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November 15, 1953

Offize of Naval Research
Tmpartment of the Favy
Washington 25, D. C.

ATTENTION: Mr. Julius Harwood
Dear 8ir:

Attached hereto is a copy of the Thirty Second Teclinical Report
entitled "Some Observations on Grain Boundary Shearing During Cieep®™.
This report covers the contribution of grain boundary shearing to the
total creep process for high purity aluminum in the temperaturs range
Q0% to 747K under a stress of 250 psi. It is shown that grain
boundary shearing follows tha sams functional relationship as the total
creep strain, namsly, Egb. = { (©) where & jb. = creep strain.cue
to grain boundary shearing, & = te ?"9'/RT where t = time under stress

g , OHge. = activation snergy for grain boundary shearing, R = gas
constant and T = absclute temperature. The ectivation energy for grain
boundary shearing is esssntially the same as that for th: totsl cruep
proce=s equal to about 36.0{0 calories per mole.

This investigation is based in part on the thesis submitted by
Mr. B. Fazar for the M.S. degree in physical metailurgy. In view of
its close correlation with the investigations being czonducted in our
O.N.R. research on the plastic properties cf aluminum alloys, we wish
to sutmit this report tc the O.N.R.

The wholehezrted cocperation of the Office of Maval HResearch in
making these studles possible is sincerely appreciated.

Respectfully sulgpitted

Johu €. -

f
~~
/ Jotin E. Loyrn

\@ltfesaor of Physical Metallurgy

JED:dk
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ABSTRACT

Quantitative measurements of the contributton é? grein boundary
shearing to the creep process were made tor high purity alumizim in the
temporature range 610°K to 7&7‘! under a atress of 250 psi. The relative
contribution of grain boundary shearing %o tho.tota} creep 2train is
shown to be independent of the test temperature but, as revesled by

Mclsan, it increcs=es as the creep stress decreases.

:
:
!
?4
- E
e
L
LY
d
G

g

RCTETGP
Sl

TR A e e

L T i
"




£ INTRODUCTION

; Several outstanding investigations by lbhan(l-‘) have demonstrated
.that the total creep strain in polycrystslline alumimm at 473%K arises
from microscopically detectable slip, subgrain tilting and grain boundary
shearing. Whereas microscopically detectable slip arises from dislocations
that move out of the grains, subgrain tilting is due to entrapment 7 dis-

locations of like sign in subgrain boundaries. Consequernily, creep in poly-

crystalline aggregates appears to be the resultant of two mechanisms, namely
migration of dislocations and grain boundary shearing. This suggests that

an appropriate law for creep should contain two additive terms, namelys

E? = Ed + Eah’ (l)

where the total creep strain, £, , depends on f:he suns of the creep strains
.ariaing from motion of dislog:ations s &4 » and from grain boundary shear-
ing, €qb..

But extensive investigations(5) over wide ranges of alloys, grain

sizes, temperatures, and stresses have shown that the total creep strain

is quite accurately der~iient on the single term functional relationship

£y = {(9) g = constant (2)

where G = gtress (constant.,‘*,
_4aH
6 = te *TVRT

’

t = time under stress,

‘B
J
&
B
3
€
4 3

AT
TR B W ;

&H = activation energy,
R = gas constant,

and T = absolute temperature.

* ). 2 18 valid for either constant stress or constant load tests; the
total creep curve, however, is different (i.e. the function, { , is
different) for each test.

5‘ E‘F,_.m‘ e ‘mm}.v;‘ 52 : i
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Since BEg. 2 was found to be valid over those ranges where appreciable
grein boundary shearing is observed, it appears probable that the activa-

_ tion energy for grein boundary shearing might be identical with the activa-

tion energy for wigration of dislocations. Therefore, undsr a givsn stress,
1t might be thought that

€+ = fa(O) + fq0 (B) = £(8)

where {4 and {g.. represent the appropriate functions for each mechanism
of creep respectively. The primary objective of this investigation was
to obtiln a direct check on the accurecy of this hypothesis.

