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ABSTRACT

The most important conclusion of this work is that

low temperature brittleness in zinc single crystals is

not due to the cessation of slip below a certain tempera-

ture. On the contrary slip is quite activey and it is its

activity that induces low temperature brittleness: slip

causes ~otation of the lattice which in turn sets up orien-

tation gradients adjacent to cmstricted and unslipped

regions. At high temperatures these orientation gradients

are accormnodatedby kink-planes, at low temperatures, by

cleavage.

These observations are important, for they bear di-

rectly on the problem of low tem~e~ature brittleness Of

polycrystalline zinc (because of the orientation gradients

always found in polycrystalline metals when deformed) and

on the reasons for the lack of low temperature brittleness

in face-centered cubic metals (which kink differently from

hexagonal close packed crystals).
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tempera-

of frac-

ture and the ductility accompanying fracture of zinc single

crystals. The res~arch was undertaken to understand the

reasons why tb.osemetals not crystallizing in the face-

c.enteredcubic system.become brittle at low t,emperatures~

high strain rates$ or tensile mean stress states.

Steels7 in the practical sense? are the most important

metals in this groups but it was felt that a study of zi~c

was suite useful--even in the solution of the steel prob-

lem--for the following reasons: both zinc and steel become

brittle wader the test or service conditions mentioned

a“~~~~e~both metals twiny and both can fract-me by cleavage.

Fu.~thermore~zinc is readily obtained in reasonable purity?

it is readily fabricated into single crystals? and its

transition temperature from ductile to brittle behavior nn-

der the usual tensile testing conditions is conveniently

near room temperature.

PTevious attempts to explain the part-time brittle be-

havior of non-face-centered cubic metals hawe usually cen-

tered on the concept of ‘tTechnicalCohesive Strengthiias

developed by Kunta.e$McAdam and others. It is supposed
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Flow cm?Zinc S-Q Crystals—— —.

zinc single crystals cCmmmnly slip on the system (0001]
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SLIP_ DIRECTION

SLIP PLANES
OOQI

[Tox

(d

FIG 1:

cl)

b)

DEFORMATION

VAR1OUS SLIP

(b)

MECHANISM OF ZINC

PLANES HAVE BEEN REPORTED ALL
OF WHICH HAVE THE 11~() SLIP DIRECTION IN
COMMON. THE MOST USUAL SLIP PLANE IS THE
[0001) BASAL PLANE.
TWINNING OCCURS ON THE 10~2 PLANE. IT RE-
ORIENTS THE CRYSTAL SUCH THAT THE TWINNED
BASAL PLANE IS 86” REMOVED FROM THE ORIGINAL
BASAL PLANE.
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KINK

a

FIG. 2: STEPS

b

IN THE FLOW

c d

AND FRACTURE OF A ZINC
cRYSTAL



Gilman(13) notes that crystals in which $.> 80” de-

famIGd at roam temperature by twinning 9kOCJStlyUiand by
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FIG.

!
5:... o) THIS GRAPH SHOWS THE ORIENTATION [ f AT WHICH

PRIMARjf SLIP 1S TERMINATED BY TWINNING OR ANY STARTING
ORIENTATION

$
0, PRESUMING THAT THE CRITERION FOR TER-

M9NAT!ON O+’ RIMARY SLIP Is A CONSTANT VALUE OF RE-
IWI \/F13 CMEAR STRAIN a, FOR HIGH VALUFs OF ~ THE

(IF W El ALMOST CONSTANT FOR ANY VALUE OF (jO
—w= ~HAN ?(3 TO 75°, THE RANGE OVER- WHICH THE
12RiTER10N IS SUPPOSED TO HOLD. FOR a-=5, FOR EXAMPLE,
$ R!JNS FROM fi 79° WHEN (#)0 IS O UP T:3 82° WHEN &
1S 70! THIS SMALL DIFFERENCE IS ABOU-r EQUAL TO THE
ACCURACY OF ORIENTATION DETERMINATi(jN WHENCE IT IS
EASY TO SEE THE DIFFICULTY IN DECIDING WHETHER
TWINNING OCCURS AT A CONSTANT VALUE OF of UNDER
THESE CONDITIONS, OR A GONSTANT VALUE OF a.

