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.‘ABSI‘P-:ACT

The creep behavior of cosrse grained high purity, 2 S, and
3 S aluminum was studied at 400° F, 700° F, and 1100° F over a
stress range of 50 — 1200 psi., A high temperature microscope
was utilized to study the steps in the creep process, permitting
creep measurements over short distances in the various portions
of the grains and across grain boundaries. Indeﬁtation. produced
by a sharp needle permitted a marking technique for reference
purposes. The orientations ’of the grains were indicated by the use
of the etch pit technique. Extensive metallographic work, frequently
supplemented by X-rzy work, wes utilized to studyk the processbf
grein boundary sliding and grain boundary migration., Similarly
the mechanisms of deformation in the grain‘s were followed, the
defofmation being typified by the presence of slip bands, kinking
bands, defomation bends, folds and sub—grains. The stepwise
nature of the process of grain boundary sliding snd migration was
studied in detail as a function of temperature, stress, grain size
and purity. The creep behavior zcross grain boundaries varlously
situated and for different conditions is noted end discussed. The
formation of kinking bands, deformation bands, folds, slip bends,
and sub-grains, particularly the latter two, is discussed. Inter-
crystalline fuilure is considered in the light of the purity of the

metal,
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I. INTRODUCTION

Creep studies and measurements in most instances are based on
a relatively gross gage 1ength; Even in some recent theoretical
studies on the mechanism of creep, changes were followed by means
of X-rays and metallography without regard ‘for the behavior of the

:2’3, Analytieal studies

individuel grains and grain boundariesl
of creep have frequently indicated that more than one competing

process is operative and that the ultimate creep performance depends
on the effects of temperature, time and strain rate =s well as grain

43556

size The grains =nd grain boundaries are‘kmown to respond
differently to these variables but the extent of the response is
still litile known, especially in polycrystalline materials where
the relative orlentations of grains end grain boundaries are im-
portant,
This thesis presents some experimental observations of the be-

avior of the grain boundaries and their effect on the deformation
in the grains. In addition to high purity aluminum, 2 S and 3 S
aluminum were also ipvestiga'bed in order to determine the effect

of purity« on the deformation zlong grain boundaries and in the

grains.



II. EXPERIMENTAL PROGEDURE

A small verticel nichrome wound furnzce was built to permit
direct loading on the test specimen. This furnace is eapable of
operating up to mbout 1300° F with reasonsble temperature distri-~
bution. A ground rectangular quartz window, 1.25 inches by 0.5 |
inches, is imbedded in the external stainless steel tube to pemmit
observations of the creep process with a microscope. #An =zrgon
atmosphere wezs provid.ed to prevent oxidation. The guartz window
caused a temperature gradient between the back and front surfaces
of the specimen of 15° F at 900° F and 700° F, and 20° F =t 1100° F,
‘ The tempersture gradient could be decreased to 3° F zlong the length
of the specimen by adjusting shunts across the furnace windings.

JAn ordinary metallurgical microscope with = working distance
of 14 mm, was rebuilt so that it couid be mgved in three mutual
gerpendicul-ar directions. Visual examination could’ be made with
either 2 30 X evepiece or a 15 X filar eyepiece. Using en ob-
jective of foeal length 24,3 mm and :a numerical aperture 0.20
a total mognification of 120 X or 240 X could be obtained.

High purity aluminum rated at 99.995 percent and 2 S and 3 S
aluminum were supplied by the Aluminum Compeny of America as 5/3
ineh rod. The spectrographic analysis of these three grades of
aluminum are shown in Table I. The rods were first machined to
1/% inch dismeter, after which the gage portion was further

machined to 3/16 inech dismeter. The ends were 1/4 inch dismeter



TABLE I

Spechirographic Analysis of the Three Grades of Aluminum

Grade

High purity
28

3s

Impurities, I’ercent
Cu Fe Si Mn Mg In Cr T4 Nz,Ca
0.0017  0.002 0.001 - 0.0002 . - - - 0.0006
0.10 0.46 0.12 0.01 - 0.01 - 0.03 -
0.09 0.36 0.16 1.15 - 0.00 0.0  0.01 -

)



and threaded to fit available specimen holders. Two opposite
flat surfaces of the gage portion were obtained by milling, giving

final dimensions of the gage portion of 3/4 inch x 3/16 inech x 3/32 inch,



A. Preparation of Specimens of High Purity Aluminum

Machined specimens were first electro-polished in Jacquet's
solution7. Reference marks were produced by pressing a thin séwing
needle into the surface of the specimen. The specimen was then
annealed at 900° F for 24 hours and at 1150° F for 12 hours.
Typical macrostructures of specimens treated in this menner are
shown in Figure 1. The range of the grain sizes was 1 to 5.5 mm.,,
(see Figure 1), but most of the grains were of 2.5 mm. and went
through the whole thickness of the specimen, The specimen was re-
electro-polished and etched elecf;rolytically to reveal the grain
boundaries. In order to reveal the orientation differences of
the grains, etch pits were produced on the surface of some speci-
mens by etching in e mixture of hydi'ochloric and nitrie acids

(HC1, 45 percent; HNO;, 10 percent; Hy0, 45 percent, by volume).

B. Prepsration of Specimens of 2 S and 3 S Aluminum

Machined speciméns were first esnnealed at 600° ¥ for about
12 hours. The speéimens were then stretched 3 to 8 percent. There-
after, the pmcedl;fe applied to 2 S znd 3 S aluminum specimens
was the same as for high purity alumz_num. The specimens were
marked with reference marks, electropolished, ennealed at 900° F
for 2/ hours, =and at 1150° F for 12 hours, and repolished. In
general, the grains produced after the above treatments were about
3 to 10 times longer in the direction of the specimen -axis then

in the direction of the width of the specimen.

There were ebout 2 to 4 grzins across the width of the specimen

e



Figure 1.

Macrostructures and dimensions of specimens of high purity
sluminum., (Specimens of 2 S and 3 S 2luminum are of the
same shepe and dimensions). FEtched by Tucker's rezgent.
1.2 X.

6



7

for 2 S aluminum, and about 10 to 20 grains for 3 S aluminum. The
arrangement of the grains in the specimens was generally irregular,
and therefore it was difficult to follow the course of the grain
boundaries,

The specimens were very carefully put into the holders and
furnace; yet even with this care, some fine slip lines were developed
on the specimen surface. Later it was found out that, in addition
to the etch pits, these slip lines were of great help in detemining
the orientation of grzins and in eveluating the behavior of grain
boundaries. The load needed for the low stress experiments was only
1.5 pounds (stress about 85 psi). In order not to disturb the
specimen by loading when it was very weak at the creep temperature,
direct load was applied at room temperature and the specimen was
brought up to temperature under load. For stresses higher than
85 psi, water was siphoned into a container lng by the lower
specimen holder when the specimen reached the test teniperature.

The needle points produced in the surface of the épecimen gave
very bright end shz;rp points under the microscoi)e and therefore
served well as reference marks for creep measurement. Megsurement
could be made either by a filar eyepiece micrometer oX by =a dial
gage. The accuracy of measurement depended on the size znd the
constancy of reference marks on the surface of .the specimen.,

With creep strain ap to :zbout 50 percent, no difficulty was
encountered in measurement because the sharpness of the reference

marks was meintained end their shapes did not chenge very much.



&

The size of the reference marks was mbout 0.Cl mm. in dismeter
and the distance between two reference marks was zbout 0.6 — 0.7 mm.;
thus the error of strain messurement should not be greater than

1.5 percent.



ITTI. PRESINTATION OF RESULTS

A, Method of Presentation

In oxder to show the arrengement of grains, especially the
direction and position of grain boundaries, traces of the grcin
bounderies on the fou;r surfaces of the specimen were mapped out
after mecro-etching. Figures 2 through 6 show the structural
development drawings of specimens P-3, P-8, P-6, P-10, and P-7,
respectively. These figures will be referred to frequently in
later discussions. The two flat surfaces (of which the front
one fzces the microscope) and the round edge surfzces of the
specimen will be called the "plane surfeces" znd Yedge surfaces"
respectively. Capital letters we;‘e used to distinguish individual
grzins, Arabic numbers béside the needle made indentetions in-
dicating the positioné of reference marks. £mall letters beside
triengles indicate the spproximate positions where back reflection
Laue pstterns were taken.

Photomierographs were taken both during the :actuzl creep
process and after the specimen had been removed from the equipment.
Most of the photomierographs ;Jere taken with obligue light so that
maximum detail coﬁld be shown in the same photomiecrograph. All the
photomicrographs will be so presented in ‘the text that the direction
of applied tension runs from top to bottom. Specimen numbers will
be included in a bracket efter the figure number., The grain letter
will be indicated on the photomicrographs and schematic drawings

in =ccordence with the development drawing of the specimen.
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For ezsy reference, Teble II is prepared to list the test con-

ditions and the status of the specimens when the test was completed.

TABLE IT

Condition of Specimens at Time of Observeaition in Creep Studies

% P stands for high purity aluminum
2 S stands for 2 S sluminum
3 S stands for 3 S aluminum

Spec. Load Temp. Total Duration Condition of
No,¥* psi °F Elong. of test specimen when
% hours test stopped
B X 1200 400 19.5 18 Tuptured
P11 400-750 400 12,5 475 not ruptured
P-3 85 700 2.5 1.5 not ruptured
p-8 85 700 7.7 81 not ruptured
P-1 100 - 700 28.5 234 ruptured
P-6 200 700 64.5 21.3 ruptured
P-9 65 1100 28 7 not ruptured
P-10 50 1100 33 30 ruptured
2 S-11 800 - 700 35.6 2.5 ruptured
2 87 300 900 - 20 not ruptured
2 S-6 450 - 900 12,3 30 ruptured
2 816 250 1100 8 12 ruptured
2 S-12 200-300 1100 5.875 41 ruptured
3 S  200-300 1100 19 79.5 ruptured



F ‘h
©
s

B. Grain Boundary Sliding snd Migration

Evidence of grzin boundary sliding and migration: It czn be
seen from Figure 7 A (P-3) that the grain boundary between grzins
M and N underwent successively alternating sliding end migration.
In order to provide = distinction from crystslline slip, the term
Msliding™ is introduced to refer to the process by which two grains
slide with respect to each other 2long their common grazin boundary
surface, The term "boundary migration™ is used in the sense thzt
the grain boundary surface moves in some direction which does not
lie in the grain boundary surface., The positions of the initial
and finel grain boundaries can be judged by the appearance of etch
pits =nd are glso indicated by letters I snd F, representing the
initial and final grain boundary, respectively. Sinee etch pits
were put in befoi'e the creep test, the initial grzin boundary
should be the boundary between the regions of the two differently
shaped etch pits corresponding to the two grains. 'i‘he posit'ionv
of the final boundary was esteblished by repolishing and etching
the specimen after the creep test, whereupon the initiai boundary
was removed end the finsl boundary remained (see Figure 7 B).
Evidence of the successively alternating end cooperative nature
of boundery sliding aﬁd migration can also be obtained by observing
the course of the slip lines of grain N which were produced during
handling in putting the specimen into the furnace. The origineal
straight slip lines are now sharply displaced in the field between
the initisl end finel grain boundaries due to grain boundary sliding

end migration. It is necessary to poiht out that the slip lines of



Fig’llre'?A.

Figure 7 B.

Fold

Figure 7 A. _l‘igure7B.

(Specimen P-3), Deformed surfsce showing the steps of grein boundery migration sand sliding
during ereep. Etch pits put in before test. I znd F indicate the initizl and final grain

boundaries respectively. 150 X.

repolished and etched., Initizl grain boundary

(Specimen P-3). Same field =s Figure 2 4,
Creter-like regions =re etch

end fold (or bend) diseppesred. Etech pits put in after test.
pit locstions seen in Figure 2 A. 150 X.

pran
e

i
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grain M are propagated.continuously across the migfated zone without
being bent. The fact that they were not bent indicates that these
slip lines must have been developed at the conclusion of boundary
migration, probzbly by handling of the specimen after test.

The stepwise nature of grain boundary sliding -and migration
czn be more clearly seen from Figure 8 (taken froin the back surfeocce
of specimen P-3) which is 2 500 X megnificetion of the triple point
of greins M, 0, and P from Figure 9. The boundary of grains M and
0 is inclined at about 45° 'to the direction of zpplied tension and
at about 15° to the side of the specimen (see Figure 2). It was,
therefore, in a favorable position to slide end did so. .As & result
of this sliding, an offset was produced zlong the boundaries of
greins M and P, znd O =nd P, :As can be seen from Figure 94, the
extension of the initizl grcin boundaries of grains M and P and of
grains O and P (merked =as I in Figure 9 ) intersected within the
doxlz zone between grains M and 0, as indicated by dotted arrow.

But, as is evident from Figures 8 end 9 B, the initiel =znd final

boundaries constitute the 1eft and right borders of the bleck zone
respectively. Furthermore, the initial boundary of grains M and P
could not be curved through the bleck band because the specimen was

fully snnealed before the test. The offset so produced is indicated

in the schematic drawing of Figure 9 ¢, in which solid arrows indicate

the directions of boundary migration. 2As a result of this initizl
grein boundery sliding, it is expected that a condition of strain
due to the disturbence of the ztomic equilibrium eonfiguration

around the triple point must exist :at least temporarily in thet



Figure 8.

15

(Specimen P-3), back surfsce, The step-wise nature of
boundery sliding end migrstion at the triple point of
greins M, 0, and P, Dotted arrows indicste the area

swept by migreting boundary of greins O =nd P.



Figure 9 A.

