in one of the samples shown in 

Fig. 1 is estimated to be of the order of 10’3-10’J 

Fiy. 2. Voids in heat treated aluminwt. 



voids crn3. ~hr &mews of the voids could not be 
meajursd accuratd~. but rough measurements indi- 
cate an average size of about X0-250 .A. The voids 
were inhomogeneouslv distributed. and the formation 
d loops negligible. In many cases, neither the loops 
nor the voids could be resolved with the aid of an 
electron microscope. yet a noticeable increae in yield 
strength was found in the same lot of samples. In 
such cases, the possible presence of very small voids 
below the limit of resolution was assumed. Figure 3 
shows the structure of one such sample. This sample 
was slightly damaged in preparation. and the result- 
ing motion of dislocation in the field of the vacancy 
clusters is seen in the picture. On the basis of the 
shapes of the curved dislocations in lower half of the 
area. an arrow (S) has been drawn to indicate a poss- 
ible direction of stress. It appears from this figure 
that the dislocations are not obstructed by dislocation 
loops but that they are pinned only by very small 
voids. 

Xlany void strengthened samples tested in liquid 
nitrogen at a strain rate of 3.33 x 10-*/s exhibited 
an unstable deformation characteristic that emitted 
an easily audible click similar to that reported by 
Basinski [I?] for aluminium samples of comparable 
purity and size that were deformed near liquid helium 
temperatures. He observed no load drops prior to 
an approx. S”,, elongation. In this experiment, the ser- 
rated load-elongation curve for the void strengthened 
samples did not have such a uniform pattern with 
regard either to elongation prior to the appearance 
of unstable deformation or to the extent of the load 
drops. which were sometimes as much as 20y0 of load. 

Fig. 3. Dislocation motion in the field of vacancy clusters 
showing voids pinning dislocations. 
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Fig. 4. The temperature dependence of the yield strength. 

This can be reasonably expected on the basis of an 
explanation given by Basinski. i.e. the reduced specific 
heat for aluminum at 77 K produces a significant tem- 
perature rise during deformation that causes a loca- 
lized reduction in the stress for plastic flow. This in- 
stability of plastic tlow at 77 K was not observed 
at lower or higher strain rates nor for the well 
annealed samples at any strain rate used at ‘7 K. 

Strenyth anti dejormcltion characteristics 

Frequently, an inhomogeneous deformation occurs 
in both large and small areas of a sample under ten- 
sile loading. Consequently, the cross head speed is 
not a true measure of the strain rate; hoaever. for 
simplicity, the cross head speed is assumed to rep- 
resent the mean strain rate. 

Figure 4 shows the temperature dependence of the 
yield strength. The strength is rationalized by using 
the G values given by Sutton [13] for the elastic con- 
stant, Cd,. The void strengthened samples show a 
pronounced temperature dependence of yield 
strength that changes in different temperature inter- 
vals. In general, the temperature dependence of yield 
strength is nonlinear below 113 & 20 K and shows 
a linear variation above about 430 K. The well 
annealed samples have a much lesser temperature 
dependence of yield strength. 

Other observations. At room temperature. an in- 
crease in yield strength resulting from void streng- 
thening is about two and one-half times the yield 
strength of well annealed samples. This comparison 
changes considerably in a narrow temperarurc range 
just above room temperature. At the high strain rate. 
3.33 x IO-‘is, the variation of yield strength is very 
uncertain because of the broad spectrum of values 
at and near room temperature. Because a small vari- 
ation in temperature elicits a very large variation of 
strength, there is a greater uncertainty about the 
strength of a sample in this temperature range. This 
is shown by the dashed part of the curve. 

In the temperature range of 413 k 20 K. the in- 
crease and decrease of yield strength is yen_ marked 
at the high strain rate, 3.33 x 10-I s. Ar this strain 
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Fig. 5. Ths strrtin rate dependence of the yield strength at 2% R. 

rate, the yield strength increases sharply to a maxi- 
mum of about 413 K and rhsn. although decreasing 
rapidiy. remains quite high up to about SO K. With 
some dislocation climb being prevented as a result 
of attractive interactions brr\veen voids and disloca- 
tions and a thermally activated complrmcnrary climb 
helping to capture a larger number of dislocations 
by the voids at this strain rate and temperature, the 
effectiveness of void strengthening seems much im- 
proved. With increasing temperature above this 
range, the thermal activation is predominant and 
assists the djslocation to escape from tht voids. 