“EXPERIMENTAL PROCEDURE AND RESULTS

Rolled aluminum sheet (99.987% Al), 0.100 inches thick, was used in
this investigation. Creep specimens having a 0.25 inch wide, 3 inches
long gage section were so machined that their axes were in the rolling
directicn. All specimsns wers annealed for nine hours at 894K before
testing to produce & mean grain diameter of abcut 0.1 inch. One face of
each specimen was polishsd electrolytically in 10 per cent fluoboric acid.
In order te permit accurate measursments of grain boundary shearing, the
polished surface was lightiy scrit ed with a ruling machine accurate to
4 0,0001 inch to give 2 uniform gricd of lines which were 0.0l inch apart.
Although it was thought that surface working might modify the creep be-
havior in the vicinity of the =scribed grid lines, this technigue waa
nonetheless emplscysd because such local differences in creep rroperties
ehould not sericusly modify the fractions of the total creep strain due
to grain boundary shearing or to migration of dislocations. A1 creep
tests were conducted under conctant load with an inltial stress of 250 psi.

The specimen tempsrature, as measured by two calibrated thermuccuples
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attached at the two ends of the gage mection, was held to within + 2°K of

-

the reported tempersture. The total oreep strain during the course of a
test was measured by msans of 5 simple rack and pinion extensometer sensi-

L4 l?‘f o CaE B ot
! ‘_g._.‘.‘?“?"’?’g“.ff»ﬂ" 28 e

tive to 0.01 percent for a two inch gaga length. After seversl exploratory
tests the following eight tests wsre made:

TABLE I

Liies
bt

Conditicns of Test
(Stress ~ 250 psi)

Total
Texp. Creep Strain
- Noe b E+

1 610 0,037

L 2 w7 0.037

B 3 610 0.070

& 4 747 C.C70

2, 5 610 0.110

» 6 640 0.130

¥ 7 700 0.110

= 8 747 0.110

® - |

&

L The tests a2t varisus temperatures from 610% to 747%K were intex-
supied at prescribed L-l=l Ciralas, €+ 4 of 0,037, £.070, and 0.ii0 and
the specimens woie 1ol _lictely rewovea from the creep machine for metal-

= lographic analyses and measurements of grain boundary shearing.

B

E: The technique employed for deteraining the amount of grain ’oundary

;: _:\

b shearing was that introduced by cLean (14, apn example of grain boundary

< shearing is8 shown in Fig, 1 and idealized in ¥ig. 2. The vertical dis-

placement of a horizontal grid line at a grain boundary is designated by

K .+ Te greatest shear displacements were found on those grain boundariss

that ran about 45° to the specimen axis. But wide ranges of K values
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FIG. 1 SHEAR ALONG A GSAIN SOUNDARY IN HIGH
PURITY ALUMINUM.
CREEP STRESS =250 PS|, £€4=0.07, T =610 °K.
MAGNIFICATION iCO X.



AXIS OF
SPECIMEN

GRAIN

/ BOUNDARY

TRANSVERSE
GRID LINE

k {

L)

e

FIG. 2 IDEALIZED EXAMPLE OF GRAIN BOUNDARY SHEARING
INDICATING METHOD OF MEASURING THE LONGiTUDINAL
SHEAR DISPLACEMENT k.
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wWere obtained for different boundaries of the sane or:.lentation (relative
to the specimen axis) suggesting that grain orientations also affect
grain boundary ehearing.‘ Furthermore, in many cases the value of Kk
varied appreciably even over a single grain boundary.

As shown in Fig. 3 at regions where grain boundary migration took
place, the grid lines appear to have been bent. It was assumed that the
appearance of bending was due to altemate grain boundary migration and
shearing. An example of this on a coarse scale is shown in Fig. 4. Con=-
sequently, for such cases of bent grid lines K was determined by mesasur-
ing the vertical displacement of the grid line over the entire region
where grain boundary migration took place. An extremes example of alter-
nate grain boundary shearing 2nd wmigration on a very fine scale is
Muztrated In Flg, 5. It wes also observed that polygonization occurred
preferentially along the grain boundaries zzilizs *hzm *n +he oraln ccres,
an example of which is shown in Fig. 6. Iurfz-- “-==ion a¥iacts between
the differently oriented sub-grains were often high enongh to produce the
angular grain boundaries evident in Fig. 6. Such irregular boundaries
exhibited less tendency toward shearing than smooth regularly contoured
boundaries.

In view of the wide scatter in the individual shear displacements,
k , an at-t-é_upt wae made to determine an average value F o This was
done by measuring each K value along five consecutive transverse grid
lines, then skipping the next ten lines and repeating the measurement fcr
the next 5 transverse grid lines, ete. until the entire gage section had
been covered. In this way an average T< was obtained over not less than
150 individual measurements per specimen. The Jlongitudinal strain aris-

ing from grain boundary shearing is then readily determined by muitiplying
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FIG 3 APPARENT BENDING OF GR!C LINES NEAR THE
GRAIN BOUNDARY AS A RESULT OF ALTERNATE
GRAIN BOUNDARY SHEARING AND MIGRATION N
HIGH PURITY ALUMINUM.
CREEP STRESS =250 PSI, £¢=0.07,T=747 9&‘(7 MAGHIFICATION 200 K.