. ...b) THIS IS A STEREOGRAPHIC PLOT OF THE FINAL
ORIENTATIONS OF CRYSTALS JUST BEFORE TWINNING
OF 13WSTALS wITH VARIOUS INITIAL ORIENTATIONS
ASSUMING THAT THE CRITERION FOR TERMINATION
OF PRIMARY SLIP 1S A RESOLVED SHEAR STRAIN
OF !5.
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o FROM FIG. 3

I FROM FIG. 4

h FROM FIG.16

o 100 200 300 400 500 600 700

TEMPERATURE ~ “K

FIG, 6: THIS GRAPH IS A COMPARISON OF THE REPORT-

ED VALUES OF ORIENTATIONS AT WHICH TWIN-
NING TERMINATES PRIMARY SLIP. THE CIRCLES

ARE RETAINED DIRECTLY FROM FIGURE 3.
THE BARS REPRESENT THE RANGE OF VALUES
OF @f FOR ALL VALUES OF $. FROM O TO
70° FOR THE VALUES OF g GIVEN IN FIGURE 4,
THE CONVERSION BEING MADE BY MEANS OF
FIGLJRE 5. THE TRIANGLES ARE VALUES
OBTAINED IN THE PRESENT REPORT (cf, FIG* 6)*
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ordary SUP within the twinned Iamella ~tleadsto a marked

At temperatures of -80Qc and lower9 I?ahrenhorst and

SC~mi~(1q~6] fowd t~at single crystals of zinc fractured

by cleavage. For low values of 603 cleavage was on the

basal plane at a critical value of normal stress on that

plane (SohnkeIs law). The amount of shear preceding i%ac-

ture ~asj~~ course no longer constant$ but it is of inter-

est that one crystal underwent a total shear of 200 per cent

at -185”C0 At that temperature the normal.stress for frac-

ture was ~n~y sl~@I~ly dependent on the am,ountof prior

slip (i.e.? on the initial orientation). At -82@c the

critical normal stress was raised by prior slip? and at

-253°C it was lowered~ but in neither case was the effect

very great? and there was considerable scatter in the data.

The man value of the normal stress at cleavage was about



200 glum per Sq. mm* For crystals with high values of do

cleavage occurred only after twimning had taken place*(1,4)

and the critical normal stress for cleavage was considerably

greater than ~or simple basal cleavage, being a“bout1800 gm.

per Sq. mm. ‘Thefracture stress for this type of cleavage

at -1850c was very little affected by prior slip at the same

(Ih]temperature . On the other hand it was strongly affected

by prior slip at room temperature; the critical normal

stress rose approximately proportionally to the amount of

prior ehngation~ and an elongation of 500 per cent at room

temperature increased the normal stress for cleavage at ,.

-1.85w by a factor of about 3.7. These are the only quan-

titative data published on the cleavage of zinc of which

the authors are aware.

Since apparently all crystals tested at IOO”G parted

after localized necking whereas at -80Qc they failed by

cleavageq it is evident that a transition temperature ex-

ists= Emhmid and Boas(6) state that at 20QG zinc crystals

did not ~lasa rulerlfracture by cleavage7 so that the transi-

tion temperature (as evidenced by a change in ‘thetype of

fracture) is presumably near but below room temperature.

—->.

~The early workers described the fracture as prismatic
cleavage7 but it has since been sho”knby Mathewson antiPhilips
to be in fact cleavage on the basal plane in the twinned crystal .(15)



grew into the rest of the melt.

was given an acid polish in a 10 per cent

and then etched for five to ten seconds in

or Hclo Any grain boundaries were clearly
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temperature. Damage during handling was revealed by an over-

~ZI bending IQfthe crystal or by blur~ed spots on the La,ue

phabgraph. If an overall bend was observed~

was not tested.

Handling of the crystal was reduced to a

inserting the specimen in the test rig before

the crystal

minimum by

putting the

rig into the temperature bath. The temperature medium used.

was Wraterfrom jW to 950~ and a transparent mineral oil at,.

10J” and llJ”C. Tle different envirmment appeared $o have

no Rffect on fracture properties. Thus the crystal could.be

obse~ved di~ectly throughout the test.

Although the rate of movement of the “Eensilemachine

head was kept constant at about 0.2 in. per min.9 the rate

of straining was different for the three series (because d?

thei~ different free length] and also changed as soon as slip



(Surface A in??iq. ~)

specimens tested at 95W9 for examplea

100 per cent contraction in area irre-

spective of their starting orien%ation~ although the elonga-

tion values were sharply dependent upon this variable (cf.