At the lower strain rate. 1.67 x 10S3 s. the yield 
strength is almost constant in this temperature range. 
At 393 K, two of the six specimens tested at this strain 
rate showed repeated yield poims on the load-elonga- 
tion curve (the upper one corresponding to the values 
in Fig. 4). At 433 K. one of the six specimens tested 
showed a very sharp increase in the Load after a iarge 
yield point elongation. This and the rise and fall of 
the yield point at the higher strain rate are considered 
as indicative of a possible change in the work harden- 
ing mechanism; as a result. the authors refer to the 
temperature 413 & 20K as a transition zone. The 
well annealed samples tested at the strain rate of 1.67 
x 10-3 ,,s showed a siight drop in yield strength in 

this temperature range. It is noted that Lytton t’f ‘I!. 
[I&] have seen a transition in the asCation energ! 
for creep in pure al~jrninLj~1 single crysruls in the same 
temperature range. 

Figures 5 and 6 show the strain rare dependence 
of the yield strength of the void strengthened samp!es 
at room temperature and at liquid nitrogen tempera- 
ture. respectively. Similar data that were obtained for 
the well annealed samples are also shown in th: 
figures. From the empirical relationship. LT = CC-. 
at a constant strain and temperature. the strain rate 
sensitivity. WI. gken by the slopes in Figs. 5 and 6. 
is approx. 0.042 at room temperature and 0.033 at 
77 K for welt annealed samples. For all of these 
samples, the sensitivity seems to be much decreased 
at lower strain rates. In comparison. the void streng- 
thened samples show a very high strain rate sensi- 
tivity of about 0.115 at room temperature and about 
0.093 at 77 K. The strain rate stnsitivit)- at room tem- 
perature (Fig. 5) decreases at the higher strain rate 
of about 3.33 x lo-‘,o; whereas. at 77 K (Fig. 61 
it decreases at a lower strain rate. 3.33 x lo- s. 

In Fig. 7, the above data are plotted as increments 
in the strain rate dependent yield strengths of void 

Al 77’K rl 

s 

!Q‘ !O_’ 

STRAIN RATE [Set-‘1 

Fig. 6. The strain ratz dependence of the yield strength at 77 K. 
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Fig. 7. The increment in strain rate yield strength of void 
strengthened specimens above the annealed specimens. 

strengthened samples above those of the annealed 
samples. The two curves corresponding to room tem- 
perature and 77 K have a strongly inflected S-shape. 
and the increments in the strain rate dependent yield 
strength tends to flatten at the lower and the higher 
strain rates. Hart [lj] has explained the strongly in- 
flected S shape of the strain rate sensitivity curve for 
polycrystalline or multiphase specimens on the basis 

of the model that the steady state deformation of a 
polycrystalline material is a flow of a non-Newtonian 
body (the matrix) containing a dispersion of plate-like 
flaws (grain boundaries), which permit constrained 
shear sliding at their surfaces by Newtonian friction, 
Hence. it is felt that the increased strain rate sensi- 
tivity of void strengthened samples may be due to 
the distribution of additional flaws, i.e. voids in the 
non-Newtonian matrix. 

DISCUSSION 

Coulomb, in his theory [4] of void-strengthening. 
defines the equilibrium shape of a dislocation segment 
blocked by the voids and calculates the energy of 
escape for bowing out of the dislocation segment from 
the voids. According to his criterion, the dislocation 
escapes from the pinning voids once the dislocation 
is forced between the voids to bow to the maximum 
energy position. This maximum energy (escape 
energy) position is found in terms of the equilibrium 
angle, 0, made by the dislocation segment at the pin- 
ning voids, and the corresponding strain, E. The Cou- 
lomb treatment requires the dislocation to remain at 
the void until it acquires the maximum energy pos- 
ition. Also, it has a large built-in approximation for 
the values of escape energy and strain that are passed 
on to the values of stress. 

Ashby’s treatment [16,173 of Orowan stress for 
bypassing the dislocation between the chain of par- 
ticles envisages forcing the dislocation into a critical 
shape so that further bowing and snapping of the 
dislocation from the pinning particles occur as a 
result of the dislocation’s own reaction between the 
adjacent se,sments. This approach brings the Orowan 
stress closer to Coulomb’s ideas of dislocation escape 

from the chain of voids. Therefore, a more precise 
value of the required stress for dislocation bypassing 
between voids may be taken from Ashby’s dipole cri- 
terion on Orowan strers [l?]. 

T = .4 g _Z cos d In 
x[i + lLi.x - 1) sin @] 

. il) 
r. 

in which tl is equal to (1 + :V 1 - v)jsin’~) = I (1 
- v) for edge dislocations and to unity for screw 
dislocations; 1 is equal to the angle between the 
burgers vector and the dislocation when no stress is 
applied, 0 to the angle between the arm of the disloca- 
tion under stress and the siip direction, s to the dia- 
meter of the voids, L to the average void spacing 
along the dislocation line blocked by the voids, r. 
to the inner cut off radius, and V, G, and h are pois- 
son’s ratio, shear modulus, and burgers Lector. re- 
spectively. 

