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ABSTRACT
Deformation mechanisms in polycrystalline magnesium at atmospherié-
temperature were investigated by metallographic and X-ray techniques.
Basal slip and twinning on (1012) planes were observed. In addition
deformation took place by kinking and grain boundary shearing. Fractur-
ing occurred on various crystallographic planes of high index as well as

by an intergranular wechanism.




INTRODUCTION

Scientific and technical interest have stimulated detailed and
extensive investigations directed toward uncovering the fundamental
processes involved in the plastic deformation of metals. The majority
of such investigations have been concerned with simple stressing of
single metal crystals with the objective in mind to simplify the analyses
by eliminating many of the variables inherent in the more complex problem
of deformation in polyerystalline aggregates; and the virtue of thus
controlling and reducing the variables has been substantiated by the
definitive correlations that have matured among the crystal structure,
laws of deformation and the deformation mechanisms. But the ultimate
objective of all such investigations has been the complete rationaliza-
tion of the plastic behavior of polyerystalline aggregates. Whether the
plastic behavior of polycrystalline aggregates might be completely de=-
duced from singular knowledge of deformation mechanisms in single crystals
has not yet been fully established. Undoubtedly the auxiliary knowledge
gained from investigations on polycrystalline aggregates concerning the
more general conditions of stressing encountered by each grain and con=-
cerning interactions at their mutual boundaries will be required before
any extrapolation of the plastiec properties of single metal crystals to
those of the polyerystalline aggregate can be made with confidencs.

The investigations described in this report were initiated as pre-
liminary studies of deformation and fracture mechanisms in polycrystalline
aggregates. It was thought that the polycrystalline aggregate would ex-
hibit all of the mechanisms of deformation that could be detected in
single metal crystals and that it might also reveal new mechanisms or

new details of deformation processes fundamental to polycrystalline
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behavior. High purity magnesium was chosen for this study not only because
of the extensive interest in this light-weight metal but particularly
because of the limited number of deformation mechanisms single crystals

of magnesium are known to exhibit at atmospheric temperature. For this
reason it appeared that polycrystalline magnesium would more readily ex-
hibit new mechanisms of deformation and perhaps new details of deformation
when deformed as a polycrystalline aggregate than metals from other sys-
tems that exhibit a greater number of deformation mechanisms.

The known fact that polycrystalline aggregates of magnesium under-
take general plastic deformations suggests that each grain should exhibit
at least five independent mechanisms of deformation. This conclusion
follows from the argument that a general deformation involves six strain
components; but the sum of the three normal components of the strain
equals zero due to the fact that the volume remains constant; consequently
only five independent mechanisms of deformation afe required to account
for the five independently variable components of the strain. The three
mechanisms of basal slip can account for only two of the five required
mechanisms, since all three are coplanar. The deformations arising from
twinning in magnesium are negligible in view of its almost theoretical
axial ratio for close packing. This suggests the possible introduction
of pyramidal slip, which has been announced for single crystals partic-
ularly at elevated temperatures as necessary to account for the so-called
three missing mechanisms of deformation; but, if pyramidal slip or other
slip mechanisms are not found, yet other mechanisms of deformation will

have to be uncovered to account for the facts.




EXPERTMENTAL PROCEDURE

The preliminary objective of this investigation was to observe and
evaluate the metallographic evidence following tensile straining of poly-
erystalline magnesium. A high purity magnesium extrusion was selected
in preference to a casting in order to ensure better reproducibility of
results and to provide for easier grain size control. It was recognized
that this selection would not provide the most general observations since
the extrusion would exhibit preferred grain orientations. Furthermore,
by necessity, the observations would be limited to the surface grains.
But it was hoped that such observations as could be made would neverthe-
less be somewhat indicative of the general behavior of intermal grains
as well.

High purity (99.97% Mg) magnesium was supplied by courtesy of The
Dow Chemical Company in the form of extruded bars 0,100 inches thick and
0.75 inches wide. The bars were carefully machined into parallel gage
section tension specimens 0.375 inches wide, having a gage length of
1.00 inch. The surface of each sgecimen was hand polished to remove the
die markings and then given a grain coarsening anneal for 6 hours at
600°C in an SO2 atmosphere. Following this each specimen was electro-
lytically polished in an ethyl alcohol solution containing 37.5% of
orthophosphoric acid using 1.5 volts and 20 ma per dm?. Etching to re-
veal the grain boundaries was conducted in an aqueous solution containing
104 citric acid. The specimens exhibited a mean grain diameter of about
0.05 inches, deemed large enough to facilitate this initial study. Only
a few excessively large grains were found in the gage section.

Five specimens were investigated in this study. Specimens 1, 2 and

5 were tested in the as~etched condition in order to review the general



characteristics of deformation. In order to provide a basis of loecal
strain measurements and to assist in relocating interesting grains during
interrupted tensile testing specimens 3 and 4 were lightly scribed with

a ruling machine to produce a fine 0,0200 inches square grid over the

gage section. Although some very small mechanical twins wefé produced in
the immediate vieinity of the scribed lines by this procedure, the deforma-
tion observations were identical with those obtained on the ungridded
specimens. Furthermore the orientations of 39 contiguous grains were
determined in specimen 4 by microbeam back-reflection laue X-ray btechnique,
using Greninger!s method of analysis, for the purpose of facilitating
identifications of slip band markings, twin plane traces; crystallograph-
ically oriented low angle boundaries, fracture planes and mutual orienta=—
tion effects in the vieinity of the grain boundaries.

