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ABSTRACT

The deformation of polycryvstalline cobalt has been .
investigated over the temperature range where the hcp phase

is stable (0 to 0.39 Tm).

"The structure of cobalt following various annéaling
procedures has been detailed. Following heat treatment,
cobalt is a two phase aggregate of fcc and hcﬁ phases;

A maximum of 50-60% retained fcc occurs in small grained
specimens (6 - 10 microns) decreasing to less than 15% |
retained fcc for 60 micron material. The amount of retained
fcc phase also decreases with increasing puritv. The
variety of substructures arising from the multivariant

transformation are discussed.

The yield stress for cobalt exhibits differing
temperatﬁre dependence above and below 0.25 Tm. Below
0.25 Tm' the.O.Z% vield stress is almost temperature
independent, whereas above 0,25 Tm the vield stress
decreases rapidly. The behaviour below 0.25 Tm is related
to the bulk transformation of retained fcc phase while the
decreasing stress levels observed above 0.25 Tm are explained

in terms of decreasing Peierls stress on the {1122} slip planes.

Thelyield stress incyeases rapidly as the grain size
is reduced. This effect is compared to similar behaviour
in other hcp metals that exhibit a limited number of

slip systems.



iii

The ductility of cobalt is related to the retained

9 .
mofcc, A la:ger

fcc phase by equations of the form € = A(10)
fraction of retained fcc phase gives rise to increased
- ductility. The elongation to fracture decreases as test

. . . . v o/ P
temperature increases, reflecting obeyvance of Considére's

Criterion.

The observed work hardening rates are high,.as are
the measured values for flow stress. The values are compared
to data obtained for other metals that transform martensitically

while undergoing deformation.

Metallégraphic evidence is presented to éubstantiaté
the ocdurence'of non-basal slip ih cobéit abové 0{25 Tm;‘
Twins having high and low shear values‘océur at all
temperatures where the hc? phase is stéble. The intense
surface. shear resulting from transformation énd contihﬁingj

dislocation production on variously oriented basal plahes

is discussed.
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1. Introduction

Cobalt is a high melting point transition metal lying
between nickel and iron in the periodic table!'?. Upon
cooling, cobalt undergoes an allotropic phase transformation
from face-centred-cubic (fcc) to hexagonal-close-packed (hcp)
at approximately 417°C®. This martensitic transformation
proceeds to completion only under very special circumstances,
such as a single interface transformation in a single cryvstal
'S5, Cobalt is ferromagnetic and has a Curie Point of
1115°C2'5%,

The incomplete martensitic transformation from one
close-packed phase to another yields manv interesting
possibilities for investigation. In the present work, an
attempt has been made to obtain a detailed understanding
of the structuré and tensile properties of cobalt polycrystals
at temperatures where the hekaqonal-clbse—packed phase is
stable. A summary of pertinent information available in the

literature is presented in this introduction.

1.1 Cobalt and the Common Hexagonal-Close--Packed Metals

Cobalt is unigue among the common hep metals in many
respects (Table I). The observed slip.systems and twinning
modes for the common hexggonal metals as well as other
relevant information are shown in this table. The data are
drawn from many sources; the most impdrtant being Partridge7}
Chalmers'!, the A.S.M. Handbook? and Reed-Hill?.

The hcp metals may be divided info two categories.

Zirconium, titanium and beryllium are high melting point



TABLE I Data Sheet for the Common Hexagonal-Close-Packed Metals

Metal Cca Zn Mg Co 7r Ti Be
c/a Ratio 1.886 1.856 1.623 1.623 1.592 1.587 1.568
Melting

Point °C 321 420 650 140958 1852 1668 1277
Allotropic fcc bce bcc bee
Transformation - - - hept hcpt hcpy hepy
and Temp. °C - - - 417 862 882 1260
Slip Modes

Basal _

{0001} <1120> * * * *12013 Obs. Obs. *
Prism L

{1010} <1120°> - - Obs. - * * Obs.
Pvramidal _

{1011} <1120~ Obs. - Obs. - 2nd 2nd Obs.
Corrugated_

{1122} <1123~ 2nd 2nd Obs. Obs.!* Obs. - Obs.




TABLE I (Con't)

Twinning Modes

{1012} Obs. Obs. Obs. Obs.* Obs. Obs. Obs.
{1011} - - Obs. Obs.* - - -
{101In} - - (1013} - - - -
{1121} - - - Obs.!!  Obs. Obs. -

_ . 1y
{1122} - - - Obs. Obs. Obs. -

- - 14 - - 15
{112n} - - - {1124} {1123} {1124} -
Estimated
Stacking Fault _

Fnergv ergs/cm 150 300 300 209721 - 300 180
* —-- Predominant slip mode
2nd -- Secondary slip mode

Obs. -- Observed



metals with c/a ratios less than ideal while zinc and
cadmium, with high c/a ratios, and magnesium with an almost
ideal c/a ratio are low melting point metals. Cobalt
straddles both groups with a high melting point and a
c/a ratio similar to magnesium.