The shear stress, r. has a maximum value for B 
between IY and 30’ ; so for most values of L and 
X, an arbitrarily chosen value of U = 20 degrees gives 
the required shear stress to move the dislocation past 
the voids as 

(2) 

For !YV voids,cm3 of diameter s. Kocks[l8] gives 
the average obstacle spacing, 

By using these relations, the expected increase in 
the yield strength resulting from the presence of an 
assumed homogeneous distribution of uniformly sized 
spherical voids can be shown in Fig. 8. .-\ccording 

VOiDS/cm3 

VOID SIZE A0 

Fig. 8. The expected increase in yield strengrh as a 
tion of void size and void densit>-. 
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to the results shown in this figure, a minimum void 
density of the order of 10” voids,‘cm3 is needed to 
obtain a measurable increase in the yield strength of 
aluminum. By increasing the void size alone, the in- 
crease in yield strength could be restricted by the fact 
that only voids of a certain maximum average size 
and density above the necessary minimum value can 
be accommodated in the volume of metal without 
forming a larger defect (such as a microcrack). which 
would affect the strength adversely. Also, the average 
void size is limited by some competing mechanisms 
for increasing void density with the available vacancy 
supersaturation. These two separate limiting factors 
are not included in the simple model of Orowan 
stress. Yet. the familiar stress relation seems suffi- 

ciently accurate for predicting the extent of void 
strengthening. By allowing for an inhomogeneous dis- 
tribution of voids in the experimental specimens, the 
observed void density was determined to be in the 
range of 10’3-10” voids/cm3 and the average void 
size to be about 100 A in diameter. From this, the 
predicted increase in yield strength that results from 
void strengthening as determined from Fig. 8 was 
determined to be about 1.6 kg/mm*; whereas the 
measmed vaue of the increase in samples at room 
temperature was about 1.32-1.65 kg/mm* above the 
yield strength of the annealed samples at correspond- 
ing strain rates. The results are in a fairly good agree- 
ment with the expected values. 

It is to be noted that the dislocation segment may 
snap away from the voids through its own reaction 
after bowing further to its critical shape. Therefore, 
the voids need be just large enough to keep the dislo- 
cation segment pinned, until it reaches a critical shape 
corresponding to the maximum applied stress to bow 
out the dislocation between the voids. An exact value 
of the attractive interaction energy between the void 
and the dislocation is thus unimportant; conse- 
quently, the extent of the void-strengthening can be 
considered independent of the void size distribution. 

The smallest (limiting) size of a void that can exert 
some attractive force on a dislocation that is in con- 
tact with it is found by setting the energy of interac- 
tion at zero in the solution for the interaction energy 
established by Week et al. [19] for a void of diameter, 
s. that is symmetrically located on a screw disloca- 
tion. From their calculation, the interaction energy 
IS 

I!?"~ = [ - Gb”.x/4n] [(x2/12) + In (x/Ir,)]. (4) 

Therefore. for ,K + 0, (n’/12) I- In (x/2ro) = 0 is 
a limiting case, or .Y = 2r, em”“” = 0.878r,. This 

indicates that voids as small as the size of the disloca- 
tion core may act as obstacles to the dislocation 
motion. This also suggests that the mechanism and 
effectiveness of void strengthening are much less 
dependent on the void size and are primarily gov- 

erned by void spacing or the prevailing void density, 
which in the case of aluminum should be above 10” 
voids,‘cm3 to obtain a measurable increase in yield 
strength. 

CONCLl_SIONS 

1. Similarity between Coulomb’s approach to void 
strengthening and that of Orowan stress with dipole 
reaction is observed, whereby the extent and effective- 
ness of void strengthening are primarily dependent 
on the void-density and much less on void-size. The 
strengthening obtained at room temperature can be 
reasonably estimated by the modified Orowan stress 
model. 

2. The observed yield strength in void strengthened 
aluminum samples shows changing patterns in differ- 
ent temperature ranges. The samples retain more 
strength than annealed samples over a wide tempera- 
ture range. 

3. Void strengthened aluminum shows a higher 
strain rate sensitivity of yield strength both at room 
temperature and at 77 K. 

4. Void strengthened aluminum shows increased 
susceptibility to the thermal instability of plastic flow 
at low temperatures. This interfaces considerably in 
obtaining the correct picture of the variation of yield 
strength with testing temperatures in the low tem- 
perature range. 
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