Thirty-nine conbtiguous grains of specimen 4 were identified by the
numbering scheme presented in Fig. 1. Fig., 24 illustrates the relative
orientation of the tension axis of the specimen in each grain as viewed
in terms of a standard projection. For the purpose of revealing more
rapidly the type of preferred orientation encountered here, these same
orientation data were plotted as a pole figure for the [bc@l] and the
[11?@] axes respectively as viewed with the net oriented parslilel to the
flat surface of the extruded bar (Fig. 2b). These daba reveal that the
predominating texture is one in which the basal plane lies in or near
the extrusion plane with nearly equal scattering in all directions from
this position while the [ilﬁﬁ] slip directions are randomly oriented with
respect to the extrusion direction. For purpose of discussion the orient-
ation of each of the thirty nine grains was identified in terms of the -

angle X between the tension axis and the [6801:7directicn and the angle A
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between the tension axis and the most favorably oriented [11§Q] axis for
basal slip as recorded in Tsble I. Thus the average shear stress J on

the basal plane in the slip direction is

T

\

S JInm X tod A

where S is the average tensile stress. Basal slip will therefore be
facile on those grains having the largest values of sin X cos A\ . The

data recorded in Table I reveal an extensive range of values of sin X cos )
suggesting that the specimen contained grains of widely differing orient-

ations.

RESULTS AND DISCUSSION

As shown in Fig. 3, the tensile properties of the fiwe specimens
appeared 1o exhibit rather large scatter from each other. This, however,
might partly be attributed to the limited number of grains in the section
and occasional clustering, as shown by review of the data in Table I and
Fig. 1, of grains of similar orientation., In addition specimens 1 and 5
were tested without interruption whereas specimens 2, 3 and 4 were unloaded
periodically for removal from the tension testing machine for metallo-
graphic examination. As will be described more fully later, some twinning
occurred during loading, but additional twinning was also observed to take
place on unloading. Consegquently both the interrupted testing and the
resulting twinning might also have contributed to the scatter in the
stress-strain curves for the various specimens. During the metalicgraphie
study on the tensile specimens the following observations were made.

Slips: All the slip-bands in each grain were parallel as shown by
the typical photomicrograph in Fig. 4. Furthermore, the slip traces in

all grains that exhibited slip in specimen 4 were in agreement with the



TABLE I

Orientation of Grains in Specimen 4

; Sin X
Grain X N Cos \
A2 18 21.5 o287
.v4 9.5 21.5 o154
A5 1 3 .017
Ab 51 53 o465
Bl 34.5 37 o452
B3 21 21 «334
B6 9.5 13.5 . 160
B9 8 20.5 «130
Cci 15 53.5 , .218
c2 22,5 245 «348
C4 17.5 18 0286
c7 17 36 «R49
D4 13.5 21.5 . 212
b5 30 38.5 0392
blo 1 2 <017
E2 15 34 «219
BA 4] 12 «000
5 6 32 -0%92
E7 0.5 2 «009
E8 3.5 11.5 ~060
B9 11.5 34 - 172
F4 8.5 22 « 137
Fé6 40 40.8 « 4689
F7 41 42 o407
Gz 14 16 6233
Hf 16 30 239
H6 4 23 <064
H8 9 21.5 o145
T 23 23 2360
15 9.5 24 <151
1J56 2.5 22 o041
J5 38 b, obdy3
X, 5 17 .083
K7 41 45 WA
il 12 2.5 =192
16 i 6 017
18 15 26 0233
3 36 36.5 o473

M9 16 34 0232
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FIG.4 BASAL SLIP IN PURE MAGNESIUM.
SPECIMEN 2 AT 0.75% € (I00X)
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(o001) [11507 mechanisms given for single crystals of magnesium at low
temperatureﬁ(l), In specimens 2 and 3 where traces of twins and slip
bands permitted an estimete of crystal orientation, slip was also observed
to be consistent with the basal mechanisms (00OL) leﬁﬁ], Basal slip was
also evident in reoriented twin material. There was no evidence of duplex
slip on two alternate sets of slip planes.

Grains A-5, D~10, E~4, E-5, B-7, H~6, I-J 5-6, and 1~6 in specimen 4
(see Fig. 1) all had the basal plane almost parallel to stress direction.
Since the resolved shear stress on the basal plane is very small, these
grains were examined very closely for evidenece of slip on pyramidal planes
of the first type, (10I1). Although striations were observed on E-7 as
shown in Fig. 5, they were identified as noncrystallographic cracks. No
evidence was found that could be attributed to pyramidal slip. This is
difficult to reconcile with the observation by Burke and Hibbard on
single crystals of magnesium where faint sitriations were identified as
traces of pyramidal slip planes(z)° They rationalized the advent of
pyramidal slip at ambient temperature on the basis of grip constraint.
Their observations seemed confirmed by additional data obtained by Dow
Chemical Company during rolling of single crystals of magnesiumcz)y
wherein cross slip was observed in locally contrained areas. In this
instance, however, the region which contained the second set of non-
coplanar striations waes so severely distorted that definite evaluation
of the slip system must have been difficult., Since these striations were
removed by re-etching, they were assumed to be slip traces and estimated
to be evidence of pyramidal slip. Additicnal investigations on compression
type specimens in which the basal planes were parallel to the stress