Attempts have been made to explain the observed defor-
mation modes of the hcp metals based on geometric considerations

of their c/a ratios’'!?.

This approach appears to explain
the predominant deformation mode in most cases but does not
account for the individual diversity of secondary deformation
processes.

For c/a ratios equal to or greater than ideal (/8/3)
the predominant deformation process forecast is slip on the
basal plane in a'close—packed direction. 1Indeed, basal
slip is the most important deformation mode in the metals
zinc, cadmium, magnesium and cobalt. Over a range of c/a
ratios less than ideal, first order prism slip becomes the
preferred mode. Zirconium, and titanium with c/a ratios of
1.592 and 1.58; respectively, slip predominatlv on the
{1010} <1120> prism system. Beryllium with c/a equal to
1.568 deforms mainly via {0001} <1120> basal slip which is
not the expected mode.
; Although the primary deformation mode appears to be
a strong function of the c/a ratio, the secondary deformation
processes are more complex and are influenced strongly by

variables such as temperature, stacking fault energy and

puritv.



Although prism slip is the primary slip mode in zirconium
and titanium, both the pvramidal and basal slip systems have
been observed’. Basal slip predominates in high purity
beryllium vet prism slip and pvramidal slip also occur. In
cobalt the only slip mode commonly observed is basal slip
hasyllal2913 0 Non basal slip {1122} {1123), has been observed
by Seeger'!" but this observation has not been duplicated
elsewhere. Holt" was unable to initiate non basal slip
although single crystal specimens were stressed in orientations
specifically for this purpose.

Kink boundéry formation, especially at high tempefatures,
is an important.deformation mode. In zirconium, Reed-Hill?
postulates that kink boundaries ease constraint and thus
reduce the need for twinning at high temperature. Kink
boundary formation has been observed in zinc!'®, magnesium’,
cobalt?", zirconiumg, and titanium'®. The bend plane is
often a simple {1120}tilt boundary made up of dislocations
having the same Burgers vector. Other more complex kink
boundaries, orbaccomodation kinks, aré often okserved
near twins.

All the gexagonal metals twin in the {1012}plane. This
mode of twinning involves the lowest shear and requires only
simple shuffles in the plane of shear. The observed shape
of deformation twins is influenced by the twinning shear’'®.
When the twinning shear is small as for {1012} the twin
becomes lenticular as it grows because the twin interface
can deviate considerably from the twinning plane without

a larce increase in twin interface enerqgy’. When the shear



is large the twins forméd are narrow and have essentially
parallel boundaries.

In zirconium and titanium both {1121} and {1122} twins
have been observed. Twins of this form have a much higher
shear value than those in the {1012} plane. For titanium,
the ratio of shear values are 1.7/2.3/6.4 for {1012}/ {1122}/
{1121} type twins respectively. Thus the {1122} and {1131}
twins are observed as narrow and straight while {1012} twins
are commonly very wide and lenticular in shape.

Magnesium with a c/a ratio similar to cobalt, twins on
the {1011} and {1013} planes as well as on the {1012} plane.
Twinning has also been ohserved on higher order planes of
the form {101ln}. The complexity arising in {1013} and higher
order twinning ﬁas led investigators to propose that a double-
twinning mechanism involving retwinning of a primarv twin is
required to form these twins.

{10£2} twins have been observed in cobalt by a number
of investigators®'>"! "2  payid! observed {1121} zig-zag
twinﬁing in cobélt, similar to those observed in titanium by
Rosi' °. Seeger observed both {1122} and {1124} twinning in
single crystal cobalt *; these twin planes have also been
observed in titanium. Holt' in a comprehensive single crystal
study observed.{ldil} twins which have also been observed in
magnesium.' | |

The preceding should not be consfrued as a complete
compilation of the slip and twinning modes noted in the
literature for the hexagonal metals. The data has been

presented to allow a comparison to be made between cobalt

and the other common hexagonal metals with respect to their



normal deformation processes. The important observation is
that no prominent secondary slip system has been observed
for cobalt but a multiplicity of twinning modes exist. For
the other common hexagonal metals several slip systems are
observed.