Figure 9 B.

(Specimen P - 3). Sub-grein formation by bending around
the triple point in the lower left grain. 100 X.
(Specimen P - 3). Seme field as Figure 9 A repolished
and etched. Sub-grzin boundaries only very feintly re-
vealed around the triple point in the lower left grain.
100 X,



FIG. 9C SCHEMATIC DRAWING OF THE TRIPLE POINT
OF FIG. 8. SOLID ARROWS INDICATE THE DIRECTION
OF GRAIN BOUNDARY MIGRATION.

y2a)



region., In order to meintain the triple point, the boundary of grains
M and P migrated to the lower left by a diffusion process similear
to & strein annealing process. Apparently after this cycle of grain
boundsry sliding and migration, the boundary of grazins M :and O was
in a diffiecult position for further sliding. Thus? the boundary
of greins M and P took over the sliding process. It can be seen from
Figure .2 thet this M~P boundsry, with one end at the free edge of
the specimen, could slide more easily then if it were bounded by
two triple points at its ends., Sliding 2long the boundary of grains
M and P caused the offsct between the boundary of grains M and O -and
the boundary of giains O =nd P, A new triple point wes formed by
the migration of the boundary of grains P end O to the lower left
direction. The narrow black band marked by the broken arrows in
Figure 8 znd swefrb by the boundary of grains P and O indicates
this process nieely. Thié stepwise and cyclic process of boundary
sliding =nd migration went on until point z (Figure 9 ¢) was
reached. That this process wes by no mesns uniform is evidenced by
the unequal steps shown in; Figure 8,

After point A wes reached, heavy sliding along the boundary
between grains M and O tended to czuse fold formstion (this will
be discussed more fully later) in ‘grain P, but the grein boundary
between grains P and Q blocked the formation of the lstter. Non-
uniform deformation in grein P around the triple point resulted in
heevy curvature of the bounderies of grains P and O and of grains

M and P sround the triple point, =s noted in Figure 9 B.



CG. Direction of Boundery Sliding snd Migretion

o Tﬂ;idirection of grain boundary sliding is governed primarily
by the direction of shear stress zcting on the boundery surfzce (but
also in part by the orientution of the grzins forming the boundery).
This fact is clearly shown in Figure 10 in which = scratch line, or—
iginelly straight, is displaced zeross the slid boundary.

Further, in specimen P-3 (Figure 2) a grain, G, bounded by a
free edge of the test specimen, goes through the whole thickness of
the specimen. This grain slid as a whole in the direction of the
thickness of the specimen. :As & result of this the back surface
wes depressed and the front side extruded, as illustrated in Figure
13. This could be readily observed visucllys. The direction of
boundery migretion is indicabed by arrows in Figure 11 A znd 12 A
which are photomicrographs of the front znd back surfaces of grain
G, respectively. According to the geometry of this grain, it is
netural that it should slide in the way observed in Figures 11 and 12.
It is necessary to point out that the direction of boundary migration
is generally towerd the side which is depressed as shown by the
solid arrows of Figurel3, i. e., swey from grein G in Figure 11 and
towerd grain.G in Figure 12.

That the rate of grein boundary migretion is ncn-uniform can
be seen clearly in Figure 14 (specimen P-8). A schemstic drewing
of Figure 14 is shown in Figure 15 to show the sequence of steps
in the migration of this boundary as observed during the actual

test., It should be noted that the migrating boundary tends to
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Figure 10, (Specimen P-3,front surfsce). Evidence end direction of
boundary sliding by observing the offset of the scretched
line =nd needle merk. 50 X.
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Figure 11 A. (Specimen P - 3, front surface). The enclcsed grain
was non-uniformly deformed; Grein G slid as a whole,
' 50 X.

Figure 11 B, (Specimen P - s, front side). Seme field as in
Figure 5 A, repolished and etched.



Figure 12 A. (Specimen P - 3, back surface). Grain G slid as
a whole. 50 X,

Figure 12 B. (Specimen P - 3, back surface). Seme field ss in
Figure 12 A, Repolished and etched. 50 X.



Figure 13,

Tension
Direction

|

Jension
Direction

Schematic Drawing of the direction of boundery sliding
end migration in specimen P - 3, Grain G. Broken Arrow
indicates the direction of boundary sliding. Solid
arrow indicates the direction of boundsry migretion. .
Dotted lines indicate = more stable position of the
migrsted grain boundaries.

15



Figure 14. (Specimen P - 8, front surface). Uneven neture of grein
boundary sliding =nd migretion. 100 X,

Figure 15. Schemetic drswing of Figure 14 shows the uneven steps of
boundary migration. The numbers indicate the consecutive
steps of the grein boundery migrztion.
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approach a position which is perpendicular to the specimen axis .
Figure 16 is sznother example of this czse. This position of the
grain boundary 1s the one which has the smellest grain boundary area.

Figure 17 shows 2 grain boundary of greins A and B of specimen
P-3, From Figure 2 it can be seen that grain B did not go =21l the
way through the thickness of the specimen. The originzl double
curved boundery tended to straighten out. It eppears that the in-
flection point of this migrating boundary divides this boundery into
two regions in which it migrated in opposite dircctions as shown by
the =rrows in Figure 17,

Figure 18 (specimen P-8) shows &n interesting czse in which
grzin E was epparently under compression since sliding had taken
‘place along the boundaries of grains C =nd E and grains E and R.
Furthermore, because of the blocking effect of the triple point of
“grains C, D, and E =nd of grains D, E, and R on the sliding of the
boundaries of grains G and D =nd grzins D and R, the groin boundary
of grains D =nd E is subject to bending. - The compre;sion side of
the bending is in grein E and the tension side is in grain D. It
is probably due to this stress system and the locking effect of the
two triple points that the upper part of the boundary of grains D
and E bulges into grain E during progressive boundary migration.
This‘ kind of boundary migration typifies one in which the strain

energy pleys the dominant role.
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The gr:in boundzry

Figure 16, (Specimen P - 8, back surface).
tended to rotzte to a position perpendicular to the

specimen szxis.
the needle mark on the migrating boundery.

Note also the attrscting effect of
50 X,

Figure 17. (Specimen P - 8, back surface). The boundary migreted
in opposite directions, as shown by arrows. Note the
attracting effect of the etch pit below the arrow =t

the left on the migrsting grain boundary.



‘Figure 18 A,

Figure 18 B.

(Specimen P - 8, back surfece). Uneven nature of grain boundery
migration as = result of non-even distribution of
stresses in grein E. 50 X.

(Specimen P - 8, back surface). Same field as Figure
18 A. Repolished and etched. Sub-grsin boundaries es
shown by the arrows coincide well with the sharp

bent marks on the deformed surface.
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D. Effect of Grein Size on Boundsyry Sliding =nd Migration

Figure 19 A shows = case where four grains go macross the width
of the specimen :end all of them go through the thickness of the
specimen, It is interesting to note the cooperative nature of grain
boundary sliding end migrestion as evidenced by the appearsnce of the
two triple points. Since the grein boundary of grains P end H is
in = favorsble situation (45° =ngle end plein boundary surfece) to
slide, the boundaries of grcins P and R and of grains Hand R
migrsted & large distance to meet this situation at the meighborhood
of the triple point of grain P, R, and H. A clearer view of the
migration process of the lower triple points of Figure 19 A can
Be obtained in Figufe 19 C.

Figure 20 is = fine example showing the large extent of boundary
migration when four grains go completely across the width of the
specimen, I end F indicate the initiel and final positions of the
grain boundaries es before. It appears that the direction of the
movement of a triple point is 'detezmined primarily by the perticuler
boundery which is sliding at that instent. The observetion that the
path of movement of the triple point is zig-zag is not unexpected.
It should be emplasized that the specimen from which Figure 20 was
obtained was subjected to ereep for 234 hours at 700° F and therefore
more time was allowed for this extensive boundary migration to take
plece,

Figure 21 A shows en interesting case of how = smsll surfsce
grain was consumed by three lorge neighboring grains. This is

evident by a study of Figure 21 B, which shows the specimen repolished



Figure 19 A.

Figure 19 B.

—— i 3

(Specimen P-8), Deformed surfeee showing boundery sliding
end migration around the triple points. Thickness of

the shadows produced by grezin boundery sliding suggests
the relative zmount of sliding. Note the sub-grain
formation in the top left field. 50 X.

(Specimen P-8). Ssme field =s Figure 19 A repolished

and etched, Initisl grain boundery disappesred; final
grzin boundary remeined. Crzter-like regions zre etch
pit locations seen in Figure 19 A. 50 X.



Figure 19 C.

(Specimen P - 8 ).
triple point of Figure 19 A. 150 X.

Higher megnificstion of the lower

3
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(Specimen P-1), Extensive boundery migrstion for a case
where four greins of comparsble size go across the width
of the specimen. The zigzag path of the triple point

is elearly shown. 50 X,

Figure 20.
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Figure 21 4. (Specimen P - 3, front surface). Deformed surface.
Note how = smell surfece grain L was eaten up. 150 X.

Figure 21 B, (Specimen P - 3, front surfece). Same field as
Figure 21 A, Repolished and etehed. 150 X.
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and etched., It can be seen from Figure 2 that after the dissppearance
of the small grain, the grain boundsries of the three lerge grains
went through the thickness of the specimen.

E. Effect of Tempersture on Boundery Sliding =nd Migration

As the temperature inereases, the atomic mobility increases,
and so does the rate of boundary migration. Figures 22 and 23 were
taken from the seame fiéld during the creep proce.ss of specimen P-9
which was subjected to creep at 1100° F under a stress of about 65 psi.
The rate of boundary migration was of the order of 1 x 10—5cm/ sec.
at the beginning of the test, It is interesting to note how the
boundary bounded by the two triple points rotated sbout 90° (Figure 23).
Figure 24 is a schematic drawing showing the steps of this ro-
tation process, solid arrows indicating the direction of the migration
of the triple points. The two triple points must come close to esch
other, or even meet at point O, before they con migrzte in opposite
directions. The final position lies at ambout 90° to the old grain
boundary connecting the two old triple points.
Figure 25 through .29 show a similar case for specimen P-10 and
were obtained at consecutive times during the test, 0.5, 3.25, 9.1,
18.5, and 30.4 hours after reaching the testing temperature, 1100° F.
The specimen frectured after 30.4 hours. The initial posi’cions
of the grzain bounderies shown in Figure 5 were established before
the test by macro-etching and are also indicated by the letter
I in Figure 25. The triple point merked (1) in Figure 25 migrated
through a zig-zag path in = stepwise meanner toward the lower left

direction while the triple point marked (2) migreted towerd the
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Figure 22, (Specimen P - 9). One hour after reaching 1100° F.
Two triple points met in the center of the field and

then seperzted in the top-bottom direction. 60 X.

Figure 23. (Specimen P - 9). Seme field as Figure 22. One hour
and 35 minutes after resching 1100° F. The grain
boundary joining the two original triple points

rotated 90 °. 60 X,



Figure 24.

Schematic drawing of Figures 22 and 23 showing the steps
whereby the grain boundary connecting two triple points
rotated sbout 90°.. I and F indicate the initisl :end
final positions of grain boundaries and arrows indicate
the directions of the migration of the triple points.



Figure 25.

ar

(Specimen P-10). One-half hour after reaching 1100°F,
Note the initial grain boundary connecting two triple
points, 1 =nd 2, rotated mbout 90°; now lying about

68° to the specimen axis. 60 X.

Solid arrows indiczte the directions of the migration
of the two triple points, 1 end 2, after which they met
in the neighborhood of point 3. Dotted arrows indicate
the directions of separation of the newly formed triple
points 4o positions 4 end 5. 60 X,
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Figure 26.

(Specimen P - 10). Same field as Figure 25. 3.25 hours
after reaching 1100° F. The triple point 4 diseppeared
at the left edge of the specimen. The triple point 5
migrates to position 6. The new grain boundary tended
to rotate perpendicular to the specimen axis as indicated
by the solid arrow. 60 X.



Figure 27.

39

(Specimen P - 10), Same field as Figure 25, 9,1 hours
after resching 1100° F, The triple point 5 in Figure 25
continued to migrate toward the right edge of the
specimen. The new boundary continued to rotate per—
pendiculer to the specimen axis as indicated by the solid

arrow. 60 X,



Figure 28.

(Specimen P-10). Seme field =s Figure 25. 18.5 hours
after reaching 1100° F. The triple point 5 in Figure 5
migrated to point 8. The migration of the new grzin
boundary indicated by the awrow almost stopped after
reaching a position nearly perpendicular to the specimen
axis. 60 X.



Figure 29.

30.4 hours

(Specimen P-10). Seme field as Figure 25.
after resching 1100° F, Specimen broke at this stage.
The triple point 5 in Figure 25 slmost disappeared at

No spprecizble migration

the right edge of the specimen.
50 X.

of the new grain boundary indicated by the arrow.
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upper left direction in =& stepwise manner, as indicated by the solid
arrows in Figure 25. They éame very close to each other, at point A
(Figure 25). After point A, the appearance of the trails of the
grain boundaries indicated that the two triple points must have
separeted very rapidly, one to the upper left (marked (4) in Figure 25)
| znd the other to the lower right (marked (5) in Figure 25) as in-
dicated by the dotted arrows. It is suggested that the two migrating
triple points met &t a common position marked (3) in Figure 25
duﬁng the creep process. This is a plausible suggestion bssed on
the more exact picture shown in Figure 22, Once the two triple
points occupy a common positicn, = meximum instability must exist
from a grein boundary cbnfiguration viewgoints. Due to the msg~
nitude of this instability, two new triple points resulted. These
new triple points migrated at a very rapid rate to new positions

4 end 5, indicated by the dashed arrows, lezving no trace of grain
boundaries as is usual in = slower process of ﬁigmtion.