direction, and which correspondingly produced a relatively high resolved

shear stress on the (10I1) planes, failed to exhibit pyramidal slip(é)o
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Jillson(5) has questioned the interpretation of similar striations
as evidence of pyramidal slip. Examination of basally cleaved surfaces
of zinc single crystals which had been subjected to streitching and bending
revealed, in addition to three sets of (10I2) twin markings, three sets
of striations, two of which were essentially normal and one parallel to
the twin traces. Although the set of stristions parallel to the twins
might be ascribed to pyramidal slip, the two sebs of striations normal
to the twin itraces cannot be accounted for by first order pyramidal slip.
Instead it was suggested that all three sets of striations were the result
of bending of the basal plane.

Examination of Grains E-5 and I-6 in specimen 4 reveals the presence
of bend planes. Although the striations are somewhat curvilinear in
grain E-5 as contrasted to the crystallographic marking in I1-6 (shown in
Fig. 6) both markings appear to correspond to traces from (10I0) planes.
These will be considered in more detail in a later section.

The advent of basal slip in single crystals has been shown to be
stress dependent according to the relationship given in Eg. 1. The crit-
ical shear stress law for basal slip in magnesium is well established,
Deviations from this law in polycrystalline sggregates might therefore
be attributed to inbteractions between conjugate grains. The average re-
solved shear stress at which each grain was first cbserved to exhibit
basal slip bands was estimated as recorded in Table II. BSeveral factors,
however, were involved in the accuracy of these estimations: First the
observation of slip bands was done following each increment of tensile
stressing (about 1000 psi). Secondly slip bands were detected by metallo-
graphic examination at 100 diameters. And thirdly slip was recorded only

when several major slip bands were noted over the central section of the
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TABLE IT

Critical Stress for Slip in Speecimen 4

sin X Tensile Stress Shear Stress

Grain cos ) for Slip for Slip
A2 0287 3,716 1066
AL 2154 75544 1160
A5 « 017 »11,300 ——
A6 <465 3,013 1401
Bl o452 3,013 1362
B3 0334 3,013 1006
Bé 616@ g 113 300 —
B9 2130 55952 T4
Cl »218 3,261 711
C2 <348 3,716 1293
C4 «286 3,013 862
c7 + 249 55,952 1482
D4 »212 55952 1262
b5 +392 55,952 2333
nio 017 >11,300 ——
E2 «219 5,160 1130
B4 .000 211,300 -
&5 092 211,300 -
B7 .009 >11,300 -
E8 «060 >11,300 e
¥ <172 5:952 1024
F4 0137 9;114 1250
F6 489 5,160 2523
F7 487 5,160 2510
G2 6233 3,261 760
HE 0239 3,261 779
H6 -064 3,261 209
H8 o145 5,160 748
4 «360 5,160 1860
5 <151 75544 1140
1d56 -041 9,114 374
J5 o443 3,013 1335
K4 .085 3,716 316
K7 o464, 3,261 1513
jHl 0192 5,160 991
16 .017 >11,360 o
18 0233 9,114 2120
i3 o473 3,013 1425

Mo 2232 5,160 1200
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grain. This criterion was adopted because on oceasions only one corner

of a grain would exhibit a few early slip bands due to fagile slip in the
adjoining grains. The general trends of the dafta recorded in Table IT
support the thesis that favorably oriented grains begin to slip at lower
tensile stresses than unfavorably oriented grains. On the other hand the
resolved shear stress at which slip first became prominent exhibits con-
siderable scatter from grain to grain. And although suspicion is prevalent
that this scatter might arise from interactions bebtween contiguous grains,
a review of the data given in Tables I and II with the grain position
identified in Fig. 1 suggests that the scatiter is random.

Iwinning: Mechanical twinning occurs in single crystals of magnesium
on (1052) planes and is assumed to be the result of a simple shear in the
[10?1] direetion plus minor atomic readjustments(é)e In the present in-
vestigation all twins formed on the (1012) planes. No evidence was found
to corroborate twin formation on (10I1) planes as reported on one 00@38103(735

Mieroscopic examination revealed that twins grow in a uniform manner;
bilaterally if no constraints are present or unilaterally in the presence
of constraints as shown iﬁ Figs. 7A and B.

Magnesium mway be detwinned by the application of a reverse stress
as well as by residual stresses as postulated some years age<8§g For
example, the large twin present in Fig. & at an elongation of 0.52% has
partially detwinned by subsequent straining to an elongation of 0.71%.
Detwinning can also occur in cases where the twinned material has under-
taken slip as shown in Fig, 9. Thus the original lattice is not necessa-
rily restored to its initisl conditions since visible microscopic features
remain on the surface.