The lack of obvious secondary slip svstems in cobalt
may arise from two sources. First, cobalt is the only
common hexagonal metal that has a low stacking fault energy.
As noted in Table I, the stacking fault energy on the basal
plane in cobalt is at least a factor of five less than for
any of the other common hexagonal metals. The stackinq
fault energy has been measured by sevefal techniques and
although there are small differences in the values obtained,
it is unanimous that the value is below 30 erg/cm2 19rv20021
The value usually quoted is 20 ergs/cm2 compared to 150 to
300 ergs/cm2 for the other common hexagonal metals. The
low stacking fault energy in cobalt ensures that the majority
of dislocations in the basal plane are extended22'2312%,

For dislocations to move from the basél plane to other planes
by a cross—slip'process the partial dislocations must constrict.
Therefore, the probability of many dislocations arriving on
secondary planes to provide slip on these planes is small.

To obtain appféciable dislocations onlthe secondary planes,
they must either nucleate or be grown in, on these planes.
This introduces the second problem régarding secondary slip
in cobalt. |

Upon cooling from high temperatﬁre, fcc cobalt transforms

martensitically to hcp cobalt. One of the close-packed {111}



planes in the face-centred phase becomes the basal plane
in the hexagonal lattice. This is the only plane that
remains relatively unchanged during transformation. The
disappearance or absorption of dislocations on other {111}
planes or any other plane in the face-centred-cubic phasé
is not understood at present. It has been observed by
several authors, that the dislocations observed in cobalt

122123124 gyfficient non-basal dis-

are primarily basa
locations to yield finite amounts of deformation by slip

have not been observed in thin films.

1.2 Cobalt Single Crystals

Several investigations of cobalt and cobalt-nickel

alloy single crystals are available in the literature.

T1r12013 pgolt", and a group of

Researchers such as Davis
workers at the Max Planck Institute have limited their
investigations predominantly to the deformation behaviour

of cobalt single crystals®'!"'24%v25126  chrigtian?’,

Alstetter and co-workers?8'29130131  haye tested crystals

to discover the detailed mechanism of £he transformation.
The work by the latter group will be discussed in the next
section where a complete review of the transformatioﬁ and
related topics will be outlined.

Hexagonal cobalt single crystals exhibit tensile
curves similar to other hexagonal metals. In cobalt crystals,
Stage A and Stage B are observed but é third stage is not.

The critical. ' resolved shear stress of cobalt varies

12y 143 24,25

significantly with purity , rising from 1400 psi

for 99.998% purity?" to 2800 psi for 99.1% material'"“.



This parameter is also temperature dependent rising from
1400 psi at room temperature to 2400 psi at -196°C

Seeger '*

postulated that the high shear stress was due to
either retained cubic phase or a verv high basal dislocation
density.

Hep cobalt exhibits a long initial region (Stage A)
which may extend to several hundred percent strain. The

work hardening rate in Stage A (0,) is temperature dependent,

A
rising from 2000 psi to 2500 psi as the temperature is
reduced from room temperature to -196°C 12'14t5, Op also
increases with increasing impurity content.

During tests of hexagonal cobalt crystals, the slip
line spacing decreases with increasing deformation up to
20% strain. Throughout the remainder of Stage A, the step
height increases while slip line spacing remains constant
Thrzhr2s, Thiéringer determined that:the dislocation
density in 99.998% cobalt lies betweéh 0.4 and 1.2 X lO9
per cm2 with atstacking fault density of 2 to 6 X lO4 per cm.
He observed that the dislocation density increases approximately
linearly with stress and strain in Sﬁage A. Boser® and
Thieringer?"'?® both reported that no increase in non-basal
dislocations occured during deformation.

The number of active slip 1ine§ and the work hardening
rate increase upon entering Stage B. Thieringer 2%'25
found that the stress at which Stage:B begins is independent
of purity and occurs at 2300 psi at room temperature. The
onset of Stage B in hexagonal cobalt has been explained by:
the operatioh of a second slip system!?, a strong increasé

24y 25

in the frequency of twinning , the agglomeration of

’
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impurities®, and the production of excess vacancies".

The critically resolved shear stress and work hardening
rates are much higher for fcc cobalt crystals than for hcp
crystals®. Stage I of the face-centered-cubic tensile curve
is not detected due to the high test temperatures required
to attain the cubic phase while Stage II and Stage III portions
of the curve are observed. The shape of the tensile curves
are similar to those for other fcc metals. |

Holt tested specimens while cvcling through the trans-
formation temperature range: The temperature was changed
in steps in some cases and continuously in others. These
tests showed thét‘the flow stress is not a strong function
of the crystal structure but depends only upon the existing
defect structure. The work hardening rate, on the other
hand, is strongly depéndent upon the crystal structure, being
much higher in ﬁhe fcc phase. | |