Fig. 10(h))o* This behavior is a result of the various

processes by which zinc deforms from its initial orientation.

T.nthe region of 40 = BO to 9oo$ specimens ~winn~d with

little or no preceding Slips and twinning and secondary slip

(slip within the twinned region) led tO a highUY ne~~@d

specimen. Fig. Is shows such a specimen and illustrates the

law elongation

tals With this

and high contraction in area typical @ crys-

starting orientation.

—— -—

*IKLno case was any consistent variation of ductility
with@ observed. Therefore in most of the following discus-
sion orientation will be treated as if it were governed “by
do al.ol’le.



1’

FIG. 9: SIMPLIFIED REPRESENTATION OF DUCTILITY (REDUCTION
IN AREA) AS A FUNCTION OF ORIENTATION AND
TEMPERATURE FOR 5D SPECIMENS. EACH SURFGGE
A, B,...F, IS DISCUSSED IN DETAII_ IN THE TEXT.
SECTION al, Cl, b,, IS TAKEN FROM FIG. 24, LINE dl
FROM FIG. 6, LINES dz FROM FIG. 10, LINES fz FROM
FIG. 27.
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AT THE TEMPERATURES INDIGATED FOR ID SPECIMENS.



FIG. 13: PHOTOGRAPH OF ZING SINGLE CRYSTAL WITH
$.>80° TESTED AT 95°C SHOWING LOW
ELONGATION BUT HIGH CONTRACTION IN AREA
DUE TO LOCALIZED NECKING RESULTING FROM
TWINNING AND SECONDARY SLIP,

FIG. 14: PHOTOGRAPH OF ZINC SINGLE CRYSTAL
WITH $0=44°, TESTED AT 95°C SHOWING
HIGH ELONGATION AND HIGH CONTRACTICIN
IN AREA DUE TO OVERALL PRIMARY SLIP
FOLLOWED BY LOCALIZED NECKING RESULT-
ING FROM TWINNING AND SECONDARY
SLIP, MINOR AXIS OF ELLIPSE AT A WAS
USED TO DETERMINE .(j FOR FIG. 16,
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ThG portion of crystal ~ext to the f~acture had a fi-

brous appearance as did all fractures involving verY high

contraction in a~ea. This portion was observed to recrys- ,

tallize at room temperature~ but although the precise meqha-

nism of parting is not known~ it is believed that recrys-

tallization did not cmcur until after the fracture process

was complete.

Crystals with starting orientation about ~OQ to 80Q

deformed first by primary slip and thereby elongated. Twin

bands finally appeared and secondary slip within the twin

band led immediately to necking and rupture [cf. Fig. 14).

The contribution which the necked band made toward the elon-

gation was minor and elongation data therefore may be taken

as a first approximation to decide what is the proper cri-

terion for the termin.aticmof prirna~yslip. The shear

strain$ ~=~resolved on the slip plane~ and the final orien-

tation ~+.acorresponding to these elongation values,~~

and plotted in Fig. 15(a) and (b). The data clearly favor
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FIG. 15:–a)

b)
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RESOLVED SHEAR STRAIN ON SLIP PLANE, a,

CORRESPONDING TO THE ELONGATION VALUES
GIVEN IN FIG. 10h AS COMPUTED BY EQUATION
[11 OF THE TEXT.

FINAL ORIENTATION, $, COMPUTED FROM SAME
ELONGATION VALUES BY EQUATION [21 OF
THE TEXT.



the constancy-of-final-orientation cri~eriom. If that small

portion of the e~~ngation due to secondary slip and necking-

were subtracted from the total elongation values that were

Usedg tinedecision would be even more clear cuts for the

values d? ~woul.d drop considerably in the ~ange of 60 ~ 6<

80”9 whereas the values of titwould drop only a degree or

two at high values of 6.. All other elongation data reported

in this paper give plots similar to FigO 159 but are not re-

produced here in the interest of sconomy.*

A mcme precis~ determination of the value of ~f c= be

made from the ratio of the cross-sectional area when primary

slip cease~~ af9 to the initial cross-sectional area? ao~

through the equation:
a. Cos ‘d.