As shown in Fig. 10, as meny as 5 different pyramidal planes event—

nally became active twin planes in one grain (M-3), Although it is
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possible for all six pyramidal planes to be active, only select orienta-
tions as shown in Fig. 11(8) might exhibit these mechanisms for uniaxial
tensile stresses. But as shown in Fig. 11, Grain ¥M-3 lies in region C
and should therefore exhibit only 2 mechanisms of twinning during tensile
straining instead of the 5 observed. Furthermore all grains oriented in
region D would exhibit contraction in the direction of tensile straining
if twins were formed. The large number of twins present in grains such
as H-8 in Fig, 12 which should not exhibit twimning during tensile sitrain-
ing suggest that either the operative stress dirsction in polycrystalline
aggregates must be vastly alitered or twins were formed during the periodie
unloading of the specimen for metallographic examination. Measuremsnt

of the distance between grid lines also revealed that the grains had
actually contracted in the tensile direction. Subsequent uninterrupted
tensile stressing of specimen 5 revealed 33 twins in 29 grains of known
orientation at 3.3% elongation., During the tensile test at constant
strain rate 10 twins caused extension while 23 twins produced contraction
in the stress direction. Thus the overall strain due to twinning in this
specimen is actually negative, a fact not easily reconciled with strain
energy considerations.

It has been suggested that twinning is a shear stress dependent
phenomenon although the evidence is not at all eonclusive(gmlo)o Instead,
mmerous observations suggest that twinning is the result of a more com-
plex mode of deformation arising from concurrent bending and stressing.(297’l1)
For example, irrespective of crystal orientation, Burke and Hibbard(z)
observed that twins were formed in single crystals of magnesium only near
the grips or adjacent to cemented wire strain gages when externmal cone-

straints were present. Since both the grips and strain gages restrain



FIG. 12 ABUNDANT TWIN FORMATION IN
GRAIN H8 OF SPECIMEN 4 AT 2.4 % €.

TWINNING ON ALL (10i2) PLANES CAUSES
CONTRACTION IN TENSILE DIRECTION (100X
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the rotation of the slip plane during tensile straining, it was suggested
that some phenomenon such as bending existed in conformity with the
applied stress to produce twinning. This suggestion appeared justified
by the observation that the size and number of twins decreased as the
amount of bending decreased. Additional corroboration is afforded by the

(12)

observations of RBakarian that magnesium, regardless of initial orient-

ation, will twin readily when suddenly twisted or bent.

BENDING PLANES ASSOCTIATED WITH TWINNING

4. Bending Preceding Twinning

Although the twinning system for magnesium is recorded as (10I2)
[leil], no atomic movements by simple shear have been found which will
permit twinning without distortion. In addition to the conventional
simple shear, secondary adjustments at right angles to the twinning direc-
tion are necessary for the atomistic process of twinning. It has been
suggested that this secondary adjustment could be achieved by a bending
on a (1120) plane prior to twin formation(z)° Microscopic evidence of
the termination of twins at traces of (1120) planes appear to substantiate
this hypothesis. Similar striations described as bend planes about a
[}Qi@] axis have been recorded for iina(S)u Careful examination of the

grains which exhibited twinning in the present investigations, however,

failed to reveal any bending of the basal plane about the [}l§é] axis.

B, Bending Accomodating Twinning

The process of btwinning also results in a decided bending of the

basal plane as shown by Jillson's schematic diagram given in Fig. 13,

(5)

This phenomenon has been termed an accomodation plane or band'”’, accomoda-

tion kink(13)3 and crystallographic low angle bouﬁéarya(lé} Numerous such
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FIG. I3 SCHEMATIC ILLUSTRATION OF BEND PLANE
ASSOCIATED WITH FORMATION OF A TWIN.
(AFTER JILLSON )

(Q) 1.1 % € (b) 1.6 % €

FIG. 14 LOW ANGLE ACCOMODATION BOUNDARY
ACCOMPANYING GROWING TWIN. SPECIMEN 4 (100X).
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boundaries were observed in twinned areas as shown by the typical photo-
micrograph in Fig. 14. In some cases these boundaries were gvident at
both ends of the twin. In all cases, the boundary followed the trace of
a (10I0) plane. Similar boundaries have been reported to occur on (1120)
planes in single crystals of magnesium‘z)n In that instance however it
appears that the crystal under observation was so oriented that the
boundary could be attributed to either (10I0) or (1120) planes. Since
mumerous boundaries were evaluated here and since in basally cleaved zinc
specimens these boundaries are observed to be parallel to twin traces,
it appears that this bending of the basal plane is about a (10I10) plane.
Metallographic observations reveal that these low angle boundaries
move in conjunction with twin growth. Thus as the twin extends, the
accomodation band likewise appears to grow. During bilateral growth the
accomodation band increases in widith and in angular tilt(13}° The reverse
mechanisms occurred during debwinning. Thus the existing evidence clearly

shows that these low angle boundaries are mobile under stress at atmos-

pheric temperature.

NON-CRYSTALLOGRAPHIC LOW ANGLE BOUNDARIES

Another manifestation of the deformation process in hexagonal metals

has been the occurrence of forked or curved traces on the surface of grains

(5) (15}9

which have been variously termed rumpling(s)s buckling "‘, cell formation

kinking(5), mosaic walls<3’13), and non-crystallographic low angle bound=-
(14)

aries o The prineipal distincition between these low angle boundaries
and accomodalbion boundaries is that the former do not follow well delin-
eated crystallographic planes, are not assoclated with twinning, and ex-

(13)

hibit greater angles of tilt than the accomodation boundaries The

genesis of one such boundary (marked A} is shown in Fig. 15. In these
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figures the stress direction is vertical. On initial straining a general
undulation is formed with one terminus at the junction of three grains.