A comparison bf critically resolved shear stress for
a number of cryétals is presented in Table II. The stress
for cobalt is considerably higher than‘for metals with
similar structure. The hcp modificatién has a c/a ratio
similar to magnésium and deforms predominantly on the basal
plane as does magnesium, vet it has a éritically resolved
shear stress mofé representative of tHe metals titanium
and zirconium which deform on the prism system. In fact,
the critically resolved shear stress for cobalt on the basal

plane is largefithan the value required to vield prism slip



TABLE II Critically Resolved chear Stress for Various Metals
% ELIP SYSTEM C.R.S.S. (psi) TEST T/M.Pt. PURITY
cd hcp Basal 82 0.51 99.996
Zn hcp Basal 26 0.43 99.999
Mg hcp Basal 63 0.33 99.996
Co hcp Basal 1400 0.17 99.998
Zr hcp Prism 900 0.14 -
Ti hcp Prism 1980 0.16 99.99
Basal 16000 0.16 -
Be hcp Basal 5700 0.19 -
Co fce  {111)<110> 2680 0.40 99.998
Al fce  (111}<370> 148 0.32 99.93
Ag fcc  {111}<110> 54 0.24 99.99
Au fcc  {111}<1i1o0> 132 0;23 -
Cu fce {111}<110> 92 0.22 99.999
Ni fce  {111}<110> 820 0.17 -
Fe bcc {110} <110> 4000 0.17 99.6
{112}
{123}
o) becc 7000 0.10 -
Data drawn from:
Holt"
Ahktar?®?
Deiter?®3'3*
Reed-Hil1?%?®

11



in zirconium. This data implies that the low stacking fault
energy and the martensitic transformation in cobalt produce

a unique situation that at present is not well understood.

1.3 The Allotropic Transformation and Structure of Cobalt

The relationship between single and polycrystal cobalt
'is complicated due to the martensitic transformation that
occurs at a low homologous temperature. The literature shows
that polycrystal cobalt does not transform completely to the
hcp phase upon cooling3®'37, Thus, polycrystal cobalt, at
temperatures below the transformation temperature, contains
two allotropic modifications. The following section will
outline the avaliable data on the transformatibn and the

resulting structures in cobalt.

1.3.1 History of the Transformation

The original discovery that cobal£ existed in two
allotropic modifications is credited to Hull®® in 1921.
The early cobalt studies dealt with thé determination of
lattice parametefs and the transformation temperatures.
This early work is summarized in Table'III.

Until 1942,‘there was controversy.regarding a secbnd

~high temperature allotropic transformation®°'*®?, The detailed

5 56157
14

high temperature x-ray work by Edwards®® and others
showed conclusively that a second transformation did not
occur. More recent investigators attribute the high

temperature transformation observed to the chanae from the

ferromagnetic to the paramagnetic state, i.e. the Curie Point?®

12
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TABLE III Martensitic Transformation Studies
DATE AUTHOR METHOD Aq(°C) Mq(°C) NOTES
1921 Hull?® xX-ray determined
allotropy
1925 Umino?? specific heat 460 -
40 -
1926 Masumoto X ray,_thermal 427-477 360-403
expansion, etc.
1927 Sekito"! X-ray 447 - lattice
parameters
1927 Schulze"?2'"4% manv 400-500 down to
100
1929 Wever"? dilatometry 465 -
1930 Uffelmann*" optical 450 330
expansion _
1930 Hendricks"® x-ray 400+20 -
' 1015+ 20
1931 Cardwell"” photoelectric 570 -
effect 850 -
1932 Wassermann®® X-ray 450 -
1933 Sykes"® x=-ray 420 -
1020 -
1935 Seybolt®! solubility 875 -
of oxygen
1935 Sykes®? thermal 420 -
analysis
1935 Von Steinwehr®? heat evolution 380-420 -
1936  Marick®? electrical 492 -
resistance
1937 Mevyer®" xX-ray lattice
parameters
1941 Ellis®’ x-ray lattice
parameters
1942 Wilson®® X-ray stacking
faults
1942 Edwards’’ X-ray 410-460 300 nowder
500 400 rod
1948 Troiano ® X-ray 431 388 sheet and

powdey



1.3.2 Mechanisms for the Martensitic Transformation

- The mechanism whereby the high temperature fcc lattice
transformed into the low temperature hcp phase was originally

*815% as being accomplished

envisioned by various researchers
bv the paséage of Schockley partial dislocations over every
second plane in the fcc lattice to yield the hcp lattice.

A1l theories regarding the transformation have assumed this
type of dislocation.motion, they differ‘only in proposals

as fo how the partial dislocations arise and how thev

bperate to transform a bulk Qf material from one phase to

the other.

Christian®? first advanced a hypothesis involving
reflection of pértial dislocations at a free surface to give
rise to a hcp lattice. This mechanism was thought bv later
workers to be imﬁrobable. The pole mechanism postulated by
Seeger®?'®! jis a more successful attempt at explanatioﬁ.