The left triple point (4) (Figure 25) disappeared at the left
free edge of the specimen hélf an hour after reeching the creep
testing temperature, 1100° F., While the right triple point marked
(5) (Figure 25) continued to migrate toward the right edge of the
specimen to a position (6), Figure 26, (taken 3.25 hours after
reeching 1100° F). The grein boundary connecting the two new
triple points now becomes one bounded by one triple point (6),
Figure 26, =nd the left free edge of the specimen, =and also is

the boundary of grains A and D. The latter had migrated in steps
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in approaching a position elmost perpendicular to the axis of the
specimen, &s shown by the arrow in Figure 26, Evidences of sliding
of this boundary during consecutive sﬁeps of migretion e¢an be obtmined
by observing the offset of treces of the old grein boundaries (Figure
25). Figure 27, taken 9.1 hours after resching 1100° F, indicete
that.; the boundary of grzins A end D swung to a position even still
closer to 90° to the axis of the specimen end the new triple point,
(6) in Figure 26, of grains A, E, and D moved closer to the right
free edge of the specimen, as shown by (7) in Figure 27. At the
end of the test, the grain boundary of greins .4 end D had migreted
to a position almost perpendicular to the axis of the specimen
while the new triple point of grein A, E, and D almost dissppesred
at the right free edge of the specimen, (Figure 29 A and Figure 29 B).

It is to be éxpected that as the grain boundzry migrates to
a position which is nezrly perpendiculer to the axis of the specimen
further boundary migration would be small., Figures 30 and 31 show
that that is the case. During the first 30 minutes at 1100° F
under a stress of 65 psi, the boundary of grains D and F had moved
@ distance of about 0.05 em. Figure 31, teken 2.5 hours after
resching 1100° F, shows that no apprecisble further migration had
taken plece du_rihg 2 two-hour period.

No clear steps of boundary migration were found for specimens
which were subjected to creep at 400° F for 475 hours. However,

some evidence of grain boundary sliding was observed (Figures 73 A-F).
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Figure 30. (Specimen P-9). 30 minutes after reaching 1100° F,
Boundary migrasted about .05 cm, during this period. 60 X,

Figure 31. (Specimen P-9). 2 hours and 30 minutes after resching
1100° F. Negligible migration during this period. 60 X.
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F. Effect of Surfece Irregulsrity on Boundary Migration

From 21l the photomicrogrephs presented sbove it can be seen
that the course of grein boundary migration was affected to an
important extent by the existance of etch pits. Figure 17 shows
that the part of the grain boundary migreting in the direction of
the arrow near -an etch pit moves ehesd of the rest of the grain'
boundary on the approaching fore-side of the etch pit. The balence
of the grain boundecry fin‘ally.catéhes up with that portion elready
at the eteh pit, but while the unimpeded greain boundary then pro-
ceeds to move on, the grazin boundary at the etch pit legs behind
in the migration process and =ppears reluctant to leave the etch
pit vicinity. Needle marks exert a similar effect as showm by the
gErain boundary migration pesttern in Figure 16, This would suggest
thet the grain boundary seeks a lower surface e‘nergy position; in
the abové case, this is offered by the etch pits or needle marks.
It shouldbe pointed out that this effect persisﬁed quite deep into
the thickness of the specimen since the éwe effect was still noted
after removing the pits by electropolisiing off a surface layer
of above 0.02 mm,

It is interesting to examine closely the deformed surface and
repolished znd etched surface., The creter-like spots in Figure 7 B
and 9 B are the old eteh pits of Figure 7 A and 9 A which were put
in prior to testing. Note that they do not coincide with the new
etch pits after repolishing end etching. This statement also
apolied to other photomicrographs of repolished surfoces (Figures

11 B, 12B, 18 B, 19 B).
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G. Appearsnce of Grain Boundary After Boundary Sliding and Migrstion

Figure 32 shows that an originally smooth grain boundazry becsme
zngular after boundary sliding and migration. In feet, every sharply
bent segment along this new wavy grain boundary appears to be due to
the formestion of sub-grains salong this boundzry as shown in Figure 33 A.

(A higher megnificstion of the ssme boundary in Figure 32 .. and Figure
33 B is included to show the structure more clearly,) It should be
empheasized that whenever z migrating boundary encounters e scratch,
"etch pit, inclusion or needle mark, it mey become angular, however,
it may also become sharply irregular even if there are no such
disturbing physical barriers in its way (see Figure 14). This
phenomenon occurs more fregquently and prominently in the ease of
heavily slid boundaries. This effect could also be cazused by second
phase particles and various precipitates.

H. Slip Band Formstion

Figure 34 .A shows that two parallel slip bands which developed
slong the saﬁe slip system =nd overshot 2z considerzble distznce into
the region where the other slip bsnd was operative., Obviously high
stress concen’c.ra;bion in the overlapped region wes relieved by cross
Slip9 though éxide cracks slightly masked their appesronce. Figure
34 B shows an extension of the aree in Figure 34 £ and was taken close
to the left edge of specimen P-10, When these photomicrogrsphs were
token the grain boundary of grains K and L had migrated below the
reference mark (3) of Figure 34 B, as indicated by en arrow. Note

also the steps left mcross the treces of the old grain boundary of



Figure 32, (Specimen P-3). Repolished and etched. Angular nature
of grzin boundary after boundary sliding end migrstion.
50 X.



Figure 33.

I _—

Appearance of boundary, originzlly

straight, =fter creep test.
A. Photomicrograph at 150 X showing angular nature of

sub-grain structure.
Sketch to show more clearly the structure of the

grain boundary =nd sub-greins.

(Specimen P"'B) .

B.
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Figure 34 A (Specimen P-10, front side). 3.5 hours after reaching
1100° F. Two slip bands overshot each other =nd cross

slip occurred between. 60 X.

Figure 34 B (Specimen P-10, front side). 3.5 hours after reaching
1100° F. 2 continustion of Figure 34 A, Note the dia-
placment of the old grain boundzry csused by slip and
the irreguler deformation lines in grain L. 60 X,
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grains K end L in Eigure 34 B &s & result of slip., Figure 35 is =
photograph taken sbout 9.5 hours after reaching 1100° F for the
same P-10 specimen., The two slip bands had merged into a wide band
the width of which corresponds to the spacing of the eriginal two
slip bands. Individual bands within the wide band appear to cross
each other in a complex manner & adjust for non-uniform deformation.
It should be noted from Figures 34 — 36 that irregular deformetion
lines were produced in grain L, indiecasted by the dotted arrow in
Figure 34 B, as @ result of the development of the slip bend in
groin K., The fact that the general direction of the irregular de-
formation lines in grein L follows the direction of the slip band
in grein K indicates that deformastion tends to be continuous zcross
the grein boundary. The course of the slip bend is marked by the
dotted line IIT in Figure 5 and slso shown as the heavy solid line
IIT on en enlarged scale in Figure 37. In fact, exemination of the
froetured specimen showed that the offset produced at the left edge of
the specimen in grain L was ¥imilar to the one produced at the right
edge of the specimen in gréin K by the slip band. In order to ac-
comodate the deformation produced by this slip band, an irreguler
deformztion pattern was produced at the right edge of grein K in
the later stage of the test as marked by =an =arrow in Figure 36.
Figure 38 shows two component creep curves zcross the same
slip band as shown in Figures 34 - 36, and are composed of three

cycles of decrezsing and incressing creep rates. The term "component
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9.5 hours after resching 1100° F,

Seme field s Figure 34 B. Two originz1 narrow slip bands
merged into one wide slip band =t this stuge. Nobe also the
steps left across the traces of the old grain boundzry by

the two original bends. 60 X.

Figure 35 (Specimen P-10, front side).

Figure 36 (Specimen P-10, front side). 30.4 hours after reaching 1100°F,
The wide band bent at this step and non-homogenous

fractured.
deformation occurred close to the right edge of the specimen.
50 X.
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Figure 37. An enlargement of the lower part of Figure 5.

indicates the course of initial grain bounderies.

— — — indicates the courses of the grain boundary between
K =nd L after migration.

memeaindicates the courses of the slip bands,
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creep curve” is used here to indicate the creep curve obtain_ed by
mezsuring the change in distance between two reference marks in the
direction of the applied tension. Gurve I of Figure 38 was obtzined
between reference merk - (1) in Figure 34 A and -enother reference
mark immediately above the dip band. Creep curve II of Figure 38 was
obtained between reference mavks (2) end (3) in Figure 34 A. The
course of this slip band is also indicsted by the heavy solid line
IIT in Figure 37. The region across which the curve I of Figure 38
was obtained was farther from, and therefore less influenced by, the
boundary of grains L and K. Curve II, on the other hand, was obtained
across the region which was very elose to the boundz;.ry of greins L and
K. Consequently, the elongation walues shown in curve I are greater
than those f&r corresponding times shown in curve II.

This observation implies that bending of the slip plenes, or cross
slip =long different slip systems, or both, must occur in view of
the unequal amount of slip in different parts of the szme band. For
the szke of comparison, a component creep curve scross & slip bend
incompletely developed in grain K, owing to the blocking effeet of
the boundary of grzins P end K, is also included in Figure 38, curve

III.
Curve IIT has the same general charscteristics as curves I and

IT, i.e., cycles of decrezsing and incressing creep rates which,

however, are much smeller in magnitude.



Figure 39 A shows that a slip band not only met the boundary
between grazins P ahd K but passed through end segmented this boundary
into two parts. This boundary became continuous again only after =z
period of time was allowed for boundary migration to teke plage.
This gave rise to a grain boundary bent at the slip bsnd, as indicated
by the dotted arrow in Figure 40 A.

At this stege it is necessary to refer to Figure 42 in which
curves I and IT were obtained across the same slip band shown in
Figures 39 — 41. Curve I was obtained close to the left edge of
the specimen and ‘also close to the bouﬁdary between grains P and K
vwhile curve II was obtszined close to the right edge of the specimen.
For comparison, a creep curve IIT over the whole gege length of
specimen P-10 is also included in Figure 42. Curve II shows that
an initizl period of sbout six hours results in a small strein of
about one percent. This seems to indicate that = period of time
is required to build' up enough shear stress in the proper direction
by thermal agitation to overcome the blocking effect of the boundary
of greins K and L and whatever blocking effec‘ts mey exist zlong
the path of this would be slip bandslo. As soon as these blocking
effects were overcome, the strein increased very rapidly to zbout
20 percent elongation, but =zt = gradually decrea.sing creep rate.

" The behavior of the component creep curves during the period of
the first 9.5 hours, agree well with Figures 39 A and 39 B, these
figures being adjacent photomicrographs across the width of the

specimen.



Figure 39. (Specimen P-10)., 9.5 hours after reaching 1100° F,

Figure 39 B is a continuation of Figure 39 A toward
the right edge of the specimen. ¢0 X.

A. A slip band marked S passed through the grein boundary
marked b and segmented this boundary into two perts.
The offset so produced im indicsted by an arrow.

B. Enother slip band developed et the right edge of the
specimen merked A,

#)
ap
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Figure 40. (Specimen P-10). 18.2 hours after resching 1100° F.

Figure 40 B is 2 continuation of Figure 40 A toward
the right edge of the specimen. 60 X,

A,The displaced grain boundary of Figure 39 A becomes
a continuous boundary bent at the slip band. o
epprecigble change in the amount of offset is showm
by the arrow, as compared with Figure 39 4.

B.The fairly regular slip band indicated by A in Figure 39 2
developed into a complicated deformation pattern as
indicated by A in Figure 40 B.



Figure 41, (Specimen P-10). 3@.4 hours =ffer reaching 1100° F.
Seme field zs Figures 39 and 40. The band S was bent.
Non-homogeneous deformation occurred in the region
between the slip bmnd and the grain boundary. 50 X.
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Figures 39 £ and B were taken as soon as the slip band was de-
veloped. It can be noticed that the offset created by the slip
band scross the boundary between grains P end K (indicated by elid
arrows in Figures 39 A @énd 40 4) shows practically no incresse in
magnitude in the period from the 9.5 to 18.21 hours of creep. This
observation explains very well the flat portion of curves I znd II
in Figure 42. This result seems to show that the stress energy (or
stress) built up elong the slip band by thermal agitation is only
enough to cezuse the two following changes. First, two new surfaces
are produced along the slip band :at the free edges of the specimen
a8 indicated by 1 and 2, in the schemetic drawing of Figure 39 L.
Secondly, a certain amount of new surfece area is formed between
grains P and K along the slip band as showﬁ by the arrow in Figure
39 A and designated as (3) in Figure 43 A. A period of boundary
migration is reguired to change the =zppearance of that portion of
the boundary designeted as (3) in Figure AB_A,rand shown in Figure
39 A, to that as shown in Eigure 40 A and slso shown &s (4) in
Figure 43 B. During this period the internal stresses created
along the slip band must also heve been reduced. It should be noted
from Figure 39 B and 40 B that during the period from 9.5 to 18.2 hours,
deformation occurred in the triangular region between the slip band
and the boundary of grrins K and P close to the right edge of the
specimen. The deformation in this region sturted with fairly reguler
slip pattemns (Figure 39 B), but ended up with a very complicated
deformation pattern (Figure 40 B). Exemination of the fractured

specimen revezled thet deformetion at the right free edge of this
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Figure 43 A and B.

A,

B.