‘q (3)
z

*The ~haice between the two criteria considered here
is of more importance than merely the choice between two
criteria that in the manner in which they are observed are
closely similar. The implication of a constancy-of-slip
criterion is tihattwinning is set by a single standard: at
a ccnstant value or resolved shear strain or relatedly (be-
cause of’the invariance of the resolved shear stress-resolved
shear strain diagram] at a constant value of resolved shear
stress cm at a constant value of reformational energy (cf.
Ref. 16 and 17’). The constancy-of-final orientation im-
plies that twinning is set by a comparative standard~ that
the ratio of stresses on two different deformation systems
is critical or is brought into a critical state by virtue
of’the particular final orientation (cf. Ref. 1~).



d.

pmjecticm in Fig. 16, where it has been assumed that

a! gyeat circle as demanded

The shorter Crystals --2D and ID gage lengths--of

the

by

this

orientation range? do = 30 - 80”a behaved in a similar way

to the longer ones just described. They deformed by pri-

mary slip up to a constant final angle ~f. Here the reduc-

tion due tc necking however occupied a greater proportion of

the gage-length and it was

of deformation due to slip

taken and the values of ~f

for the 2D and lD crystals

difficult to determine the amount

alonez but measurements were

calculated were slightly lower

than for the 5D crystals.

In the range of initial orientations 60 = O to 30@~

crystals with gage-length five times their diameter deformed

by primary slip up to a constant angle df of 80@y twinned
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and failed by fibrous fracture with KIO per cent reduction

in area. However in these crystals the deformat~.onwas usu-

ally localized (see Fig. 171 to a quite short length d? the

crystal.

In the shorter Crystalsq the necked region again cwcu-

pied a greater portion of the gage-length. In addition one

or two crystals failed by an unusual ~Jdouble-cupltfracture.

Apparentlya the crystal fi~st separated on the basal plane

near the core of the test Section$ leaving a hollow cylinder

of material around it which drew apart in an almost viscous

manner. Indeed the surface of the basal plane~ visible at

the bottom of the Cupl had a remarkable mattev viscous-like

appearance quite unlike the familiar basal cleavage.

The operation of primary slip in all crystals with fio

less than 80c”led to an orientation gradient near the

shoulder and this was accommodated in every case by kinks of

the type shown in Fig. 18(b). This was particularly strik-

ing for crystals with low values of do and gage length lD.

In these crystals a kink band could not form immediately

since its plane would be almost parallel to the tensile

axis and would not traverse the test section. However? in

practice the grip supports were not entirely rigid~ and

some lateral movement was possible. Consequently deforma-

tion commenced by shear along the slip-plane and the grips
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FIG. 17: PHOTOGRAPH OF A ZINC SINGLE CRYSTAL
WITH & =10° TESTED AT 85°C SHOWING LOW
ELONGATION BUT HIGH CONTRACTION IN
AREA DUE TO LOCALIZED PRIMARY SLIP
FOLLOWED BY LOCALIZED NECKING RESULT-
ING FROM TWINNING AND SECONDARY SLIP

I

..— —
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1BASAL PLANES

(a) (b)

(c) (d)

FIG. 18: (a, b) FORMATION OF A KINK BAND
CRYSTAL.
(c, d) FORMATION OF A KINK BAND
CRYSTAL WITH LOW ORIENTATION

N A LONG

N A SHORT
ANGLE, ($..



became offset by elastic bepding of the central steel ,guide-

rods~ as ShCWn in Fig. 18(G). However this imposed a bend-

ing mommt on the crystal tending to straighten it? so that

afher a certain amount of shear the crystal straightened

rather suddenly with the formation of a kink-bandt see Fig,

~~(djo This rel~ased the elastic energy in the guide-rods

and shear within the kink-band took place z’apidlypleading

to fibrous f’ractLmeo It is important to realize that the

fcmation- of suc’na narrow lkink-bandgave rise to an over-

all movement of the crystal which was tantamount to slip

on-a plane at right angles to the basal plane. However

no slip li~.~swere observed on that plane? and the

mechanism was almost c~rtainly simply localized basal slip.

During deformation of the shorter crystals (ID and 2D)~

longit-tidi~lalridges near the shoulders were seen as shcwn

in Fi~. 19. Fig. 20 shows diagrammaticallythe slip lines

visible before necking commenced. The upper set of ridges

are those shown in Fig. 19. This specimen was cleaved by

inserting a ~azor blade parallel to the slip planes at the

temperature of liquid nitrogens and the sections obtained

are shown in Fig. 21. It is seen that the ridges produced

a number of ~~ga”bleroofs~ron these slip pla~.es.