He assumes that perfect dislocations of.the formva/2 [101}].
dissociate in the (111) plane. If the dislocation is pinned
by a sessile "péle" dislocation with a screw component.equal
to twice the (111) interplaner spacing the hcp lattice will
be generated from the fcc lattice. Following investigators
found problems Qith this mechanism 3*h'62-7! related to the
number of thesé.high enerqy pole dislocations reaquired to
give rise to bﬁlk transformation. This is critical when
single crystal whiskers are consideredsz..

Bollmanzz; in 1961, postulated tha£ the transformation
proceded by a ﬁucleation mechanism based on the intersection

of stacking faults on various {111} planes. To accomodate
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stress when one stacking fault impinged on another, a new
stacking fault was nucleated. Due to free energy considerations
it grew and the mechanism repeated. The problem with this
theorv is that it does not allow formation of a single

crystal. Transformation on more than one of the {lli}

planes in the parent crystal, (i.e. multivariant transformation)
must be under way before suitable conditions are available

to allow further transformation.

Altstetter and coworkers?®~3®! studied cobalt single
crystals and polycrystals. Their formulation of the
transformation aépears promising in that the mechanism they
propose explainerany observations made by oth_ers“'zs'“'”'vsg'?1

Delamotte and Altstetter®! present a nucleation theory based

2 73174

on work by Venables’? and other workers

They propose
that partial diélbcation loops are nucleated on every second
(111) plane and consider the free energy for formation of

a loop of radius r as follows:

AF = 2mr (Gb%/4m) 1n(2r/r ) - mr?(th) - TrlcAg,  .....1)
i ii iii
G = shear modulus
o = shear stress
c = twice the }ayer3spacing
Agt = energy per cm~ for transformation
b = Burgers vector.
Where:

1) is the elastic energy (dislocation loep line
energy) required.for dislocation formaﬁion with Burgers
vector b. For realistic nucleation rates the shear modulus,
G, at the interface between phases must have an anomalously

low value. This problem has been treated bv other workers’®.
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ii) is the reduction in free energy due to
partial dislocations sweeping over the fcc-hcp interface
under the influence of stress T. T can arise from both
internal constraints as well as from:externally applied
shear stress.

iii) 1is the free energy available due to
transformation of a volume of material from one phaée to
the more stable phase. ¢ is equal to twice the layer
spacing. 94 is the free energy per cubic centimeter for

transforming one phase into the other.

This mechanism operates for the initial fcc to hcp
transformation when nuclei of Shockley partial dislocations
form from perfect a/2[101] type dislocations that have been:
drawn from sub-boundaries at low stress, or produced by
deformation. It may be expressed as:

1/2 alloll» 1/6 a [112] + 1/6 a [211] cenne2)
As the temperature is decreased the driving force increases
until further stacking faults (loops of partial dislocation)
can be nucleated. As certain numbers of a given 1/6 a <121>
loop are nucleéted on successive planes, the constraints due
to transformatién will cause a different coplanar variant
1/6 a <121> loop to nucleate. 1In other words, once an
intrinsic stacking fault exists, formétion of éubsequent
partial dislocations will be controlled by the local value

of shear stress.
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1.3.3 Multivariant Transformation

A multivariant transformation is one that takes place
on more than one of the planes available for transformation;
in this case, more than one (1ll1l) type plane. If trans-
formation proceeds in more than one direction on a given
(111) type plane, this is termed coplanar multivariance. .

The mechanism outlined above agives rise to coplanar
multivariance i.e. operation of different 1/6 a.[l2l] type
dislocations in a given {111} plane. The analvsis is equally
valid for all {111Y planes in the high temperature fcc
phase and therefore transformation can occur on all {111}
planes if sufficiént nuclei are present and no external
constraints are imposed.

The absence of strong surface shear markings has been
pointed out in the literature’®. Bulk'fransformation by
coplanar multivariance is possible with>little averaqe
shear strain ifithe operative shear direction of the
transforming {111} plane changes often; Thus, it is not
surprising that shear markings were ovérlooked by some
authors. If high external applied strésses are involved
during transforhation, the nucleation of partial dislocation
loops will occur for 1/6 a [112] shear direétions that wili
minimize the effect of the external stress. Bv this
technique, Delamotte®! ohserved surface shear close to the
theoretical maximum calculated for this transformation?®.

In polycr?stal material, the operative partials

nucleated are influenced by the constraints arising out of
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thermal anisotropy and volume changes due to the trans-
formation. Thus, for polycrystalline material various
shear values are obServed“depending on grain size and other
factors.