Schematiec drawing of Figure 39 A, Two new surfaces
at the free edges of the specimen indicated by

1 and 2 =nd another new surface betseen grains

P and K marked 3 were produced as a result of the
slip band 1 3 2.

Schematic drswing of Figure 40 A. The displaced
grein boundary becomes continuous =again but bent
at the slip band .as indicated by 4.

~ - - indicetes the grain boundary.
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grain showed fairly regular traces of slip along the ssme slip system
as the fully developed slip band in grain P. This observation implied
that the material tends to deform by slip whenever and wherever it
can. The compliecated deformation pattern is the result of the re-
stricting effects of the grain boundary between grains P and K, and
the already developed slip band.

The finel period of continuous inc:easing creep rate in Figure 42
is probably due to the fazet that at this stage of creep the cross
sectioﬁal ares of the specimen wzs considerably reduced and the
elongation of the other parts of the specimen permitted the robation
and bending of the slip band (132 in Figure 43 A) as evidenced in
Figure /1.

It should be noted in Figure 42 that the curve I is zbove the
curve II up to the 114h hour of creep after which the former is
below the latter.

It can be seen from Figure 39 A that in the very early steges
of creep the grain boundary of grains K and P migrated almost below
the upper reference mark (1) in Figure 39 A (used for obtaining
curve I in Figure 42), before the slib bznd S showﬁ in Figure 39 A
developed, The higher elongation values of curve I obtained in the
early stage of ereep may, therefore, be associated with the boundexry
sliding. Since curve II was obtained over = region far from the
blocking effect of the boundary between grains K and P, the curve II
is above the curve I in the later stage of creep as is the case in

Figure 38.
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It is interesting to examine further, the question of why the slip
band shown in region A (Figure 39 B and 4O B) between slip bands II and
IIT (Figure 37) did not develop fully. When this bend started to
develop, the boundary between K end L had already migrated to a position
almost‘perpendicular to the specimen :axis as shown by the dotted line
in Figure 37. The boundary between grains K =nd L was therefore no
longer in the path of this bend. Consequently, on developing, this
band would encounter only the seme grein boundary (i.e., between P
and K) as the slip band II did.

The only difference between these two bunds is that their paths
cover different zmreas in grain P and K though the area covered across
the whole specimen is the same in both cases. It is reasonable to
assume that the resistence of the grain boundary to be segmented is
the seme in both cases. Therefore, the explanation of this phenomenon
" must be sought in the different critical shear stresses of these two
grains P and K, |

Figures 44 through 47‘show a series of photomicrogrophs indiesting
the development of a slip bend in grain P (specimen P-10) to the time
of fracture. The course of the slip band is shown by the line I in
Figure 37. This grain started to deform by slip with a fairly uniform
spacing, as shown in the region # in Figure 44. But =s creep continued
deformation tended to concentrate on a band of about 0.2 mm. width,
as shown in the center of Figure 44, beceuse this band did not encounter

any grain boundaries.



Figure 44.

Figure 45.

op)]
o

(Specimen P-10, front surfece). 18.5 hours after
reaching 1100° F, The slip bund spacing was fairly
reguler in the early stages of the test as shown
in the upper left field, A, Slip concentrated to
the wide band in later stages of the test. 60 X.

(Specimen P-10, front surfece). Same band as Figure 44.
29.6 hours after resching 1100° F. Non-homogeneous de-
formation o€curred at the region, A, close to the left
edge of the specimen and the heevily slipped band. 60 X,



Figure 46.

(Specimen P-10, front surface). Same band as Figure 44 and
45. 29.6 hours after veaching 1100° F., Note the steps
left at the right edge of the specimen, as a result of
shift of the operating slip bands from the upper to the
lower bands. The amount of rotsztion of the slip bend
developed in the early stage of creep is gre ter than that
developed in the later stage. 60 X.
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(Specimen P-10). 30.4 hours after reaching 1100° F,
fractured., Non-homogeneous deformation occurred at
the region close to the right edge of the specimen
and the heavily slipped band. 50 X.

Figure 47.
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With further deformstion, this wide slip band exhibited en in-
teresting.slip and rotation process. Figure 46 clearly shows this
process of rotation of the slip bands as ereep continued. Schematic
drzwings -are also presented m Figure 48 A and B to show the stages
of this proc'ess. As a result of slip two new surfaces 1 and 2 are
formed =nd are joined by = portion (3) of the same slip band
(Figure 48 A). It may be seen from Figure 48 A that region (3)
is not as free to rotate as (1) =nd (2) since the letter are free
surfaces. As a result of this situation, rotation of the portion (3)
tended to lzg behind the rotation of (1) and (2), Since rototion of
the slip band during slip wos restricted by the blocking. effects of
the grain boundaries, bending of the slip band must occur. In view
of the fect that slip slong the bent band is limited, further slip
must occur on adjacent plane_s which are not bent as shown in b,
Figure 48 B. This may explain why the elongation in the early pert
of curve I, Figure 49 (obtained mcross this band) is rather smell.
With = decrease in cross sectional area with respect to the load
applied, o continuously incr/easing creep rate (Lzter portion of
curve I) is obtained over this band.

This specimen was ementually fractured by a process of slip
®long successive slip bands. By exemining the fractured surfeces,
it wzs revealed that the steps progiuced along the successive slip
bands during the early stege of the development, are small. In
other words, the number of the slip bands particivating in this
process is lerge. The reverse is true during the later stages of

development.



A

Figure 48.
A,

B.

Schematic drawing of Figure 46.

Rotation of portion 3 legs behind the rotation of
portions 1 and 2,

Slip band b operated after slip band a became bent
and rotated away from favorable direction for slip.
C =2nd D indicate the regions of non-uniform

deformation.
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- As the portion (3) of the slip band lags behind in rotation in
comparison with the rotation of portions (1) and (2), bending of the
heevily slipped slip band would occur. Lhis bending would give rise
to compression on the left tip of the upper part of the crystal =nd
on the right ’t;ip of the lower part of the crystal. These two regions
are designzted by C :and D in Figure #8 B. Figures 45 and 47 show how
these two regions of the ssme grain had been non-uniformly deformed
as a result of this compressive stress., This non-uniformly deformed
reglon exhibits fairly reguler treces by slip :at the free edge of the
specimen., These traces by slip indicates that they are formed along
a slip system being .different from the slié band, I, Figure 37.

That the slip bands in the regions C and D, Figure 48 B, cannot
fully developed is believed to be due to the blocking effect of the
heévy slip bend, I, Figure 37.

Two dotted lines in grain C of Figure 3 indicate the courses of
the two bands developed during ‘the creep test. The upper bend was
fully developed =11 thé way across the cross section of the speeimen
except at the very right edge of the specimen where it encountered
the boundary of grains A and G, However, the lower band was not
fully developed because it encountered the boundary of grain C and D
at a considerzble distance inside the width of the spécimen on the
back surface of the specimen. Figures 50 and 51 show the course
of these two bznds on the front side of the specimen; the former
was taken close to the left edge, while the latter was taken close

to the right edge of the specimen. Since they are far from the



Figure 50, (Specimen P-8, front surface). Effect of grain boundary
on the development of slip bands. The upper band was fully
developed, the lower bznd not. The arrows indieczte the regicns

where cross slip has taken plsece. 50 X,

(Specimen P-8, front surface). A continuetion of

Figure 51.
Figure 50 to the right., The upper band encountered the

grain boundary at the very right edge of the specimen,
the lower band encountered a grain boundary at the back
surfsce of the specimen, incompletely developed. 50 X,



influence of the grain boundaries, close to the left edge of the
specimen (Figure 50) their course of development seems to follow a
specific direction. But when the lower bund approaches the boundary
of grains G and D on the back surface of the specimen, its course
of development devisted away from the grain boundary as shown in
Figure 52 (taken on the back surfzce ¢lose to the right edge of the
specimeﬁ). Tae course of the lower band on the front surface of
the specimen was also so affected that it merged with the upper band
at the very right edge of the specimen (Figure 51).

By examining the deformation marks, left on the specimen surfece,
it can be concluded that slip had taken place on different slip systems within
the band, as indicated by the arrows in Figures 50, 51, =and 52.
Howefver,'these two bands left regular slip steps at the left edge of
the specimen where they were not influenced by grain boundaries. Back
reflection Laue photographs (Figures 53 B and 53 C) taken at dif-
ferent positions on the 'front surfzce of the specimen, which are
indicated by small triangles in Figure 3, show that the material
situated on the upper band and betwe;en the upper and lower bznd
close to the left edge of the specimen were very slightly distorbed
while the material in the lower bend was broken down into three
sub-grzin spots (Figure 53 D) with a spread of about 2°; appzrently,
as a result of the incompletely developed nature of the lower band.
Patterns taken farther along the width of the specimen show that

the material situated both in the upper band and between these bands



Effect of the grain boundary
The same two bends
The lower band deviated

50 X,

(Specimen P-8, back side).
on the development of slip bands.
are shown in Figures 50 and 51.

on epproaching the grein boundary.

Figure 52.



Figure 53 a2 - g.

"‘.\l
ey

(Speecimen P-8, front surface). Back reflection
Leue patterns teken at loeations corresponding
to the trisngles in Figure 3.



Figure 53.
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Figure 53.



Figure 53.



were broken down into sub-grain spots; the former (Figure 53 E) uﬁth
a spread of about 5° while the latter (Figure 53 F) had = spread of
about 2°. It should be remembered thet the fartier the upper band
goes zlong the width of the specimen, the closer it gets to the
boundaries of grains A and G, =nd C and D, on the front and back
surface, respectively. Pattems taken on the front surface of the
specimen close to the right- edge (Figure 53 G) where the lower band
deviates its course, show not only sub-grain spots but also streaks
with =2 totsl sprezd of about 5°, This mey meszn that the regions
where different slip systems had been operative were too small to
be resolved distinctly by the presently employed X-ray technique.
It should be pointed out that the meterial between;the upper band
and the boundaries of grains A and C and of grains B and C was more
severely broken down into sub-gtrains with a sprezd of about 6°
then the material within the band and between the bands; it was
even true at the left edge of the specimen (Figure 53 2). This fact
is apparently due to non-homogeneous deformation which has to take
place in order to accommodate the deformation teking place in the
upper band;

Figure 54 shows three component creep curves which were ob-
tained by measuring between two reference marks,
across the Sands and between the bends. The region across the
upper band, Cﬁrve I, deformed initially with decreasing creep rate
up to about 4 percent elongation and then deformed at a very smell

constant creep ra e until the band becsme observable. The deformztion
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characteristies of this initial period may be = result of the blocking
effect of the boundary of grains A and C at the very right edge of
the specimen (Figure 51). The period, characteristic of very small
creep rate, is very probably the one during which enough stress is
being built up to overcome this blocking effect by deviating the
course of development of the upper slip bend at the very right
edge of the specimen. £s soon as this stress is built up, deformation
proceeds rapidly :as shown by the next stage of curve I, until bending
of the slip plines and strain hardening is large enough that further
déformation becomnes difficult. The same general behavior occurs
in the region of the lower band, Curve II, but at different times,
It is interesting to note that the region between the bends, Curve
ITI, shows an apparent initial contraction which may be a result of
the tilting of this block because slip zlong these two bands wes not
only different in megnitude, but also ocecurred at different times.
It should be emphasized that although the amount of elongation pro-—
duced by the lower band is smali_!. it gives rise to rather severe
non-homogeneous defohnation in the grains (Figures 52 =nd 53 G).
‘Figure 55 illustrates another example of the effect of a grain
boundary between grains J and P (specimen P-8). ‘It can be seen from
Figure 3 that the grain J occupies the whole thickness of the specimen
and is bounded by three grain boundarieé. Exzmination of the specimen
after removal showed that the offset produced by slip at the free edge
of the grain was much larger then the offset in the neighborhood of

the grain boundary. This is also evidenced by the faset that fine



Figure 55 A. (Specimen P-8, back surface). The amount of slip close to
the right edge of the specimen along the slip bands of
the right grain is much larger than that close to the grain
boundary. Note also the sub-grzin formation in the left

grain. 50 X,



Seme field as Figure 55 4,
Sharply bent boundary

(Specimen P-8, back surface).

repolished snd electro-etched.
remained, slip bands and deformstion lines disappeared.

50 X.

Figure 55 B.
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traces of slip Jines” can be seen in the neighborhoed of the grain
boundary but not at the free edge of the band, Figure 55 A, That
the amount of slip is different on the same slip plane in the slip
direction means that either bending of the slip plane or rotation
of the slip piane about an axn.s perpendicul-af to the slip plane,

or both, msy occur. It is believed that as a result of this non~-
homogeneity of Aslip in the band, non-homogeneous deformation occurs
both in the band and in the material near the band, as i;;dicated by
arrows in Figure 55 A.

Figure 56 A shows a fold in grain K of the sume specimen P-8,
the formation of whieh is closely associated with the sliding along
the boundary of greins P .and J., The development of folds associzted
with boundary sliding will be presented more fully in a later section.,
Note thet the pre-existing slip lines, produced during hendling of
the specimen, are rather sharply bent at the borders of the d#old.
Figure 57 shows a bzck refleqtion Liaue photogram- teken in this
region, It tums out that the major axis of rotation of the sub-
grain spots is perpendicular to £he plane which is delinented by
the traces of this fold, It is believed that this fold is formed as
a result of slip followed by rotation of the slip plane about an
aid.s whose mejor direction is pervendicular to the slip plane.
Rotation of the slip planes zbout an axls perpendicular to the slip
plane has been observed with the electron microscope.l:L The fact
(Figure 56 B) that the slip lines produced by small amounts of cold

work con go through the fold with only slight deviation in directions



Figure 56 A.

ey

S

(Specimen P-8, back surface). Fold, produced by sliding
of the opposite grain boundary, caused pre-existing slip

lines to be rather sharply bent through this band. Note
elso the offset of the other two grain boundaries pro-

duced by sliding along the third boundary. 100 X.