These ridges apparently form as a consequence of the

following chain of events. Deformation takes place largely



FIG. 19: RIDGES FORMED AT HIGH TEMPERATURE ON
SECOND SPECIMEN WITH LOW ORIENTATION
ANGLE I& =25°, WHEN PULLED AT 75°G.
MAGNIFICATION ABOUT 7X. LETTERS a, b....e
REPRESENT THE SECTIONS SHOWN IN
FIG. 21 (a-e).
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J

RAZOR E
INSERTED

FIG, 20: SCHEMATIC DRAWING OF SLIP LINES

VISIBLE ON SPECIMEN SHOWN IN

FIG, 19 BEFORE NECKING TO FRACTURE.

UPPER SET OF RIDGES ARE RIDGES
VISIBLE IN FIG. 19. RAZOR WAS INSERTED

PARALLEL TO SLIP LINES TO GIVE SEG-

TIONS SHOWN IN FIG, 21.
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(d

(b)

(d)

FIG. 21: CLEAVED SECTIONS THROUGH RIDGED REGION OF
SPECIMEN SHOWN IN FIG. 19,



movement of B which is comparatively fre~ gives rise to a

curved kink-plane as shown in Figs. 21(b)y (c) and in Fig. 22(b).

But such a curved kink-plane is in a fairly high.energy state~

so that I?will also reach a limit of movement dependent on the

magnitude of the force tending to straighten ABUC. Then line

B~Efiis unable to rotate further (clockwise about the fixed

point B“] as a result of slip, with~ut shortening the length

E8C on the surface of the crystal. This shortening can only

be accomm~da-bedby means of a buckling process as shown in

Fig, 22(C). The fact that ridges were obserwed only where

the kink-plane was curv~d (cf. Fig. 21) is consistent with

this thsory. The buckling process need involve only basal

slip (though in directions other than that of the primary

operatil”e slip). In that case the

(8)*Hess and.Barrett report a
p~’essionof zinc single crystals.

edge FGH should lie in a

similar effect in the com-

.
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plane perpendicular to the surface FHJ. The ridges in Figs.

21(b] and (c) were examined under a binocular mi~r~scoPe and

such appeared to be the case+

~ ~rittle Floor Due to Secondary Cleavage (Surface B“= Fi~. ~.—— —

As test temperature was lowered? all of the above phenomena

underwent changes. As may be seen in Figs. 10 to 129 the crystals

with initial orientationd~= 80 to 90~ became embrittled in the

sense that their contraction in area d~opped from 100fito about

107. These crystals? which at higher temperatures necked by

twinning and secondary slip, at lower temperatures simply twinned

and cleaved on the basal plane of the tw~~ed ~@ta17 generallY,

midway along the gage-length (Fig. 23). That the cleavage sur-

face was the basal plane of the twinned metal and not the original

crystal could be deduced not only from its orientation~ but from

the fact that it always showed parallel striations which were

in fact shallow steps marking basal cleavage in small inter-

leaving sheets of untwinned crystal. Cleavage in a crystal

which has twinned will be designated as “secondary cleavager~as

distinguished from “primary11basal cleavage which occurs in

untwinned material.
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The cliff (~) in Fig. 9 which denotes a transition be-

tween ductile and brittle behavior for crystals with AoT80@

is a simplification of the facts. From the plots of actual

corttraetim

example? it

temperature

in area data for 5D specimens in Fig. 10 for

is seen that secondary cleavage can occur at a

as high as 75@Ct while in a statistical manner

typical of transition behavior in general? ductile fractures

can occur at temperatures as low as 55°C0 In this tempera-

ture range the fracture was often mixed secondary cleavage
.

and fibrous.

Fig. 24-shows the contraction in area as a function of

temperature for crystals with Ao~80@. !thetransition for

crystals witfi5D gage-length was sharp covering the range

to 55°f29 whereas for the 2D crystals it was more gradua15

for gage-length ID even more so, covering the range about

to 60QC.

Rittle Zone D in Fig. a——

In this region of temperature and orientation the crystals

would deform by primary slip to a critical terminating orienta-

tion $!+ twin, and then fracture by secondary cleavage, usual-
?

ly near one end of the test section.

The critical orientation, $f, at which primary slip ended,
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though constant for a given temperatures decreased slightly

with decreasing temperature as indicated by the skew course

to line tilin Fig. 9. The experimentally determined values

of f$fare shown in the stereographic projections in Figs. 16

and the mean values which were obtained are plotted as a

function of temperature in Fig. 6 together with ‘thoseof

Ma~k2 Polanyi and Sehmld(11 and Boas and Schrdd
[6).