PLE BOUNDARY SHEARING AND MIGRATION
IN HIGH PURITY ALUMINUM.

FIG. 4 MULTI

CREEP STRESS =250 PSI, £¢20.07,T= 747°K,
MAGNIFICATION 300 X.



FIG. 5 COMPLEX DEFORMATICN OF THE GR!D NEAR A
GRAIN BOUNDARY REGION DUE TO MULTIPLE GRAIN

BOUNDARY SHEARING AND MIGRAT!ON PROCESSES.

CREEP STRESS =250 PS5, €£4=0.11,T=700 K, MAGNIFICATION iGG X.
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Fis. 6 OCCURRENCE OF POLYGONIZATION NEAR THE
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longitudinal components of the average shear displacement per grain
boundary, K , by the average mumber, N , of grain boundaries intercepted
rer inch along the axis of ths specimen, nameiy N = 10, These daia are

incorpcrated in Table II.

TABLE IT
Experimental Results

Tenp. Time K Eq.b. oH

°x Rours € Inches Ean. & cal/mole
7477 G.029 0.037 0.000C51 0.0031 0.085 L
610 20.4 0.070 0.00055 0.0055 0.079 35,000
47 0.105 0.070 0.00051 0.0051 0.073 o
Q10 55.5 0.110 0.00085 0.0085 0.076
640 14h.42 0.110 0.00071 C.0071 0.065 38,000
700 1.215 0.110 0.00071 0.0071 0.065 ’
c.120 0.00075 0.0075 0,068

747 0:15

c

DISCUSSION OF RESULTS

Previous mvestigations“'a) have astablished the wvalidity of Eq. 2
and have shown that the activation energy for creep of pure aluminum and
its dilute alloys is about AH = 36,070 caleries per mole independent of
subgrain structures, cold work or graim size. According to Eq. 2 the
times to achisve the same strain for two creep tests undar the same stress

and different temperatures are given by

- 8R4,

t e = t‘e

- &R/,

(3)

Using the tines 1 and temperatures 7 gilven in Table II 4o achieve the

same total strain, &; , the actlvation energies AH given in the last

.
2= A et

,
e
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column of Table II were calculated. The agreement that was obtained with
previous results again confirms the uominal validity of Eq. 2.

The data of Table II further reveal that essentislly the same value
of, €40 , 1= obtained for the saze total creep strain, £, , independent

of the test temperature. Coxiaequently, these data prove that

53-5- - {9..' (te-AHg.b-/a-r) a = const.  (4)

where the activation energy AHg.u for grain bpundary shgaring is identieal

with that for the total creep process, namely about 37,000 calories per

mcle. These correlations suggest that the ;'ate-controlling process for

grain boundary shearing is the same as that for creep as a whole since

both processes exhibit the =ame activation energy. Since the activation
(9)

energy for creep and siress-rupture appears to be that for self-

diffusion(5). grain boundary shearing also appears to be dependgnt on a
self-diffusion mechanism.

Riines el Gochardt S2) investigated the shsaving of Biczystals of
high purity aluminum &long their mutuc . grain boundary cver the range
from 473* to 623°K. They observad that the amount of grain boundary shear-
ing increased with increase in differsnce of grain orientations. In
another éhase of their investigation they studied the effect of btemper-
ature on the displacement of the grain btoundary under a stress of 100 psi
for bicrystals whose relative crystallographic orientations were main-
tained constant for all samples tested. In terms of the suggestions of
the current investigation their results should be correlatable by means
of the €& parameter. Such a correlation is shown in Fig. 7, wherein an

average activation energy of about 40,000 calories per mole was obtained.