Figure 5 B.

(@ |

(Specimen P-8, back surface). Sezme field as Figure 56 A.
Slip lines produced by smell smount of deformation at
room temperature go through this band,without eppreciable

change in direction. 100 X.



Figure 57.

(Specimen P-8, back surface). Back reflection Laue
photogrzph teken on the fold of Figure 56 A.
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may be explained In considering the new slip lines, produced along
the same slip system as the previous bent ones, but through different
planes of the siipped and rotated lamellae from the previously bent
ones (see Figure 58),

I. KXinking end Deformation Band Formation

Kinking bands were observed anly after a considerable amount
of slip had tzken place =long the slip plaﬁes. Figures 59 .A through
59 G show the sequence of development of the kinking bands, (specimen
P-11, tested ot 400° F¥), A kinking band made its first appearance
only 66 hours after loading with a stress of 400 psi when the grain
E had elongated about 3.5 percent by slip. .As time went on, other
kinking bends developed in grain E and tended to extend into grain
F without regard to the grain boundary. More new bands tend to
develop within the already developed wide bands. The borders of
this kind of band seem to follow a generzl direction, but they are
definitely not developed along a crystsllograpnic plane. fhe nature
of this kinking bend can be clearly seen in Figures 60 end 61, Note
that the pre-developed slip bends cre bent around the rather sharp
borders of the kinking bands.

Deformation bands may occur either in the very early stage of
creep (Figure 62 A) or after considerable slip had taken place
(Figure 80 B). The term "deformation band® is used here to represent
a band without a sharply defined border, in which slip has taken
plece along one or more than one slip systems being different from

the slip system outside the band.



Figure 58.
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Schematic drewing of Figure 56 B shows slip followed
by rotation of slip plemnes in the fold. Cross slip
line (dotted) produced by deformation =t room temp—
ereture after fold formation appears to go through

- the fold less devizted than cross slip line (solid

line) produced prior to fold formation.
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A, 3 hours after loading 400 psi.

B. 8.5 hours =fter loading 400 psi.

Figure 59. C., 66 hours after loading 400 psi.



.D. 74 hours after loading 400 psi.
11 hours after loading 550 psi.

E. 162 hours after loading 400 psi.
99 hours a=fter loading 550 psi.

Figure 59. F. 192 hours =fter loading 400 psi.
129 hours after loading 550 psi.



Figure 59.

G. 385 hours after loading 400 psi.
322 hours after loading 550 osi.
220 hours after loading 750 psi.

A - G, (Specimen P-11). Sequence of development of
kinking bands. Kinking bands developed in the upper
right grain in the ezrly stage tended to propeg:te
into the upper left grzin in = later stzge. Note
also the continuous nature of the slip bands across
the grain boundary of the upper two greins. 60 X.

£



Figure 60, (Specimen P-7, front surfezce). Appearance of kinking bands
close to the grain boundary at the upper left cormer. 100 X.

4 "”;. ‘

Figure 61. (Specimen P-7, front surfece). Appearance of kinking bands
close to the specimen edge, same grein as Figure 60. 100 X.



A. 3 hours after
loading 400 psi.

B. 66 hours after
loading 400 psi.

192 hours =fter
loading 400 psi.

129 hours after
loading 550 psi.

27 hours after
loading 750 psi.

Figure 62, 4 - C, (Specimen P-11). Development of deformztion bands
' in the lower left grain. 60 X.



It should be pointed out that the term"slip bend" used in the
lest section resembles the deformstion band ia some respects, for
excmple, cross slip mey ocecur in the band, The main feature, char-
acteristic of the slip band, is that slip occurs along one single slip
system, This feesture is primerily meintzined with regard to the slip
bands Qf the above discussion, hence the term "slip baond" wes used.

The points from which deformation bands start are either at
thé free edge of the specimen (Figure 63) or at that part of the grain
boundary exhibiting sharp shenges in radius of cmrvature as a result
of non-uniform boundary sliding =znd migration (Figure 64). As
shown in Figure 67 A, the deférmetion band just started to develop
at the grein boundary =as indicsted by the arrow. All these pleces
are the plzeces of high stress concentratiop.

J. TFold Formation

The term "fold formztion" is used to indicate thet kind of
deformation band, the formation of which is closely associated with
the sliding of & grain boundzry lying directly opposite to the band.
The fairly straight black band which appears to be an extension of
the grein boundery between greins K and M is =n exemple of a fold
(Figure 7 A). In view of its curved nature and the fact that its
truzces do not correspond to the traces of slip lines produced during
handling, it can be concluded that it is not developed long 2 par—
ticuler crystallographic plane. The curved nature of the fine traces
left on the deformed surface slong its path, indiceted by an arrow
in Figure 65 A, suggests that slip has occurred along differen:u slip
systemé. During creep the width of the fold has been observed to

increzse with sliding end migretion of the oprosite grain boundary



Figure 63. (Specimen P-8, front surfece). Deformstion bends started
from the free edge of the specimen. Note 2lso the sharp
sub-grain boundary formed by bending. 50 X.

Figure 64. (Specimen P-6). Deformation bends started from that part
of grain boundary where sh curvature occurred as a
result of uneven boundary sliding =nd migration. 100 X,

do)
)
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Figuye 65 A. (Specimen P-3). Fold formztion in the top center grain
caused by sliding of the opposite grain boundszry. 100 X.

65 B. (Specimen P-3). Seme field as Figure 65 A, repolished
and etehed. Folds csnnot be revezled by repolishing and

etching. 100 X,
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(Figure 65 &), This fact suggests thet sliding of the opposite boundary
is the primary cause of fold formation. Figure 56 is also an example
of a fold, None of the folds can be revealed again by electro-etching
after repolishing, (Figures 7 B and.65 B). Slip lines reproduced by
small emounts of deformation at room temperzture were shown to go
through the positionv6f the fold without apj)recia.ble bending. Both
these fects suggest that disorientation across the fold is rather
continuous end not appreciable.

By examining the traces of several folds of ﬁhis sort left on
the free surfaces of the specimen, it reveeled that their plane of
formation makes =an angle of about 40 — 50° to the direction of ap-
plied tension. This is also the direction favorable for slip.

This observation and the X-ray results regarding the rotation
of the crystel lattice across the fold (Figure 57) seem to indicate
that the direction of deformation is govermed by the smount of shearing
force acting in, and the megnitude of the tlocking effects (for example,
grain boundaries and inclusions) existing along this particular
direction. The deformation in this direction may be conbributed by
slip along several slip systems. It is believed that the above
statement may apply also to the formation of deformation bands. The
full development of folds depends on:

1. VWhether there is grain boundary in its path

2. Whether the size of the grain in which the fold mey form
is smell enough in comperison with the length of the opposite

grain boundary along which sliding may také place.
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This fact is schematically shown in Figure 66 A end B. It is assumed
in Figure 66 A and Figure 66 B that grains 1, 2, and 3 occupy the
whole thickness of the specimen and have plain grain boﬁnda:c*ies. The
geometriéal arrongements of grains 1, 2, and 3 are the same in Figure
66 A end B, but the grains are assumed to occupy different volumes
across the width of the specimen. Grain 3 in Figure 66 B is assumed
to occupy @ much lerger volume then that in Figure 66 A. The boundary
between gfains 1 and 2 is deliberately set into a favorable position
for sliding. As shown in the discussion of boundary sliding -and mi-
gration, during a creep test at 700° F and above, grain boundaries

in a favorable position for sliding deform before deformation in the
grains can tske place. This mesns that the yield strength of the
grain boundaries is wesker than that of the grains for creep tests

at 700° F and above., Suppose the yield strength of the grain boundary
between grains 1 and 2 and the strength of grain 3 is T, and Y,
respectively, and let the area of the boundary between grains 1 and 2
and the area of the extension of it in grain 3 be A; and A, respectively,
‘ for Figure 66 A and similarly A;'l and A;_ for Figure 66 B. Assume F

is the shearing forece zcross the whole cross section of the specimen
in the direction of the grain boundary between grzins 1 and 2. The

condition that a fold can dewelop fully in grain 3 is

i

F 2 Yob # Yhs.

G

. '
Since Y,> I; and Bz >>4,, the term YGA."a becomes more important

and makes YBA; +# YGA;7F. Consequently the shearing force sufficient



A | B

Figure 66,

A schemetic drewing shows that fold can fom/%nrain
3 in Figure 66 14, but czn not in grain 3 in Figure
66 B, ‘
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for fold formation in the case of Figure 66 A, mcy not be enough in
the case of Figure 66 B, grain 3 in Figure 66 1 being smzller than
grain 3 in Figure 66 B,

Figure 65 A shows a case of two developed folds due to boundary
blocking effects (see also grain E in Figure 2). The folds tended to
stop and split into several finer bands as they entered into the
grain,

The rumpled appearance of small grain P (Figure 9 A) is be-
lieved to result ffom the fact that sliding along the boundary of the
grains M and O cannot develop a fold owing to the blocking effect of
boundary between grains P and :Q (see also grain P in Figure 2).

Folds are not observed when thé specimen is subject to creep
at 1100° F even if the arrangement of the greins i favorable for
their development. Because of the high mobility et this temperature,
boundary migration occurs before appreciable sliding can take pl=ce.
This means that the stress bullt up at the triple point by boundary
sliding is not large enough to cause a fold. The grain boundaries
migrate so fast from the very beginning of the test that in -a short
time only a few grains with boundary surfaces practiczlly perpen—
dicular to the direction of applied tension are left in the specimen.
Consequéntly, further sliding elong the grain boundaries becomes
very improbable.

Folds were observed only in two cases at 400° F, In both
cases the grain boundaries lying opposite to them were very favorably

oriented for sliding. Since only small amounts of boundary sliding
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were observed ét this temperature, boundary sliding might still play
an important role in fold formation. The possibility thatAStress
COncentration.created around the triple point owing to non-homogeneous
deformation of the grains mey csuse fold formation cannot be ruled
out.,

K. Sub-Grain Formation

Grain boundary sliding mey czuse = ridge and valley appearance
on the deformed surfzce if fold formation is preveqted (grain P,
Figure 9 A). These aréas were made up of a series of such wallgys
and ridges which propagated into the grein awey from the boundary =as
the amount of boundary sliding increased. The seme type of deformation
shown in Figure 67 A took place not only :around the corner of the
triple point but slso along both sides of the heavily slid boundary.
The sharpest ridges or valleys could be revealed by electro-etching
after repolishiﬁg,~as shown in Figure 67 B. The ridges or valleys
of Figure 67 A correspond completely with the faint lines of Figure
67 B.

It should be pointed out that a tail of deformation band (iﬁ—
dicated by the arrow of Figure 67 A) at the turning point of the
ﬁigrating grain boundsry (Figure 67 A). This tail eventually de-
veloped to a deformation band wien enouéh deformation was allowed
(Figure 64). |

It is interesting to note from Figure 67 ‘A that the effect of
boundary sliding was by no meens restricted to a thin layer of several
atomic distences thick (the thickness of a grein boundary as suggested

12

by Ke™™ on the basis of internczl friction measurement),but extended to



Figure 67 A. (Specimen P-8). Sub-grain formation by bending around
the triple point and =long the hesvily slid grein
boundery. fg X,

67 B. (Specimen P-8)., Seme field as Figure 67 A, repolished
and etehed, 'Finel grein boundary becomes angular;
sub-greins revesled by electro-etching after repolishing.
50 X.



103

a rather large volume along both sides of»the‘heavily slid boundary,
in this case the affected area was sbout 0.2 mm. wide to each side
of the slid'boundany.

ItAhas been shown thgt the effect of etching on a grain boundary
depends on the orientstion differencé of the two neighboring gr@inSlB.
This fact suggests that the orientation difference across the sharp
ridges or valleys of Figure 67 were quite small but large enough to
give electro-etching effects, The etching effect persisted even after
@ surface 1aye; of 0.02 mm. thick was removed by electro-polishing.
Accordingly, this effect was more than a mere surface phenomenon.
| That the orientation difference across this kind of boundary is guite
small is further proved by the fact thet the slip lines produced by
2 small emount of deformation at room temperature can go through this
kind of boundary. One may proverly call this tyme of boundary = sub-
grain boundary, and the greins bounded by them sub-grains.

These faint lines revealed by electro-ctching after repolishing
are also proved to be sub-grain boundaries by studying the back re-
flection Leue patterns (taken at the positions indicated by triangles
hend i1 in grain R, Figure 3) shown in Figures 68 A and B. The de-
gree of breakdown of Laue spots decreases the ferther away they are
teken from the slid boundary. This is readily evident from the
diffraction pattemns and agrees with the metallogréphic evidence,

The sub-grain size appearing in Figure 67 B is 0,07 to 0.2 mm, The
X~-roy beszm with a diameter of 1 mm. cin cover 5 -~ 1) sub-grzins. In

view of the fact that sub-grains of identical orientetion will register
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Back reflection Laue

Figure 68. (Specimen P-8, front surface).
photograms taken at positions indicated by A in the

enlargement of grain R of Figure 3.

A. at Ah
B. at Al
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on the same spot, the number of the breskdown spots of a single Leue
spot agree fairly well with the size of the sub-groins appearing on
the photomicrographs.