Since specimens that broke in secondary cleavage showed

no neckinga equation (3) may be used to relate the reduction

in area with initial orientation. Lines !td2T’in Figs. 9 and

10 are computed by this equation using the average values of

tifgiven in Fig. 16.

Transition

As in

Cliff (Surface Ill=. ~

the case of crystals with 40 = 80 - 90” there Was

a considerable temperature range where failure could be either

ductile or brlttle$ but in the present case this range was

displaced downward as 6 decreased. This trend can be se@n in

Fig. 10, for examplea where crystals with o~~entat~ons 60)80Q

have started to embritt~e at 7~~C whereas ~rysta~~ with ~rienta-

tions ~o<800 are still ductile; and again at 45~C where crystals

with high fioare all brittle? while crystals with lower 60~’60~

are by and large relatively ductile. Thts is an interesting

point; it means that while a crystal whose orientati~n~ dog
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was initially greater than 800 would be brittle at a given

temperature? one that rotated by primary slip from a lower

value of g$ointo the range 6 ‘/80e remained ductile. In

other words primary slip or some concomitant of primary slip

allayed

Primary

embrittl.ementdue to secondary cleavage.

Cleavage Slope (Surface ~ of FiT. ~

The crystals in this region would commence to rotate by

primary slip, the orientation gradient developed at the

shoulder would be accommodated at first by kinking~ but

soon the crystal would cleave on its basal plane in the

vicinity of the kink as shown in Fig. 25*. These cleavages

*The type of crack shown in Fig. 25 at ~lAr~would result
when a kink-plane becomes fixed in one position. To maintain
the position of lowest energy the kink-plane should rotate
during extension of the crystal so as to bisect the slip planes
on either side of it. Should it fail to do so? large stresses
will be developed as slip proceeds on one side of it (cf. 19).
Evidence of such stress can be ju

&8f
from Burke and Hibbard~s

work on magnesium single crystals These authors found
kink-planes near the grips of a tensi~e specimen where con-
straint was greatest and further observed twins on the rela-
tively unslipped side of the kink-plane which twins terminated
precisely on the kink-plane. Magnesium can only form twins
if there is extension in the direction normal to the basal
plane. This indicates that on the unslipped side of the boundary$
there is a tensile stress perpendicular to the basal plane which
can cleave the sample as shown in Fig. 25.

Thus it appears that the accommodation of orientation
gradients by kink-planes involves not only the formation of the
plane but its ability to rotate also.

-.
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would enlarge until sometimes the crystal was held together

by only a thin skin? yet the load on the crystal continued

to increase. Ihrring this growth Gf the crack a kink-plane

would spread out from the root of the crack (se@ Fig. 26]

which permitted further rotation of the crystal before the

cleavage crack would completely sever the crystal*~

The reductian in area was still taken on the test length

of the crystal (even though the fracture was in the shoulder)

and is a measure of’the amount of”rotation w“hich the test

length suffered b~fore cleavage completely severed the crystal.

A more fundamental value to have recorded might have been the

reduction in area (and relatedly the rotation) at the point

where cracks first appeared but it is extremely difi’icult to

observe the first small cracks.

~“hVdUeS of fioand temperature adjacent to ~~ne fl the

amount of rotation before the appearance of a crack and during

its growth was considerable which accounts for the relatively

high values of ductility in this region. At relatively low

values of do or temperature primary cleavage occurred with

*In a f’ewborderline cases (just over the line f
ductile plateau in Fig. 99) the crystal would rotate ~h~?ethe
held together by a thin skin until the crystal twinned along
the test length? necked in the twin bard and ruptured with
100 per cent contraction in area.
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vmy little rotation m reduct~.cmin area either before or

after ths crack started. Indeed as temperature was lowered

the deformation was so reduced (see Fig. ~~ 16 and 27) that

at 5GC no c~ystal with do < 70@ could rotate to the critical

o~ientation for twinning aid them fail by secondary cleavage

which explains the virtual disappearance of smf’ace D in

Fig. 9 at this temperature. It is felt that in the absen~e

of primary cleavage (i.e., lD tensile tests Inwllich rota-,

tion in the grips is not prevented) surface 1?would not ap-

pear in Fig. 9 and surfaces A, Eq and D would be extended

to lower temperatures as sqggested in Fig. 28.