Multivariant transformations in cobalt polycrystals
have been observed by numerous investigators?®'711'76177,
This phenomenom has also been observed in allov systems
where a similar phase transformation occurs’8'7°7,

The absence of a multivariant transformation in the
production of cobalt single crystals has been explained
in various ways. Seeger®’'®! postulated that the {lli}
plane having the greatest area in the single crvstal is
the one that operates during the transfbrmation; later
investigators found this was not the case. The explanation
put forward bv Altstetter and Adams®? and verified by them
for single crysfals, is that the unidiréctional coolihq
during crystal sélidification is the deciding factor.. The
{111} plane that has the greatest area normal to the éoolinq
direction invariable gives rise to the transformation. They
also discovered that upon reheating the single crvstal
through the transformation two possibiie'orientations may
occur. These are either the original fcc orientation or its -
twin as has been verified by Adams?°® aﬁd observed by Holt".

After the initial cooling transféfmation for a single
crvstal or a pdiycrystal, the next anﬁealing cycle has an
important effecf on the transformationvthat will then occur

.upon cooling. If the annealing treatment is carried out

below 600°C, the operative habit planes durina the heating
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transformation are the same habit planes that operate during

cooling71'30,

Thus, a single crystal remains a single crvstal
and a polycrystal maintains the same degree}of multivariance.
If a épecimen is annealed at hicher temperatures, or at

600°C fof very long periods of time, each region of crystal
that was of one orientation before annealing will exhibit

a multivariant transformation upon cooling. Further annealingA
treatments of this type will further refine the structure
within a given fcc grain. The above observations are due

to the production and mobilitv of dislocations as related

to temperature and the transformation.

1.3.4 Retained FCC Phase

Except in the special case of single crystals (or

) 8% cobalt at room temperature is a

very fine partiélés
mixture of fcc éﬁdvhcp phases. The reténtion of fcc in
particles largefnthan 1 micron or in bhulk specimens arises
from the multivériance of the transformation and the small
thermodynamic driving force tending toicomplete the
transformation. Other factors that affect the amount of
retained fcc are the defect structure,,purity and grain
size of the specimens involved. |

The transformation takes place at a relatively
low temperature (O.39Tm) where some diélocation rearrangement
and annihilation may occur, but majorvredistribution cannot
take place’®. As the untransformed afeas decrease in size

they will remain fcc either because of a lack of suitable -

dislocation sources or because the surrounding transformed
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material cannot accommodate further volume changes. During

55—~57

research on powders , thin films3%'37, whiskers®2—6*

and

t81~83 measured values for retained

polycrystalline cobal
fcc phase vary from zero to over 50%. It has also been
observed that any type of deformation forces the transformation

towards completion®®~%6,

1.3.5 Thermodynamics of the Transformation

The thermodynamics of the transformation have been
studied®? and the enthalpy for the transtrmatioﬁ is
approximately 106 calories per mole. Adams®® determined
that about 15% éf the enthalpy change is associated with
defect productidn. This is sufficient energy to produce
staéking faulﬁs bn every 10th plane, a dislocation dehéity
of lOll/cmz, or an increase in vacancy concentratioﬁ of
b.04%. Therefdre,‘as cobalt is transformed, the deféct
structure may increase perceptibly. As pointed out by

85186 and Houska’® the final defect structure

Yegolayev
depends upon the temperature to whichrﬁhe cobalt specimen

is cycled. Defécts are produced duriﬂg each transformation
cycle but anniﬁilation also takes place at the high |
temperature. Aé the number of cycles increases, either a
balance is reacﬁed where a large proportion of the défécts
produced by one”cycle is annihilated at the high temgerature
or recrystallizétion begins. The results of any given set

of cycling experiments depend upon the specimens used and

the temperatures involved.



1.3.6 The Hysteresis of the Transformation

Data for the transformation?®, indicates that the
hysteresis is smaller for single crystals than for
polycrystals??. For both types of material the hysteresis
increases with cycling through the transformation, but

0

eventually reaches a stable value. Adams®? determined

MS—AS to be 13°C for single crystals, ahd 30°C for
polycrystals. Other authors 38'85'86 haye found values
considerably larger for other forms of cobalt. Parr®?,
working with cobalt whiskers, observed a hysteresis of

less than 5°C. The hysteresis is very large for small
particles and thin films. Petrov®® foﬁnd that 500 Angstrom
aersol particleé of cobalt did not transform to hcp at |
any temperature in the absence of deformation. However;
upon heating, the transformation to fcc occured ét about
500°C. Votava3é'37 working with thin films in the electron
microscope found that the hysteresis was increased
radically by dne cycle through the transformation. He
postulated that the observed hysteresis of 450°C

(MS equals lOOAC, AS equals 550°C) was due to loss of
nuclei for transformation and lack of constraint in the
thin films.

1.4 Scope of Present Work

The object of the present study is to provide a
detailed profilé of the tensile properties of cobalt
polvcrystals over the temperature range where the hexagonal

phase is stable. A major portion of the work is related to

2|
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the effect of the incomplete allotropic phase transformation
on the deformation behaviour of cobalt.