It should be noted that a Laue spot bresks down into severszl
sub-grain 'spots with negiigible background between them, particularly
the one taken very close to the slid boundary. This phenomenon’is
in sharp contrast to the Laue patterns teken in folds and deformztion
bands; the latter two showing stresks and a feirly strong beckground
between strong bieskdown spots (Figure 57). At times, due to this
strong background, it is not possible to distinguish the separate
spots. This fact mey imply that the sub-grein boundery is produced
by sharp bending of the lattice which mey or mey not be zccompenied
with bending glide. The sharp bending nzture of the sub-grain boundaries
cen be even more clearly seen in Figure 69 (the center grain is bounded
all eround it by other grains).

It is necessary at this stege to distinguisi the sub-grzins

with sharp boundsries azs shown above from the sub-grains without sharp
boundaries. The latter cennot be revealed by electro-etc.ing after
repolishing. The sub-grains of the second kind are obvserved both

* in the interior of the grein end in the neighborhood of the grain
boundaries at 700° F and 1100° F. &s shown in the upper left grain

of Figure 19 4, the sub-grain boundaries are delineated by narrow
bands. They could not be revealed =zgein by electro-etching after
repolishing as shown in Figure 19 B. This kind of boundery is more

frequently observed at 4CO° F around the triple point and in the
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Figure 69. (Specimen 2 S - 7). Sub-grzin formetion by bending
of the lsttice. 100 X,
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neighborhood of the grain bounderies then in the interior of the grain.
As shown in Figure 70 (specimen P-11), it appears that the sub-grain
boundaries around the triple point in grain J are delinezted by bands
in which slip had tsken plece on more than one slip system. They are
very probably imcompletely developed deformation bands., This kind of
sub-grein is shown even more elearly in grain D of Figure 71.

It should be mentioned that when the conditions are sueh that
extensive boundary migration is permissible boundery sliding accom-
panied by sub-grain formstion is less then otherwise (compare Figure
19 A and B, C, with 67 ). The conditions for extensive boundary
migration are summarized =s follows:

l. High temperature

2. More then three grains of comparsble size aeross the width

of the specimen.

Figure 72 2 through F shows how part of the specimen P-11
. deformed =2t 400° F, In the eerly st-ge of creep the specimen deformed
by slip. Three slip systems had operated in grein G but they tried
to avoid the grein boundary between grein G and E, In the later
stzges of creep kinking bends developed in grein E tended to extend
into grain G and caused non-homogeneous deformetion in grein G, par-
ticularly in the region slip hed been restricted to develop. Sub-
grains were graduslly developed in this region, =nd as may be seen
from the photograp.:s were formed after slip bands had developed in
the early stsge of creep. At the time of fracture this region was

bfoken down into m:ny sub—grains rendomly distributed (Figure 72 E



Figure 70.

Sub-grein formetion by deformation

)
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Figure 71. (Specimen P-7). 1 hour after loading 1200° F.
Sub-grein formation by deformation bands.
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A,

Figure 72. A - F. (Specimen P-11). 3.5 hours after loading, 400 psi.
Sequence of photomicrogrephs show the development of kinking
bends, (grain E) and sub-greins (grain G). Note also the
continuous nature of slip bands across the grzin boundary
of the lower grains E and P and the evidence of sliding
along the boundary between E znd P, 60 X,



Figure 72.

B.
&.5 hours after
loading, 400 ij-o

C

k. hoars Ster

loeding, 400 psi.
11 hours after
loeding, 550 psi.

: D
385 hours after
loezding, 400 psi.
322 hours =fter
loading, 550 psi,
220 hours zfter

loading, 750 psi.

[
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After rupture, oblique illuminstion. 50 X.

F,
Ifter rupture, obligue illumination. Sub-grsin boundaries
are shown more clecrly then Figure 72-E, by setting the micro-
scope z little "Mout of focus", 50 X,

Figure 72.



end F). Lsue patterns teken in this region (grain G) substantiate
this observation (Figure 73). In this case the size of sub-grzins
are 0,03 - 0.12 mm. A Laue pattem, (Figure 74), taken in grein E in
which kinking bands were superimposed on the earlier developed slip
bznds, shows that the direction of breskdown is not random and the
intensity of individusl bresidown spots varies quite a lot. In
photomicrographs (for exsmple, Figure 75) if the kinking band
boundaries are considered as the sub-grain boundaries, then the
number of sub-grains visible in the photomicrographs sgree well with
the number of sub-greins that are indicated from the L:zue psttemns.
Note that the kinking band boundaries run in a genersl direcf.ion but
their spaeing varies quite s lot.

The seme type of results were observed in specimen P-7 which
was subjected to creep at the sezme temperature as specimen P-11 but
at a much higher stress — 1200 psi. It cen be scen from Figure 60
(teken close to the gréin boundary between grain A and C) that sub-
grain boundaries follow the generzl direction of kinking bends but
not the direction of slip bands. The photomicrograph (Figure €1)
taken awey from the grzin boundery of greins A end G, shows that sub-
groins hed not fully developed and only kinking bands are seen. In
comparison with the X-ray petterns obtained from specimen P-il,
(Figures 73 =nd 74), those obtained from specimen P-7, (Figures
76 & and b) show thet the number of the sub-grain spots is much

larger in the latter then in the former. Therefore the sub-greins



Figure 73. (Specimen P-11)., Beeck reflection Lzue photogreph, tzken
in grein G close to the boundery between grein G and B,
shows reandom breskdown of sub-gresin spots.

Figure 74. (Specimen P-11)., Beck reflection Lzue photograph tecken
in grein E (Figure 72 F) shows breckdown spots with
varying intensity.
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Figure 75. (Specimen P-11). Kinking bands superimposed in
previously developed slip bands. 50 X,



Figure 76 A and B.

(Specimen P-7).
A. Tsken close to the grzin boundary of grain
A and C,
B. Tsken close to the right edge of the specimen
(Figure 61).

5

‘o

Bzck reflection Lzue photograpis.



in P-11 #ve much larger then those in P-7. Comparing Figure 76 4
(taken close to the grain boundary) with Figure 76 B (tal«:én awey from
the grain boundary) it is revezled thet the brokendown sub-grains:
spots of the former are more discreet then those of the latter. Howevef,
the background emong breskdovn spots is quite intense in both cases.

The size of sub-grains counted in tﬁe present investigation
- agrees with the results of Servi, Norton and Crran'bu’.

In discussing the formstion of slip bands,' reference has been
made to the matericl between the bands being deformed by sub-grain
formation when rotation and full development of the slip bsnds wes
restricted (Figure 50). This phenomenon is cleesrly shown in Figure 77.
This result gives a good metallographic proof to the results of Servi,
Norton -end Grant that the size of sub-grains counted by X-ray methods
is one to four times smzller then the average slip band spzacing.

L. Effect of Impurities on the Mode of Deformetion

Boundary sliding =nd migration wos observed in 2 S eluminum
for creep testing temperatures, 900° F and 1100° F. This is shown
in Figure 78 A and B for 900° F. The extent of grain boundery mi-
gretion was observed to be a little greater at 1100° F than that at
900° F for 2 S sluminum, However, the extent of boundary migration
for 2 S sluminum was much smeller even at 900° F then in the case of
high purity aluminum =t 700° F (compare Figure 78 A srith Figures 19
end 20). It has been observed in high purity -aluminum that the grazin
boundzry usually tended to reduce its surface area during migration.‘

It mey be seen from Figure 78 A thet 2 S gluminum behsves in a similer
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Figure 77. (Specimen P-6). The irreguler nature of slip bands and
the formation of sub-grains between the bands. 100 X.



Figure 78 2, (Specimen
2 8 ~-"7). Grain boundary

migretion in 2 S 2luminum
- at 9000 F. 150 X,

Figure 78 B. (Specimen

2 S -17). Same field

as Figure 78 4, repol-
ished and etched., 150 X.




menner. The course of grazin boundary migration is more irregular than
whet hes been presented above for high purity aluminum, A 3 S aluminum
specimen subjected to creep et 1100° F for 79.5 hours showed zlmost

no evidence of boundery migration zlthough the ususl signs df boundary
sliding were observed.

Figure 79 was taken after yupture from specimen 2 S - 6, tested
at 900° F; Figure 80 £ end B were taken at consecutive times during
the test of specimen P-11 st 400° F., It cen be seen By comparing
Figure 79 with Figure 80 A and B that the deformation in 2 S aluminum
wus less conecentrated in § certein region and tended to spread over
the whole grain as opposed to the behavior of high purity aluminum,

In other words, for practically the szme amount of plastic strain

the band spacing is much less for 2 S aluminum than for high purity
aluminum. These results indicate thet the impurities impede the
annealing effect considersbly so that defoxrmation cannot continue on
the pre-developed bands. This phenomenon corresponds to the effect
of impurities on recrystsllization tempersture, in general, impurities
inerease the recrystallization temperature of the mother metal.

No folds of types shown in Figure 56 A and 65 A for high purity
zluminum, were observed in 2 S aluminum =t 900° =nd in both 2 S and
3 S aluminum at 1100° F, =lthough concentrated deformetion around
a sherply curved béundary wes observed (as shown by the solid arrow
2 in Fgure 79). This.result is expected beczuse the irregulzr
nature of grein boundary and the impurity contents.of.2 Sand 3 S &1~

uminum would not give rise to apprecisble boundary sliding.



Figure 79.

(Specimen 2 S - §). Deformation tended to concentrete
2 little distance awsy from the grain boundary (solid
arrow 1) and also to concentrzte =t the region where
grain boundery chenges its curvature (solid arrow 2).
Note zlso the deformation lines in the shape of an

arch (dotted arrows). 100 X.



Figure 80.

(Specimen P-11),

A, Slip bands of the grein G czused partizlly developed
slip bands in the grein H. 60 X,

B. Deformstion bands developed in grein H in = later
stuge of creep. 60 X.

£
2J



Sub-grains formed in 2 5 eluminum usually exhibited sharp borders,
showing a clear sign of being formed by bending (Figure 69). Sub-grain
formation wes elso cbserved in 3 S sluminum as shown in Figure 81
which wrs repolished and etched after deformation in order to show
the sub-grains formed in the neighborhood of the original grein boundary.
It should be remembered thet the greins were invarizbly lens—shaped
with the longest dimension parsllel to the axis of the specimen.

M. Effects of Grain Boundary on the Modes of Deformstion in

Their Neighborhood

A summary is presented below to show the effects of grzin boundaries
on the different forms of deformation in their vieinity.

1. When the orientations of the grzins across the grain boundary
ere very close to each other, slip bends may go continuously through
the grain boundary (see grain E end P in Figures 59 snd gr:ins P and
K in Figure 39). |

2. VWhen the orientations of the grzins across the grsin boundary
are not too different, slip bands developed in one grain can czuse
pertislly developed slip bsnds in the other grain (Figure 80 4, as
indicated by the arrow).

3. Slip bznds, with wide band specing in the gfzin tend to
split into finer bands on approaciing the graiﬁ boundary (indicezted
by the arrcw in Figure 82). This is apparently the result of limited
zmounts of slip which the grain boundary czn accommodote in any one

zone,



Figure &l.

(Specimen 3 S -1).
formation in 3 S aluminum. 150 X.

Repolished and eteched.

Sub-grzin

Y



Figure 82. (Specimen P-11), Slip bands tended to split into finer
bends on approsching the grein boundary., 60 X.

Figure 83. (Specimen P-7)., A trisnguler region of less deformetion
is formed in the right grain around the triple point. 60 X.



4. Slip tends to concentrate & little distance away from the
grain boundary (indicated by the solid arrow 1 in Figure 79); slip
along two or more then two slip systems may occur there.

5. When a small grain bounded by the other grazins deforms
by slip, the slip lines, starting from the grzin boundaries of the
smell grzin join esch other in the interior of the gruin in the shape
of an arch as if slip tzkes place zlong one slip system and bends
during continuous deformation (indicated by dotted arrows in the
upper center grain of Figure 79).

6. A trisngular région around = triple point deforms much
less then the rest of the grain (Figure 83 as indicated by the arrow).
More than one slip system was operctive in this region and the kinking
bands stopped at the bordef of this region.

7. Sub-grzins may form around the triple point as shown in
Figure 70 (grein J) as indicated by the arrow. This region deforms
much less end the slip bands developed in the other part of this
grein tend to stop at this region.

8., Sub-grains msy form along both sides of the heavily slid
grein boundary, particularly :around ‘the triple point (Figure 67 A).

9, Folds in the grains form'as a result of sliding of the
grein boundary which lies opposite to thet grain (Figure 56 A =nd

Figure 65 1).



N. Inhonogeneity in Deformestion and Component Creep Curves

The term Ycomponent creep curve" was defined above to describe
a creep curve obtained by memsuring the chenge in distance between
two closely spaced reference marks on the specimen suffece. Ac-
cordingly, a component creep curve of a grain boundary indicates
the deformation not only by boundsry sliding ulone but elso the
deformation in the grains associzted with boundary sliding. The
original distance between two reference marks was abouf 0.6 — 0.7 mn.
" The error of measurement reported as precentage elongation was of
the order of i 1.5 percent., A curve was drawn through 211 the
experimentzl points. In view of the stepwise nature of boundary
sliding =nd migration -and the blocking effect of a grain boundary
on the development of slip bends, a smooth creep curve does not
imply that deformation really tszkes place smoothly.

Figures 84 and 85 show four grein boundary ccmponent creep
curves for the deformation of specimen P-8. One typical component
creep curve of the grain being deformed by sub-grain formation
and one creep curve over the whole gauge length are a2lso included
for comparison.