On further straining, a sharp non-crystallographic boundary is formed which
moves toward the grain boundary as shown by the last three micrographs in
Fig. 15, It will also be observed that increased tilting occcurs during
successive periods of straining. Additional low angle boundaries, B and
Csare also formed during straining. Although boundary C appears quite
mobile, boundary B does not advance through the accomocdation kink emanat-
ing from the twin adjacent to the grain boundary. Similar boundaries

have been cbserved in zinc at elevated temperatures(lg) and it has been
suggested that these boundaries are introduced by ®drag® during the re~
lative motion of the two adjacent grains. Such a process suggests that
the slope of the undulation would be a maximum near the boundary. Although
this is consistent with the observation for boundaries B and C, the postu~
late is not representative for boundary A. It is possible that this
boundary might be produced by the nonhomogeneouns deformation of grains
below the surface. In order to maintain continuity across the grain
boundary under the surface, the surface grain is bent and a non-crystallo-
graphic boundary is subsequently generated by the appropriate entrapment
of like dislocations. Subsequent slip in the grain could cause an in-
crease in the number of trapped dislocations in the vieinity of the
boundary thereby not only causing it to move but also to increase the
angle of tilt of the boundary. The successive cuts in Fig. 15 reveal
that these boundaries are mobile and the angle of tilt does increase

with increased straining. This hypothesis is substantiated by such ob-
servations as that shown in Fig. 16 where the low angle boundary crosses

a grain boundary.



FIG 16 NON-CRYSTALLOGRAPHIC LOW ANGLE BOUNDARY
OF FIG 15 CROSSING GRAIN BOUNDARY WITH
NO APPARENT DISCONTINUITY.
. SPECIMEN 2 AT 0.47 % €. (100 X REDUCED BY 25%)
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Qccasionally low angle boundaries appear to originate in the interior
of a grain as shown by Figs. 16 and 17, or to start near a grain boundary
and traverse from one grain to another with no apparent discontinuity at
the grain boundary. Again it appears that the formation of a non-crystallo-
graphic boundary might on occasion be caused by nonhomogeneous deformation
of underlying grains.

The postulate of bending as a criterion for the formation of a non=-
erystallographic low angle boundary is consistent with the observations
of Pratt and Pugh >, Ji11son(®), and Washburn*®), ete. wherein slight
bending readily induces the formation of low angle boundaries. The forma-
tion of such boundaries has also been shown to occur on the opposite faces
of specimens subjected to mild indentations. Thus the bending can propa-
gate through rather large distances with comparative ease. Indirect
evidence is also noted from investigations on single crystals subjected
to uniaxial stressing where bending is minimized and the existence of
non~crystallographic boundaries is quite rare.

Investigations on the effect of temperature on similar non-crystallo-
graphic boundaries in zinc have shown that even prolonged heating in the
vieinity of the melting temperature does not cause a change in the shape
of these boundaries(lB); Although these boundaries are themally stable,
they are quite mobile in stress fields as shown in Fig. 15 for all three
non-crystallographic boundaries. In Fig. 18 are recorded the displacements
of a number of non-crystallographic boundaries as a function of the applied
stress. The displacements were measured approximately normal to the low
angle boundary by utilizing ebch pits located on each side of the boundary
as a traverse for measurement of displacement after successive amounts of

strain. Within the limits of experimental accuracy, the boundaries
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move linearly with the applied stress. Although the boundaries which are
approximately at 45% to the stress direction move more readily, in general,
than those at either larger or smaller angles, exceptions have been

observed.

GRAIN BOUNDARY SHEARING

Although grain boundary shearing is quite common in polycrystalline
alloys at elevated temperatures, its occurrence at low temperatures, as
far as the present authors are aware, has been suggested on only one

occasion. Gress(lv)

s during an investigation on the elastic straining
of pure iron and silicon iron, observed a rotation of spots on an X-ray
pattern during stressing. It could not be deduced, however, whether the
slight rotation was attributable to grains or to mosaic subgrains.

In the present investigation, extensive evidence of the existence
of grain boundary shearing was observed. At strains as low as 0.16%,
shear displacements were observed across the grain boundary between grains
1~6 and K-4 in specimen 4 (see Fig. 21). Continued straining caused an
increase in the amount of grain boundary shearing in this region as well
as the introduction of grain boundary shears in other regions of the
specimen, Furthermore the shear was both negative and positive as shown
schematically in Fig. 19. Typical examples of both types of shear are
recorded in Figs. 20A and B.