It is proposed that bv monitoring the completeness of
the transformation at all stages of deformation, clarification
of much anomalous data present in the literature may result.
The deformation of cobalt is examined while varying purity,
annealing procedures, completness of transformation and
test temperature. The experimental program begins with
evaluation of the structure of specimens before testing.
All further experimental resuls are related to the struétures

observed in this»prepared material.



2. Experimental Procedure

2.1 Materials

The lack of agreement between results gathered from
the literature has often been attributed to differences in
purity of the cobalt tested®’'®®, The method of cobalt
production has also been shown to have important effects on
properties®!. The majority of the data in the literature
deals with electrolytic cobalt, either as deposited or in
remelted form. In recent years, cobalt powders have also
become an important source of material. The properties of
the bulk material produced by powder metallurqy differ
somewhat from the refined electrolytic materials .

Three levels of purity have been investigated in this
study. The nominal purity values are 99.7%, 99.9%, and 99.998%
cobalt; a detailedvreport on the impurities present is
presented in Table IV. Cobalt analyseé were obtained from
Koch Light Laboratories, Colnbrook, England and Sherritt
Gordon Mines Liﬁited, Fort Saskatchewaﬁ; Alberta.

The major difference between the three grades of
cobalt is the nickel content. 1In all cases, nickel, silicon
and iron are the major impurities. Zinc, lead, and other
elements that have been shown to have deleterious effects
on the tensile properties of cobalt are well below critical
levels®?,

All three.grades of cobalt were obtained as cold
worked rod. The diameter of the "as received" material

was as follows:

23
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TABLE IV Spectrographic Analvsis of Cobalt Matrix

Element 99.78" 99.9s" 99.998%" 99.998%*
% % % P.P.M,

Ni 0.1 0.02 <0.005 . N.D.

Si 0.05 N.D. <0.005 7

Fe 0.005 <0.01 - 3

Al 0.005 - - -

i) Elements quoted at levels less than 100 P.P.M.
(<0.01%) in all specimens by Sherritt Gordon
-- As, Cd, Li, Te, Zn.

ii) Elements detected at levels of 1 P.P.M. or
less by Kock Light Laboratores in the 99.998%
material -- Ag, Ca, Cu, Mg.

iii) The following elements were specifically sought
but not detected (N.D.)

—-- By Sheritt Gordon
Ag, B, Ba, Be, Bi, Ca, Cr, Cu, Ge, Hg, Mg,
Mn, Mo, .Ph, Sb, &n, Ti, V, Zr.

-- By Kock Light

Al, As, Au, B, Ba, Be, Cd, Cr, Cs, Ga, Ge,
Hg, In, Ir, K, Le, Mn, Mo, Na, Nb, Os, Pb;
pt, Rb, Re, Rh, Ru, Sb, Se, Sn, Sr, Ta, Te,
Ti, T1, V, W, Zn, 7r.

Analysis byv research and development division, Sheritt
Gordon Mines Limited, Fort‘® Saskatchewan, Alberta, Canada.
Maximum sensitivitv quoted as 50 P.P.M.

* Analysis by Kock Light Laboratories, Colnbrook, England.
Maximum sensitivity guoted as #50% of the amount present.



Nominal Puritv $% Diameter
99.7 3 mm (0.125")
99.9 6.25 mm (0.250")
99.998 5 mm (0.200")

The very high purity material (99.998%) was supplied
. by Kock Light; the two lower purity grades (99.7% and 99.9%)

were obtained from A. D. MacKay Inc., New York, U. S. A.

2.2 Preparation of Tensile Specimens

2.2.1 Machining

The important dimensions of the tensile specimens
which were produced on a small lathe are shown in Figure 1.
From the 5 mm and 6.25 mm material, double butﬁonhead
specimens were machined to minimize problems related to
gripping constraints durina tensile tests. TFor the 3 mm
material, a double buttonhead type of specimen would have
given an unworkably small specimen diameter. The 3 mm
material was therefore machined into sinale buttonhead
specimens. 1In all cases the gauge length was maintained
at ten times the reduced specimen diameter.' All specimens
were machined 0.1 mm (0.004") oversize to allow for
subsecuent elecﬁropolishing. |

Tensile teéting grips for the Inétron were machined from
tool steel (Atlas Keewatin) and heat treated to a hardness
of 54-56 RC. '%he pull rods and sleeves for the split agrips

were made from 316 stainless steel.
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2.2.2 Annealing Procedures

A typical heat treatment profile is shown in Figure 2.
Treatments were carried out at temperatures up to 1000°C with
temperature monitered via a chromel-alumel thermocouple
placed directly among the specimens undergoing heat treatment.
Heaf up rates were répid, four minutes to reach‘600°C from
ambient temperature, increasing‘to a maximum of eight to
ten minutes to attain 1000°C from ambient. The rate bf
furnace cooling through the transformation temperature .
range was between four and six degrees centigrade per
minute. Vacuum was maintained between 0.4 and 1.0 X 1073
mm of Hg throughbut the annealing procedures.