The inability of’kink-planes to accommodate orientation

gradients in zinc as temperatu~e is lowered and the appear-

ance of prir~arycleavage is of enormous importance? for it

at once gives a clue to a) WhY secondary cleavage aPPears~

b) a reason for the tempe~a-hure

explanation for the skew course

a reason i“orthe temperature at

bscomes brittle, e) and finally

at which it occursl c) an

to surface IZ in Fig. 9? d]

which polycrystalline zinc

an explanation of why hex-

agonal crystals are prone to low temperature brittleness

but face-centered crystals are not.

a) Secondary cleavage and primary cleavage both occur

on the basal plane. They both occur in regions

where slip is restricted: primarycleavageiIIthe
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FIG. 28: SUGGESTED COURSE TO FIG, 9 IN THE
ABSENCE OF PRIMARY CLEAVAGE
INDUCED BY CONSTRAINT OF SHOULDERS
OR GRIPS.

-. .—— —
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shoulder where slip is restricted in the broader

portion of the crystal$ seccndary cleavage in a

twin band where orientation gradients must develop

adjacent to the twin boundries to maintain com-

patibility (cf. Ref. 33). It is proposed therefore

that secondary cleavage is fundamentally the same

as primary cleava,ge~the only difference being thq

manner in ‘whichthe orientation gradient which in-

duces basal cleavage is developed.

b) Twinning reorients the crystal. The angle ~t be-

tween the tensile axis and the pole of the basal

plane of the twinned material was measured (by

recording the inclination of the cleaved surface)

for all crystals of 5D

by secondary cleavage.

Table 1~ are clustered

gage length which failed

The values9 recorded in

around a low average value

(1705’@). ~t was seen from either Fig- 9 or 27

that c~ystals with low values of b. suffered pri-

mary cleavage at higher temperatures than those of

high values of 60: In fact primary cleavage appeared

at 65 to 75@C at b. = 17.5*, a temperature range

which compares quite closely with the transition

temperature of surface C.

The fact that kink-planes could not accommodate

orientation gradients at the shoulder in full
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Cross -secticm$ but colJ.~dafter CleaVage partially

had reduced the cross-section tcf. Fig. 26) in-

dicates that this accommodation is a function of

size9 being favored by smaller cross-sectionsx~

This is compatible with the skew course of surface

E: crystals with relatively lower values M 60

would possessa smaller cross-section on arriving

at the twinning orientation df ~cf. Equation 3)

and therefore accommodation of the orientation

gradients in the twin band would be favored.

d) The deformation of polycrystalline metals involves

(21--29)m
orientation gradients If these gradi-

ents cannot be accormnodated“bykinking, cleavage

may be expected to result.

It is to be expected that the conditions for

cleavage in different grains will be reached at

different stages in a polyc~ystalline aggregate.

‘~o] have shown by direct observa-Homes and GOUZOU

tion of the process of fracture that this is the

case for zinc below the transition temperature.

It was not until a large number of “prernature~l

cracks had formed that rapid cleavage cut through

the remaining grains. Nevertheless? it is obvious

that cleavage will occur at much higher temperatures



on the average because of orientation gradients

than in their absence. It is significant that

the transition temperature for the polycrystallhe

zinc rod from whic:hthe single crystals were made

approximates the average transition temperature

of Fig. 9 rather than that of Fig. 28.

The development of kink-bands in hexagonal metals

and face-centered metals is quite different. A

tensile test on aluminum produces a high density

of microscopically small (0.05’mm.] kink-bands

throughout the gage length of the metal (31, 25, 32]

which offers a much greater degree of freedom to

accommodate orientation gradients than does the one

band formed in zinc (i.e:, the orientation difference

on either side of a kink-plane in aluminum is small.,,..

compared with that on either side of the one kink-

nlane at the shoulder in zinc].*- -. — — ..-
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APPENDIX,,,

TABLE I

ORIENTATION OF THE BASAL PLANE OF TWINNED CRYSTALS
AS MS~LED AT FRACTURE FOR ALL CRYSTALS GAGE-LENGTH

5D WICH CLEAVED ON THAT PLANE

specimen
Nunb er

Orientation
of Twin Fracture

Mixed
!t18

.29
75
7’5

65
65

Cleavage
!t

5
90

55
55

8
15
10
38

19 1189 35

17.!5

—.