Comparison of the crystal orientations of grains I~6 and K-4 where
grain boundary shearing was first observed reveals +that both grains have
their basal planes essentially parallel to the stress direction and are
therefore not suitably oriented for slip. The respective orientations
of the two contiguous grains alone, therefore do not appear to offer an

explanation for the initiation of grain boundary shear, Examination of
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other contiguous grains in Figs. 214, B and C reveals that both M¥~2 and
J=5 are sultably oriented for slip and do exhibit visible slip as early
as 0.16%. During stressing, the stress is relieved in these two grains
by plastic deformation, and, perhaps, concentrated in grains XK-4 and I-6.
The stress concentration thus imposed and the requirement for continuity
across the grain boundaries of all grains could lead to the shearing ob-
served. Examination of the upper section of Fig. 21 and Table I reveals
2 somewhat similar trend in that grains A-6 and D=5 are suitably oriented
for slip while grains B~6 and B=9 exhibit relatively low values of sin X
cos \ . Appreciable grain boundary shearing was observed between grains
B-6 and B~9, In the center section of Fig. 21 grain boundary shearing
between grains F-6 and H-6 is also evident. In this region, F~6 and F-7
are suitably oriented for slip whereas F=4, H~4, H~6 and H=8 are not.
Thus grains suitably oriented for slip are located on only one side of
those less favorably oriented and may account for the shear between F=6
and H-6 instead of between H-6 and H-8. Again, it is possibly the under-
lying grains which are responsible for the shear in this case, But in
most cases where grain boundary shearing was evident, fracture was also
evident, Thus it is possible that fracture precedes grain boundary shear-
ing. In this event, it may be that stress concentration causes premature
fracturing which subsequently induces grain boundary shearing to occur.
Because of deformation occurring in underlying grains, it is as yet un-
known which phenomenon occurs first. The preceding comments are accord-
ingly, apropos for both phenomena.

The total strain contribubion from grain boundary shearing was
estimated by messuring the displacement across all grain boundaries. The

mean displacement per boundary is simgky£1gb, o If ¥ grain boundaries
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are encountered per unit distance, the strain contribution from grain

boundary shearing is
Eq6. = N d g (2)

Bvaluation of 22%5,on specimen 4 at a total strain of 2.4% gave a
strain of 0.1%., Thus the strain contribution from grain boundary shearing
is small. But the effect of grain boundary shearing on subsequent
deformation appears large.

Bupturings: In grain K-4 of specimen 4, cracks were first observed
at strains as low as 0,16%. The cracks appeared to originate at the
grain boundary and grow towards the interior of the grain. Continued
sbraining resulted in additional cracks forming in the same grain which
were essentially parallel to the initial ones. Fig. 22, taken at 0.53%
strain, reveals 10 of these cracks at an angle of 60° to the stress direc-
tion. Subseguent straining produced a second set of mejor cracks almost
normal to the stress direction and a series of finer branched cracks
within grain K-4. Concurrently, cracks appeared in both those grains
favorably oriented for slip, F=6 and (-2, and those unfavorably oriented -
E-7, E-8, B~9, H~8 and L-l.

Orientation determinations of the cracks observed at 100x indicated
that the cracks occurred on a number of high index planes such as (1019),
(2027), ete. But no common orientation of cracks could be obtained for
all the eracks visible in specimen.4. The parallelism of the cracks in
K-4 shown in Figs. 22 and 23 however suggests an orientation dependence
of the cracks. Perhaps alternate shear and cleavage could produce
apparent non-crystallographic traces on the surface as shown schematically

in Fig. 24. Various combinations of shear displacements and cleavage
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FIG. 22 CRACK FORMATION AT 60° TO STRESS DIRECTION
IN GRAIN K4 OF SPECIMEN 4 AT 0.53%E€.
STRESS DIRECTION HORIZONTAL. (100X)
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would thus yield non-crystallographic surface traces. Moreover, these
traces would be more or less parallel in any one grain but could alter
appreciably from grain to grain due to interaction between conjugate grains.
Qualitative validity for this postulate is given in Fig. 25 which shows

one of the cracks in grain K-4 at 500x. Here it is noted that parallel,
sharp, cleavage~like ¢liffs are present in the crack, Between these
cleavage~like cliffs appears the rough dull surface indicative of shear
fractures. Since the surface of the crack is inclined to the surface of
the specimen, a true orientation of the facets on the crack cannot be ob-
tained. It was estimated, however, that they correspond to (10I1) traces.

It is interesting to note that ecrystallographic low angle boundaries
are evident at the tip of the cracks and have the same orientation (10I0)
as the accomodation boundaries associsted with fwinning. GQualitative
evaluation of the surface contour on both sides of the cracks revealed
that the low angle boundaries always occurred on the depressed side of
the crack. Typical examples are shown in Figs. 22 and 23 for the cracks
in grain K-4. The shear displacement along the crack and downward in
the grain, as shown in Fig. 25, gives rise to the same geometrical rela-
tionship shown for twinning in Fig. 13, In this case the twin can be
replaced by the crack, Thus, it appears that the basal plane is bent by
the formation of cracks in much the same manner as in the formation of a
twin.

The final rupture of specimen 4 occurred primarily by intergranular
fracture of grains whose boundaries were approximately at 45% to the
direction of stressing in such a manner that a macroscopic "saw tooth"
rupbure normal to the stress direction was obtained. This region was out-

side of the section selected a priori for study. But it was inbteresting
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to note that a second intergramalar rupbure started in grain L-1 and fol-
lowed the grain boundary of grain G-2 (just off the diagram shown in Fig.

21). This failure extended across approximately 3/4 of the specimen.

CONCLUSIONS

1. Polycrystalline magnesium was observed to slip exclusively by
the mechanism (0001) [loiqz at room temperature.

2. Twinning occurred exclusively along the (10I2) planes.

3. Low angle kink boundaries issuing from the spurs of mechanical
twins were found to agree with the hypothesis that they conmsist of a series
of edge dislocations on (10I0) planes.