Referring bzck to Figure 3 (specimen P-8), it con be seen that
the grain boundary of grains B and C makes about 75° to the direction
of applied tension. The behavior of the creep curve of this grain
boundery (Curve I, Figure 85) is in accord to the geometrical con—

dition of this grain boundary.
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Though the grain boundary between grains C end D is fairly
favorably oriented for sliding, it was initislly curved close to the
right edge of the specimen (Figure 16). After an initizl period of
about 15 hours during which this grein boundary was stfaightened
out by boundary migration and the blocking effect at the triple point
of grains G, D, and E was overcome, defqmatioﬂ increased (Curve III,
Figure 84) wuite rapidly until enough strain nerdening set in to
cause the creep re.te4 to decrease. -& period of recovery was re-
guired before enother period of increasing creep rzte set in ogein.

The seme observations ca.ﬁ be epplied to the behavior of creep
curves (Curve I, Figure 84) of the grain boundary between grains
R and P except that the jump in elongation from 15 to 30 hours was
associzted with the formation bf a fold in grain J as =z result of
sliding along the boundery between grains R and P as shown in Figure
86.

Since the grein boundary between greins D and R with two smell
grains E and G (Figure 3) at its ends offering reletively smcll re-
sist:nce, was favorably orien‘f.ed for sliding, it continued to slide
from the very beginning showing a fairly continuous increzse in
elongation (Curve II, Figure 84). It is interesting to note that
the period of a cycle of decrezsing end incressing creep rzte is
smellér for the creep curve of this boundary than the other grain
boundaries. The explanation of this benavior must be sought in
the extensive sub-grein fommetion along both sides of this grzin

boundary =nd consequently in the angulzr nature of this grein boundery
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Fold

Figure 86. (Specimen P-8) front sarfsce. Fold formation in the
grain J caused by sliding of the opposite boundary.
100 X.




mfter a period of boundary migration (Figure 67). It is obvioﬁs
that the more enguler the grain boundzry becomes the shorter the
distance the grain boundary cen slide, and therefore, the more
frequently are grain boundary migration and recovery needed for
further boundary sliding.

Boundary sliding will inevitsbly upset the original equil-
ibrium arrangement of atoms on both sides of the slid boundary end
particularly eround & triple point of three grain boundaries. In
other words, 2 high energy region is creazted by grain boundsry
sliding. This energy mey either appear as stored elastic energy
or may generste new surfaces through sub-grzin formation. The grein
boundery cennot continue to slide as a result of these disturbing
effects, and boundary migration sets in in order to decrezse the
overall energy. Jnother possible phenomenon which might occur in
conjunction with boundary migration is 2lso deserving of considerz-~
tion, nemely, recovery through movement of dislocations to form
polygonsg. During the process of grain boundary migretion, smell
deformetion mey take plece by resdjustment of'atomsl5. Vhen the
grzin boundery migrates to a more stable position, grain boundary
sliding moy set in again. Boundaiy migration depends on the mobility
bf atoms and therefore is = time dependent process. The appecrance
of = creep curve obtained between two reference marks including a
boundsry, which hos undergone successive sliding and migration, shows
just what may be expected; namely, = repeated process of active
toundary sliding period® and *boundary migration period". The period

during which active boundary sliding takes place is characterized by
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the fact thet the creep rate increases to rather higﬁ values before
the period of boundary migretion takes pluce, resulting in = de—
creesing creep rzte.,

Curve III, Figure 85, shows ia component creep curve of the
meterial within grain P (Figure 3). The region between the two
reference points, used in determining this curve, was deformed mainly
by sub-grain formation. OCurve III shows that zfter an initizl perlod
of increcsing creep rzte, which is cherecteristic of a2 very smzll
creep strazin, the elongation increased guite rapidly until a second
period of decreasing creep razte sets in again., Curve II (Figure 42)
was obtained across’ a slip band, the formation of which was :zffected
by a grain boundary between grains P and K (Figure 37). It may be
seen that the behavior of these two curves is very similar, This
fact mey be explesined by considering the sub-grain boundaries as
hzving the same general behevior zs the boundzry-sffected slip
bands. This observation seems to be substantisted by the fact that
most of the sub-grain bounderies are made of narrow bands, in which
slip has taken plzce zlong two or more slip systems.

The degree of disorder produced along sub-grzin boundaries
would be expected to be larger then that along slip bands, for the
samé amount of deformation. This would lead to smeller total creep
strein for each éycle of increesing creep retes followed by decreasing
creep rztes in the case of deformation by sub-grain formation. This
observetion is in accord with the experimental results, Other com-

ponent creep curves of regions deformed mainly by sub-grein formation
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exhibit simila:—:- behaviors to the creep curve I1I, Figure 85, described
above.
Since this specimen is so coerse greined (P-8), the creep curve
II, Figure 85, over the total gruge length is surprisingly smooth,
In view of the fact thet different regions of the specimen behave
differently during creep, a smooth creep curve obtained over a
rether long gauge length has its meaning only in a statistieal sense.
In order to show the effect of an increase of stress on the
behavior of component creep curves znd on the mode of deformation,
specimen P-6 was subjected to creep at 700° F and .200 psi until rupture.
Typicel component creep curves zcross the grein boundary and in the
greins are shown in Figure 87 and 88, respectively. The initial period
of rether rapid increase of creep strzin across a grain boundary is
in =ccord with opticsl observetions during creep that boundary sliding
and migratidn were primarily responsible for the deformation in this
period. It has been pointed out previously that heavy .boundary sliding
sused the grain boundary to become angular after boundery migraztion.
Consequently, the sngular nature of the grzin boundary would be ex—
pected to make further sliding difficult and therefore would result
in 2 decreasing creep rate. In the meantime, this angulzr nsture of
the grain boundary would initiate slip bends st those places of the
grain boundery where sharp changes of curvature have teken place.
The initiation of slip bands at the angular grain boundary results

in creep in the grzin with a continuous increase of creep rate; and,
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in fact, the creep strsin in the grains does overtake that across the
grain boundary in the later stzges of creep.

Accordingly, the contribution of the creep strszin coming from
.the grein material slong both sides of the heavily slid grzin boundary
would increase in the later stages of creep.

It is interesting to note that the stepwise nature of compoment
creep curves at high stresses (Figures 87 and 83) is less distinctly
shown in the case of those at low stresses (Figure 84 =nd 85). The
iﬁfrequency of teking messurements relative to the rupture life of
this specimen may be one of the reasons., It may well imply that the
‘resistance, offered by the disordered materizal created along the sub-
grain boundaries end slip bends, would be relatively ineffective in
the case of high stress.,

The point mentioned above that the amount of deformétion in
the grains overtokes that across the grein boundary in the later
steges of cfeep is again 1llustrated in Figure 89 in which the
percentzge of elongation is plotted agzinst the distance zlong the
gage length of the specimen at four different times during creep.

The elongation of the middle point between two reference marks in
the grain is considered as the elongation between these two refer-
ence merks., The elongation at the point of a grain boundary is ar-
bitrarily considered as the elongation between two reference merks
across the grzin boundary. That the elongation across the boundary
between grains E and R (Specimen P-6) is relatively smell in com-

parison with the other three equally favorably oriented boundaries
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mey be a result of a slight orientotion difference zceross this grein
boundary, in addition to the complicat‘ed arrangement of grains in
that part of the specimen.

Another peint of interest is that fhe elongation in that part
of the grain which is elose to the grain boundary fevorably oriented
for siiding is usually less than either the deformation close to the
cenfer of the grein, or the deformation across the grain boundary.

The explenation of tiis fact must be sought in the severely non-homo-.
geneous nature of deformation zlong both sides of the hesvily slid

and migreted boundary. Though, as mentioned ebove, slip bznds may be
initiated at this region, yet, the omount of slip is restricted by
grain boundaries in this region. Furthermore, the fact that the grain
surface in this region may be tilted either upward or downward with
respect to the grain boundary would give rise to :en apparent elongation
of less megnitude than it should be if measured perallel to the tilted
surface.

As pointed out in the presentetion of the sectionon grein boun~
dary sliding and migretion, when the'Speciixlen is subjected to creep
zt 1100° F, the grain boundary migrates very fast to & position zlmost
perpendicular to the axis of the specimen during the early stege of
the test in a stepwise manner, each step of migration being ac—
companied with quite smell amounts of sliding. Figure 90 shows two
component creep curves obtained on specimen P-10. The upper curve
represents a component creep curve obtained across the old boundary

between greins A end B, Figure 5. It shows that an elongation of
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about 7 percent occurs in the first one-half hour period. During this
time the grain boundary between grain A and B slid and migrated out

of the field covered by these two reference marks. in comparison
with the upper curve obtained in grain A, the lower curve shows a
rzther small amount of creep in the first half hour period. There-
after, both curves represent the deformation in the grains by slip
and sub~grain formation._ Since the lower one was close to the en-
larged end of the specimen its amount of deformation wes comparatively
small.

It has been shcwm thet the deformation at 400° F is charac—
terized by slip bafxd formation in the early stages of ecreep znd by
glip and sub-grzin formation in the later steges of creep. The
behavior of the grain boundary at 400° F cen be d1v1ded into two
types. When the orientation difference across the first type of
grain boundary is such that defoxmation in one grain ean be trons—
mitted to the other grain, the second type of grain boundary is such
that the deformation in both grains is restricted. The former case
is shown in Figure 91, Curve II,

Curve II shows the elongation across the boundary between
grains A end G, Figure 6. The elongation value shown in Curve II
lies in between those shown for Curves I snd ITI. Curves I and III
represent the creep of regions in grains A and C respectively, in

the immedizte vicinity of the boundary between grecins A and C.
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The latter case is shown in Figure 92. The extent of deformation
across the grain boundary is smaller then thst in both grains. These
results agree with those of Boas and ﬁargreaveslé. A creep curve
over the whole gauge length is also shovn in Figure 92 for specimen
P-7.

Figure 93 is prepared by plotiting elongation against the dis—
tance along the axis of the speéimen at two different times, in order
to show the effect of time on the deformation across gr:in boundaries
and in the grains. It con be seen that the deformastion in the grains
follows the seme general trend at two different times. The peaks
and valleys correspond to vhether heavily slipped bands zre included
between those two referen:e marks., waever, deformation across a
grain boundary becomes more imvortant in later stages of creep,
such as boundaries between grain D and F and between grain H and I,

- Figure 6. This corresponds well to the opti¢a1 observation that at
400° F boundary sliding occurs in later stageé of cpeep (Figzure 72 d).
The two types of deformation across the grain boundaries men-

tioned in conjunction with Figure 89 are also shown in Figure 93.
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IV. DISCUSSION

A. Sub-Grzin Formstion

The mechanism of sub-grsin formetion during creep is still in
a state of uncertainty =t the present time. The argument rests on
. whether sub-grain formation is a mechanism of deformation in itselfl #2517

’18’19. The results

oy the end product of non-homogeneous deformetion
presented above elearly show that sub—gréin formetion arises from the
fact that normal slip cannot be fully developed due to restricting
effects of the grzin boundsries. The prominence of sub-grain formation
around the triple point and :2long heavily slid grein boundaries further
substantiates this case.

Two types of sub-grains were obgserved. The firsﬁ type is char-
acterized by the feet that its boundaries show clear bending nature
and can be revealed by electm-e'l';ching after repolishing (Figures
55 A grein P, 60, 67 and 69). The second type seems to be formed
because of slip-on'different slip systems in neighboring regions
(Figure 19 c¢). The regions delinecting the sub-grains of the second
type has the appearance of the deformation band but their boundaries
are not sharp and cannot be revealed by electro-etching zfter re—
polishing. The X-ray technique used in the present investigation
is not able to locate and identify these two different types of
sub-grain boundaries. The limited results from X-rey work seem to
show that the broken-up sub-grain spots are more discreet for the
first type than for the second type. It should be pointed out that
even in the first type slip along different slip systems usually

tokes place in different sub-grains.



147

P

Chen and Mathewsonzlha§elshown that kinking bands, or cross slip and
duplex slip, may result in single crystals of aluminum under tensile
deformation. The occurrence of either of these mechanisms, they
suggested, depends on the orientation of the crystal with respect to
the tensile axis. In polycrystalline sluminum, the different grains
heve a range of orientztions. Blocking. effects of the grain boundaries
enhence the operation of these two mechanisms, Therefore, it is
reasonable to expect that during deformatiop, some of the grzins in a
polycrystalline aluminum specimen would exhibit kinking band formation,
whereas others would deform by cross slip and duplex slip. It has
been suggested above that one of the two types of sub-grains is

formed from kinking bands whereas the other is formed as a result of
cross slip and duplex slip in neighboring regions in the szme grain.
Cross slip and duplex slip, however, are produced by different slip
éystems being operative in neighboring regions because of the blocking
effects arising from restrictions imposed on grain boundaries by
adjecent grsins. Consequently, it 1s expected thet both types of
sub-grains will be found in different grains of the same polycrysfalline
specimen.