debaiiic SRR T R
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Considerirg the difficulties in sxperimental techniquse and the affect of

sampling errors on this interesting investigation, the “displacement -© *

S Wi

curve appears excellent. The value of the activation.energy obtained from
Fhines end Cochardt's date iz essentially gqual to the activation enercy
obtained in ths presgent investigation, and, furthermors, their results
again suggest that the AHS‘b_for grain boundary shearing is practically
identical with that for creep. i
MoLean'2'4) hes ehown that the contribution of grain boundary shear-
ing to the creep strain, €,.. , varies with the duration cf the test, t ,
in the same way as the total creep sirain, £, , varies with time. The
fact that the ratio of —&-&;Lb' given' in Table IT is practicall.y constant
further substantiates Mclean's original observations. Consequently, grain
boundary shearing exhibits primary snd secondsry éreep characteristics
that are wholly compatitle with those exhibited by the total creep strain.
This is also suggested by the data ziven in Fig. 7 deduced from Fhines
and Cochardi‘s investigations. Obvicusly, the decreasing rate of grain
boundary shearing during the primary stage of creep demands that struc-
tural changes are improving the resistance to grain boundary shearing in
the same way as they serve to improve the total creep resistance. This
strongly suggests that grain boundary shearing is dependent on the crys-
tallographic processes of dislocation migration in the adjacent grains
on each side of the boundary. This conclusion is further substantiated
Ly the observation that polygonization is frequently more extensive in
the vicinity of a boundary than in the core of the grains.
Poerhaps grain boundary shearing occurs by the following mechanism.
Shear stresses are relaxed at the grain boundary. Consequently, high

bending and shear stresses are concentrated on the interpenetrating
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o projections of each pair of grains acroass their mutual irregular boundary.
If the stresses are relstively amell, as in the case of damping capacity
or shear modulus relaxation experimenta, the atraining occurs by shear
displscements in the true grain boundary, and no permanent changes in the
structure of the grains themselves occur. Under these conditions the
properties of the grain boundary will be history independent and anelastic,
exhibiting a viscous behavior. But under high stresses grain boundary

relaxations induce sufficiently high bending and shear stresses on the

grain projections in the vicinity of the graln boundary to cause these
regions to undertake crystallographic mechanisms of deformation. Becavse

of this bending, it might be expected that high polyzonization wouid be

b ]

induced in the grain boundary region as is observed ocxperimentally.

&
g

Furthermore, the accompanying strain as revealed by grain boundary shear-
ing, &£4.b. » should then follow the usual history dependent laws for crys-—
tallographic mechanisms of deformaticn. The grain boundary itself merely

' sarves to facilitate this crystallographic deformation process by permitting

ST AN s i SR L S L e

concentrations of stress on the grain projections due to stress relaxations
along the true boundary.

A Thrge nusbes of dlfrerent invsitigators L0 12) tave venorted that
the contribution of grain boundary shearing to the total creep strgin

increases with increasing temperature. But the validity of Ea. 4 »nd the

¢

g experimental data recorded in Table II indicate that the contribution of

; grain boundary shearing to the total creep strain is independent of the

; test temperature. In many of the previous investigations the higher temp-
; eratur;’creep tests were conducted at lower stresses. Consequently, ths

P v increased contribution of grain boundary shearing to the totsl creep

strain might have been ascribed to either th= increased temperature of




ool T LR Bl Ll sih &3

£

et B bt okt ot sdliniddin BTE oy i 2 St epic RSl

I T AR Y AL A TG

T

¥ >
bl

(%

16

teat or the lower stress. The present investigation suggests that temper-

ature psr se may not have besn the factor reaponsible for the vrevious
obssrvations. And Mclean's mvestigationa“) have shown that ths relative
contribution of grein boundary shearing to the totel oresp strain increases

88 the stross is decreased in a series of constant temperature creep tests.
Consequently, the previcusly reported apparent increase of gr2in boundary

shearing with increase in the test temperature might have been due to the i

simultanecus descrease in the appiied stress.

CONCLUSIC!
1. The contribution of grein boundary shearing to the creep strain
for kigh purity aluminum follows ths functional relationship

g = 'F(e) g = constanT

3.b.

where = creep stress,

a

6 - te 2ovnsaT

t = duration of test,

T = test tempersture in degrees absolute,

R = gas constant,

and AH,, = activation energy for grain boundary shearing.

2., a., The activetion energy for grain boundary shearing is about
the same as that for creep.

b. The contributicn: of grain boundary shearing to the creep
gtrain follows the same primary and seccndary stages as
exhibited by the total creep strain.

c. Extensive polygonization is observed in the vicinity of

grain boundaries.
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These observations suggest that grain boundary shearing occurs by
crystallogrephic msschanisms of deformation arising from bending and shear-
ing of grain projections in the vicinity of the true relaxed grain boundary.

3. The relative contribution of grein boundary shearing to the total
creep strain is independent of the tsst temperature, but as shown by Molean:

it increases as the stress desreasas.

Tr ol rilitriediaines SR A
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