Lo Qrain boundary shearing was observed at room temperature.

5. HNon=crystallographically oriented low angle boundaries were
produced during deformation of polycrystalline aggregates of magnesium.

6. Rupturing occurred on a number of high order crystallographic

planes as well as along the grain boundaries.
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APPENDIX



ORIENTATION DETERMINAT ION .

X-Ray Procedure

Laue back-reflection photographs were taken of the polished magnesium
tensile specimen using a tungsten target operated at 50 KV. and 16 ma. A
small pinhole (relative to grain diameter) of 0.3 em diameter was used
with a film to specimen distance of 3 cm. Exposure times were 1% hours
on double emulsion Xeray film.

In order to determine that the X-rays impinged on the appropriate
grain in the polycrystalline aggregate, a telescope, whose optical axis
had been aligned with the X-ray beam by trial and error correction, was
mounted on an auxiliary track of the X-ray unit. After the appropriate
grain in the specimen had been brought into coincidence with the cross
hairs of the telescope, the specimen holder was transferred to the track

on the X-ray unit and an appropriate exposure made.

Reduction of X~ray Data

The interpretation of the X-ray photograph was carried ocut by making

(18) together with a stereographic

use of the chart developed by Greninger
net (Wulff net) and a standard projection of Hg(lg). The procedure of con-
verting the X-ray data into a stereographic projection is outlined in
WStructure of Metals" by Barrett(2°) and will not be repeated here.

The angle X between the tension axis and the (0001) pole and the
angle A between the tension axis and the most favorably oriented [lliQ]
direction for slip could be measured directly from the stereographic
projection.

The direction of the traces of the slip planes in Fig. 1 were deter-
mined by inscribing a line at 90® to the one joining the center of the
projection to the (0001) pole. Thus the angle between the slip trace and

glress direction could readily be nmessured. .
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DETERMINATION OF CRYSTAL ORIENTATION FROM TRACES ON A SURFACE

The crystal orientation can be determined{if sufficient traces are
evident on the surface and the kinematics are known for the deformation
process responsible for these traces. Or, conversely, the kinematics of
a trace can be deduced if the crystal orientation is known. By measuring
the angle between the stress direction and the surface trace; the locus -
of the possible poles of the trace on the photomicrograph can be deter-
mineds, These loci form diameters on a stereographic projection. By trial
and error the standard projection can be rotated such that all poles caus-
ing traces (such as (10I2) twin plane poles) fall on their respective loci
after an equal amount of rotation. This rotated standard projection re-
presents the actual crystal orientation of the grain studied. Conversely,
if the orientation of the crystal is known, some standard pole will rotate
on to the locus determined by measuring the angle between the trace and
gtress direction. This is the pole of the plane whose intersection with
the plane of polish caused the trace. Often, however, & number of solu=
tions will be obtained., By analyzing a number of grains, it is often
possible to determine the plane which was operative in producing the sur-
face trace. For example, the low angle boundaries associated with twinning
were always found to occur on (10I0) planes. Morsover, the (1010) pole of
the bend plane was always observed to belong to the same major zone as the
associated (1032) twin plane. In the case of cracks in the present in-
vestigation no common solubion was found for each type of trace, and it

was concluded, therefore, that the traces were non-crystallographic,

COMPONENT OF STRAIN BY TWINNING

It has been shcwn(ze) that the strain attending twinning can be

calculated from

Eny = 7?— - = M/+,?a'~ smx'cos N raeos 2 =1 (3

1



3a

where ,Qg = initial length
f = final length
Y' = shear strain on twimning = 0.131 for Mg where = 1,624
)f' = angle between twin plane and stress direction

e
il

angle between twin direction and stress direction,

The iso-strain lines of tensile stress directions for twinning on
plane I are shown on the right hemisphere of the standard stereographic
projection in Fig. 37. For a given stress direction (values of )L'and AI)
the shear strain on twinning can be determiﬂgd directly from this figure.
Fige 11 in the report is a simplified version of Fig. 37 indicating only

whether the strain is positive or negative on twinning.

SHEAR STRESS FOR TWINNING

If twinning is a stress phenomencn and obeys a law similar %o that

for slip, then

/
Jor = U; sm ¥’ cos X )

where (T}- = gtress for twinning

eritical shear stress for twinning

q

o
?Q\\‘
# ]

angle between twin plane and stress direction

angle between twin direction and stress direction.

>
#

In the left hemisphere of Fig. 37 are recorded the lines of equal critical
shear stress on the bwinning plane for a tensile stress of one psi. No
critical shear stress for twinning could be determined in this investiga-

tion and the validity of equation (4) is doubtful.
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FIG.37B RIGHT HEMISPHERE
Oer= Oy SIN X' COS '
WHERE:

Exs/ 172 O SIN X' COS X 22 COSZX -
Oy = TENSILE STRESS FOR TWINNING. WHERE: E£;4= STRAIN ON TWINNING.
Ocr = CRITICAL SHEAR STRESS FOR

O = SHEAR STRAIN ON TWINNING.
TWINNING. (0.131 FOR Mg.)
X' = ANGLE BETWEEN TWIN PLANE X' = ANGLE BETWEEN TWIN PLANE
AND STRESS DIREGTION. AND STRESS DIREGTION.
N =ANGLE BETWEEN TWIN DIREC- N = ANGLE BETWEEN TWIN DIREC-
TION AND STRESS DIRECTION. TION AND STRESS DIRECTION.
PLOT OF SIN X' COS X FOR TWINNING

PLOT OF €4, AFTER TWINNING ON
ON PLANE I IN DIRECTION B

PLANE I IN DIRECTION A,



1.