A grain in a polycrystalline mzterial cannot deform along only
one SIip system for large deformations because rotation of thgvslip
plene is limited by the grain boundaries., As shown by Taylorzz,
slip slong five slip systems is needed for one grain to deform, by
the seme relative amount in different directions, as the whole speci-

men. There is no question about the operation of cross slip and



duplex slip in a polycrystalline meterial., The question is why kinking
band formation sometimes occurs in preference to cross slip and duplex
slip. .'As shown by Chen and Mathewsorl‘?'l, the orientation of the material
in the kinking band lags behind during rotation compared to the orien-
tation of the material outside the band, This results implies that
for the seme zmount of deformation the smount of rotation &6f the whole
crystal is less in the case of a grain containing kinking bands than
in the case of a grain which has deformed by continuous slip slong
one single slip system. In other woxds, the kinking band performs
the function of duplex slip as far as the restriction of the rotation
of slip plenes of a single slip system is concemed. The results of
the present investigaion indicate that kinking bands occur after a
considerable amount of slip slong one slip system has teken place
(Figure 59 A — G and Figure 72 A - F). It is concelvable that the
disorganized material created both along and between the pre'_-_-develpped
slip Bénds would resist another slip system frqm passin_g through.
Kinking bands occur because intersection or movement through the
pre#developed slip bends is not reguired. Polycrystalline material
is particularly apt to kinking band formation because less displace-
ment across the greain boundary is required for kinking band formation.
As shown in Figure 59 a - g, kinking bands can propegate from one
grain to another grain almost without regard to the grain boundary.

In view of the complicated stress pattemn along a grain boundary

and around a triple point, the evidence that the size of sub-grains
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may vary by a factor of 3 or 4 times even in the same grain is not
unexpected, However, the size of sub-grzins tends to increase as
the stress decreases and temperature increzses. On the basis

of dependence of eﬁnealing effects on critieal intemai stress“?l*,
the depéndence of slip band speseing-on temperature is ably éxplained
by Brosm;23 + Servi and Grant's resul’c325 showing that slip band
spacing in creep tests depends more strongly on stressA than on temp~
erature is not surprising if it is remembered that Patterson and

2/

Orowan's results™ with aluminum show annealing effects even at
room temperature. The result of the present investigation and the
results of Servi, Norton and Grantll* that the size of sub-grains

is not very strongly dependen{. on temperature is not unexpected.
Brox-m"s explanation of the dependence of slip band spaeing on temp-
erature may apply to the temperature dependence of the size of sub-
grains of the second type J.n the formation of wnich, slip ié believed
to play an important role. The internal stresses created in the
vicinity of the sub-grainsboundaries of the seconci type would be
expected to be much higher then those in the vicinity of the slip
bands formed in single erystals. This region would be prone to
concentrated deformation because of its high anneéling rate. Ob-
servations during creep tests seem to show that the boundaﬁes of
the second type become hezvier as deformation continues. There is
an indication, however, that the amount of bending along sub-grain

boundaries of the first type is limited. Farther deformation in this



first type tends to occur inside the pre-formed sub-grains, and the
newly formed sub-grain boundzries seldom go through the pre-formed
ones.

B. Comparison of Boundary Sliding snd Slip Band Formation

Both slip along slip planes and sliding along grcin boundarn;.es
have been shown to exhibit cyclie behavior in elongation-time creep
plots. The results further show thet as soon as slip is initiated
in a band, this slip causes zn avalanche of slips along slip plones
in a wide bsnd. The deformation may amount t6 20 percent due to
the avalanche of slips until a period of decreasing creep rate sets
in, When there ié less restriction in the rotation of the slip
pl=nés by grain boundaries, slip can continue on the slip band until
fracture occurs =long that slip band. In view of this result, it
can be concluded that the period of decreasing creep rate must be
czused by restrictions on the rotation of the slip planes, and the
restriction on the amount of displacement the slip band czn produce
across the grain boundary (Figures 39 4, 40 A, =nd 41). The latter
is particularly important in polycrystalline meterizl because new
grzain boundary surfaces are created between the two grains through
which the slip bend goes. Although the case shown in Figure 39 4,
of a 'Jslip band going across a grain boundary, may be a special one
because of similarity in orientation of the two grains, every grain
boundary must have a capacity to accommodate a certain emount of

slip. In discussing the slip band spacing in polycrystalline material,



one factor, namely the capscity of a grain boundary to accommodate slip,
must be taken into consideration, although the influence decreases as
the distance from the grain boundary increases (Figure 82).

Grain boundery sliding results in the creation of new surfaces
and a disturbance in the form of an increase in strzin energy in the
neighboriood of the slid boundary. Boundaiy migration, which follows
this process of boundary sliding, reduces both the increase in surface
area and the surplus strain energy. The component creep curves (Figures
38 and 42) over a region containing a boundary affected slip band
show that a large increase in elongation ocecurs soon after the first
formation of slip bands. This fact can be interpreted bj supposing
that an annealing effect must have taken plzce very rapidly. OCreep
curves (Figure 84) obtained across a grein boundsry undergoing sliding
and migration also show = similar increase in elongation seon re..i‘ter
migration. However, the increase is of a much greater magniﬁﬁde in
the case of the boundary -affécted slip bends than it is in the case
of the migrating grain boundaries. It may, therefore; be implied~ .
that the annesaling effects following slip are much faster than the
overall recovery cazused by boundary migration.

' The remults, obtained by King, Calm and Chalmers from bi-
crystals of tin subjected to éreep, show that the creep strain in-
creases rapidly in the early stage of the test and reaches a rather

steady value in the lrter stage of the tes‘l:26. This result may cor—

respond to one cycle of the component creep curves across grain



boundaries in the present investigation. OConsequently, the qyclic
behavior of the component creep curves -acmsé a grasin boundary is

a general one. It may result from the faet that larger distances

- of atomic movement are required because a larger orientation dif-
ference is involveci. in the latter case than in the former. Boundary
sliding occurs also in an avalanche manner, but it is very frequently
intervened by boundary migration and the distance it cen slide in
evéry step is much smaller then thet in the case of slip. It iscon-
ceivable that polyvcrystalline material differs from bicrystal meterial
only in the extent of sliding in each step and the frequency of
boundary migrstion, but not in the nature of sliding process.

The mmount of boundary sliding in each step may be limited by
the disturbance created slong the slid grain boundary. & grain
boundary apparently smooth, ig not expected to be smooth on an atomic
gseale at 500 magnification. It has been shown thgt after a cycle of
boundary sliding and migration, the grzin boundary becomes angular
even on =n macro scle. The zmount of sliding in each step, after
the grain boundary becomes angular, would be still smaller. In the
case of polycrystalline meterizl, the =mount of sliding in every
step would be smaller then in the case of bicrystals because energy
has to be supplied to create new surfaces at each end of the slid
boundzry, in eddition to the new surface created =t the free edge
‘of the materieal,

The process of boundary migration is a strongly time and temperzture
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dependent process. Thus, it is not surprising to find that the grain
boundary sliding process is a highly strain-rate'dependent process
while slip is not much so. The results of Henson and Wheelef27 shows
thet boundery broadening occurs in the later stage of éreep in com~
mercial sluminum. This led Orowsn >, on the basis of empirical
formula obtained hyAAndradézs, to propose z mechanism of boundary
sliding and to account for the mechanism of secondary creep of the
conventional ereep curve. The re;ults of the present investigation
for high purity aluminun tested et 400° F agree with the results of
Hanson and Wheeler, namely, boundery sliding becomes important in
later stages of creep. For creep tests at 700° F, boundary sliding
and migration operste from the very beginning of the test and indeed
account for the bulk of the deformation in the early stages of creep
(Figures 84 and 85). At very high temperatures (1100° F for high
purity aluminum) the deformation in the grains becomes importent
again because the grcin boundary migrotes very fast to a position.to
make further sliding difficult, leaving deformation possible only in
the grains. OConsequently, any theory proposed to describe the be-
navior of grain boundaries during creep over a wide renge of temp-
eratures must consider the cooperative process of boundary sliding
and migration.

In view of the similar shape of component creep curves across
2 grain boundary and zcross a boundary affected slip bend the sub-

division of conventional creep curves into transient creep and steady
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state (or quasi—viscous) creep seems incompatible., It is no wonder
that the value of K of the so-called K fi'low:28 does not follow the
Newtonizan law‘ of viscous flow, i.e., it is not propbrtiond to the
applied stress. As far ss creep performance is concerned, grain
boundary sliaing and grein boundary-affected slip have some similerity.
Whether these two processes differ only in degree or fundsmentally

is still uniknowm.

C. Intercrysteslline Fzilure

It has been. shown that grain boundary migration is very struc-
ture sensitive, It has zlso been shown that boundary migration is a
kind of recovery process which makes further boundary sliding possible.
In impure or alloyed materizls, grain boundary migration becomes less
significant, restricting sliding to a fixed boundary. Sliding along
the same boundary wbuld eventually give rise to eracks as a result
of interlocking effects at the tripie point. This is why commercial
alloys subjeet to high température creep show intercrystalline
frzcture whereas no sign of intercrystalline fszilure has been observed

for high purity a2luminum in the present investigations.
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V. SUMMARY AND CONCLUSIONS

From studiés of very coarse grained high purity, 2 S, and 3 S
aluminum at 400°, 700°, :and 1100° F, the following conclusions can
be drawm,

1. The types of deformation observed are as follows: slip
bands, kinking bands, deformation bands, fold formation, sub-grain
formation, and boundary sliding and migration.

2, Boundary sliding sand migration hove been showm to tzke
place in a stepwlse and successive manner., The zig-zag n:-ture of
triple point movement,(i.e., movement of the point where three'
grains meet), is considered to be a necessity of these highly co-
operative processes, because the direction of boundary migration
depends primarily on the direction in which the grain boundary slides
in the previous sliding step. Componént creep curves across grain
boundaries which undergo successive sliding end migration show
several gycles of."'active boundary sliding™ and "boundary migration¥.
This behavior is supported by optical ob§ervations during the sctual
test. The driving force for boundary migration is a combination of
strain energy and surface energy. The latter is important =t 1100° F.
Boundary sliding may couse fold formation in the grzins. Boundary
migration is e2lso shown to be very structure sensitive. Boundary
sliding was observed in the later stage of creep at 400° F.

3. Boundary sliding and migration and the deformation associated
with them are very important mechenisms of deformation at '700° F.
They may zccount for most of deformation in early stages of creep.

The deformation in the grain may overtzke that of boundary sliding
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and migration in the later stageé of creep. At 1100° F, boundary
sliding =nd migretion are important only in the very early stsge
because the grain boundary migrates very fust to a position to make
further sliding difficult.

4o In high purity sluminum, slip tends to concentrzte on
certain pre-developed slip bands and wide slip band spacing results.
Slip bands are fully developed if rotztion is permitted. and no
grain boundaries ere in their path., & component creep curve across
a fully developed band shows continuously incressing creep rztes until
fracture oceurs on this band, while & similar curve across a boundary-
affected band shows continuous increzsing creep rate followed by =
decreasing creep rate. The letter behavior is explained by the re-
stricting effect of grain boundary on further unimpeded. slip.

5. Folds in the grains are considered to be formed by a
combination of deformation bands znd kinking bands. The formation of
folds in the grains is c'aus;ed by sliding of the opposite grzin boun-
daries. The full development of folds has been shown to depend on

@. whether there are grain boundaries in its path

b. the orientstion of the sliding boundary with respect
to the applied stress

c. the reletive areas of the grain and its opposite
sliding boundary in the direction of boundary sliding

d. the relative orientation difference of the neighboring
greins meross the sliding boundary.

Sub-greins sre shown to be the result of grain boundary re-

stricting effects on the nommal development of sli§ bands. The formztion
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of sub-greins is often prominent along the heavily slid grain boun-
deries end around the triple points.

6. Two types of sub-grains were observed. One type is believed
to be associcted with kinking band formation and the other, deformation
band formation., The size of sub-grains measured metallographically
may very by 3 or 4 times. The size of sub-grains tends to increase
28 the temperature increcses and stress decreases.

7. Boundary migration and sliding were observed in 2 S aluminum
at 900° F and 1100° F. As a result of impurity content, the smount of
boundery migration is much smeller and its course more irregulsr than
is observed in high purity aluminum. Normel boundary sliding (no
evidence of boundary migrstion) was observed in 3 S at 1100° F. The
slip bznd speeing is smaller in 2 S ‘aluminum than in high purity
aluminum., Fold formation wes not observed in 2 S and 3 S aluminum,
This is interpreted as due to the smszll extent of boundary sliding.

Sub-grzin formation was observed both in 2 S and 3 S aluminum.



VI. SUGGESTIONS FOR FUTURE RESEARCH

1. By running creep tests on single crystals of high purity
and 2 S aluminum, the following questions may be quantitztively answered
as regards the relationship between structural changes and elongation-
time behavior as a function of purity.

a. What is the extent of annealing effects in a slip band
as o function of stress and temperature?

b. Under what conditions will kinking bands form =2t
elevated temperatures? Whether the formation of kinking bands mzakes
the deformation easier or difficult? To what extent does its formation
influence the elongation-time behéﬁor?

c. What is the ncture of sub-grain boundaries? Are they
weak or strong régions?

d, The rupture life and minimum creep f;av.te obtzined on
2 S aluminum can serve as a more fundamentsl proof that the occurrence
of a break on a log-stess log-rupture life (or log minimm creep rate) A
plot is associated with the behavior of the grain boundary.

2+ By using vhigh purity and solid solution type (A1, Mg alloys
are preferzble because more data =zre available) zluminum which con-
tains 3 - 6 grains with predetermined orientations, the informé.tion
on the following processes con be obtained as = i‘uﬁction of temperature,
stress, strain rate, purity and orientation differences,

a. The rate, the amount, and the direction of boundary
migration.

b, The rate and the -amount of boundary sliding.

c. The relationship between structural changes and



elongation-time behavior in different grains.

It is hoped that after the information from the above pro-
posed research program is secured, a formula and a theory, based
on the mechanism of deformation, can be established to describe
the creep behavior of single phase alloys in a statisticel msnner,

Further knowledge about grain boundary can also be obtained.
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