2,

3.

bo

5e

6,

7o

8.

9.

10,

12.

13,

14

TECHNICAL REPORT DISTRIBUTION LIST

Office of Ordnance Research
Box CM, Duke Station
Durham, North Carolina - 10
Office, Chief of Ordnance
Washington 25, D. C,
Attns CRDTA

Cffice, Chief of Ordnance
Washington 25, D. C.
Attns ORDIB

Office, Chief of Ordnance
Washington 25, D. C.
Attn: ORDIR

Office, Chief of Ordnance
Washington 25, D. G,
Attn: ORDIS

Office, Chief of Ordnance
W&Shi.ngtmﬂ 25’ Dc G@ *
Attn: ORDTT

Office, Chief of Ordnance
Weshington 25, D. C.
Attns ORDIU

Office, Chief of Ordnance
Washington 25, D. G,
Attnes ORDTX (Tech. Library) = 1

Office, Chief of Ordnance
Washington 25, D. C.
Attn: ORDTX-P -1
Commanding General

Aberdeen Proving Grounds, Md.
Attns BRL -1
Commanding Officer
Redstone Arsenal
Huntsville, Alabama

Gommanding Officer
Picatinny Arsenal
Dover, New Jersey

Commanding Officer
Rock Island Arsenal
Rock Island, Illinois ~1
Commanding General

Research & Engineering Command
Army Chemical Center, Md. =1

15.

16.

17.

18,

19.

20,

21,

22,

23

2o

25

26,

7

Chief, Ordnance Development Div,
National Bureau of Standards
Washingbon 25, D. C. -1
Commanding Officer
Watertown Arsenal
Watertown 72, Mass.

Technical Reports Library
SCEL, Evans Signal Corps Lab.
Belmar, New Jersey

Commanding Officer
Engineer Res. & Dev. laboratories
Fort Belvoir, Virginia

Commander
U. 8. Naval Proving Ground
Dahlgren, Virginia

Chief, Bureau of Ordnance (AD3)
Department of the Navy
Washingbon 25, D, C.

U.S., Naval Ordnance Laboratory
White Oak, Silver Spring 19, Md.
Attn: Library Division

Director
National Bureau of Standards
Washington 25, D. C.

Corona Iaboratories
National Bureau of Standards
Corona, California

Commanding Officer
Frankford Arsenal
Bridesburg Station
Philadelphisa 37, Penna.

Technical Information Service
P, 0. Box 62

Oak Ridge, Tennessee

Attn: Heference Branch

Commanding Officer

Signal Corps Engineering Iab.
Fort Monmouth, New Jersey
Attn: Director of Research

The Director

Naval Besearch ILaboratory
Washington 25, D. C.
Attns Code 2021



TECHNICAL REPORT DISTRIBUTION LIST

28, Jet Propulsion Laboratory 38. Commanding General
California Institute of Technology Air Material Command
4800 Qak Grove Drive Wright=-Patterson Air Foree Base
Pasadena 3, California -1 Dayton 2, Chio
Attn: F.N. Bubb, Chief Scientist
29, Director, Applied Physics Iab. Flight Research Lab, -1
Johns Hopkins University
8621 Georgia Avenue 39. Office of the Chief Signal Officer
8ilver Spring 19, Maryland « 1 Engineering & Technical Division

Engineering Control Branch
30. Chief, San Francisco Ordnance Distriet Room 2B273, Pentagon Bldg,

1515 Clay Street Washington 25, D. C.
Ozakland.12, California -3 Attn: SIGGD -1
31l. Commanding General 40. NAG for Aeronautics
Air University 1724 F Street, NW
Maxwell Air Force Base, Alabama Washington 25, D. C,
Attns Air University Library - 1 Attn: Mr. E.B. Jackson, Chief,
Office of Aeronautieal
32s Document Service Center Intelligence = 1
U.B, Building
Dayton 2, Ohio 4l. Scientific Information Section
Attns DBC-8D -1 Research Branch
Research & Development Division
33, Commanding General Office, Assistant Chief of Staff,
Air BRes. & Dev. Command G-t
P, 0. Box 1395 Department of the Army
Baltimore 3, Maryland Washington 25, D. C. =1
. Attns RDD -1

34. Commanding General
Air Res. & Dev. Command
Po Oc BGX 1395
Baltimore 3, Maryland
Attns FDR -1

35, Chief of Naval Research
¢/ Reference Department
Technical Information Division
Library of Congress
Washington 25, D. C. -3

36, Commander
U.S, Naval Ord. Test Station,
Inyokern
China Iake, California
Attn: Technical ILibrary -1

37. U.S, Atomic Energy Commission
Document Library
19th & Constitution Avenue
Washington 25, D. C. -1