The specimehs retained an excellent surface through the

heat treatments and surface markings due to the martensitic

transformation could only be ascertained by replica techniques.

2.2.3 X-Ray Analysis

Quantitafi&e X-ray analysis was adopted for determining
the proportioné of the two allotropic modifications of cobalt
present in ali:specimens. The analysis was carried out after
heat treatmenﬁ and following deformation procedures.

The\methéd adopted was first put in quantitative forﬁ
by Sage and Guillard®®, in 1949, and has been utilized by
many authors®5—7! +821841 85 mhe mefhod does not require a
standard which simplifies analysis..v |

‘Information regarding the presence of the two phases

is obtained by comparing the diffracted intensity of the (1011)
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line in the hcp phase to that of the (200) line in the fcc
phase. When the multiplicity factor and other variables are
taken into account, the proportion of fcc phase present may

be determined from the formula:

21fcc

21fcc * Ihcp | ceees3)

X =

x = proportion of metastable fcc phase

I Intensity of the (200) fcc line

fcc

I Intensity of the (10I1) hcp line

hecp

The derivation of this formula and the required analysis
is presented in Appendix 1.

All x-ray work was carried out witﬁ a Phillips PW 1011/60
diffractometer uﬁilizing manganese filtered iron radiatién.
The rate at which the diffractometer was rotated varied
from 1/4 to 2 degrees 20 per minute.

Using iron radiation, the (1011) hcp intensity peak
occurs at appro#imétely 60.3 degrees 20, and the (200) fcc
peak approximately 66.7 degrees 20%%., To allow inteﬁsity
calculations directly from the x-ray chart, a slow rate of
diffractometer rdtation was used (one quarter degree per
minute) to provide a clear intensity traverse frdm 59 to
§9 degrees 20. ‘The areas under the respective peaks were
Fhen measured ana substituted into formula 3. This method
was tedious and due to inherent scatter in this type of

measurement a stétistically more reliable method was

undertaken for the majority of the x-ray analysis.'
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The method may be outlined as follows:

The x-ray equipment allowed integration over a given
period of time, or for a predetermined number of pulses.
The two intensity peaks in question could be completely
traversed within 4 degree ranges, 5% to 63 degrees for the
(1011) hecp peak and 65 to 69 degrees for the fcc peak.
The background x-ray count to be subtracted from the total
integrated intensities obtained by counting all pulses over
the 4 degrees 20 above, was determined by scanning 2 degrees
20 on both sides of the peak in question. The/respective
angles 20 are given below and a typical x-ray chart is shown

in Figure 3.

Degrees 20 | Description
57-59 | 1/2 of backgrouﬁd for hcp peak (B.G. #1)
59~-63 Total hcp peak‘(lOil)
63-65  ﬂ_ 1/2 of background for hcp and fcc peaks

: (B.G. #2)
65-69 - Total fcc peak (200)
69-71 1/2 of background for fcc peak (B.G. #3)
Therefore:
Intensity of hcp peak (Tpep) = Total hcp - (B.G. #1 + B.G. #2)
Intensity of fcc peak (I = To;al fcc - (B.G. #2 + B.G. #3).

fcc)
In practice, it was found that the differences between B.G. #1,
B.G. #2 and B.G. #3 were very small and scanning B.G. #1, and
B.G. #3 was not justified because the méasurements did not
improve the accuracy of the analysis. For this reason, the
net integrated intensity of the two peaks was determined by

subtracting twice the "B.G. #2" intensity from each peak.
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A minimum of five intensity integrations were carried
out on each specimen. Each integration was taken from a
different area on the specimen and the results from the five
scanning procedures were then added and substituted in
equation 3.

The data obtained using this method was reproducible,
but the scatter in results was always large. This problem
with quantitative x-ray analysis is discussed by Giamei’ = who
attempted to reduce the scatter by scanning a number of
peaks and solving the data via computer technigues. The tech-
nique is not applicable where a large number of specimens
are to be analyzed because of the equipment time involved.
1 The large number of specimens analyzed and the number
of scanning procedures carried out ensure that any trends .
observed are in fact real and not a consequence of the
analysisgl. |

When data regarding the proportion of the two phases
present is quoted, the value given will be the average
value for all specimens that have the same purity and have
undergone the same treatment.

There are several facts that should be noted when
considering x-ray data. Diffraction is essentially a
surface measurmént, with the majority of the diffracted
x-rays coming from the ouyter 25 microns of material. When
the grain size is of thig order, the x~ray results are due
almost exclusively to the surface grains. The surface grains

exist under different constraint than the interior grains

and this becomes important when the martensitic transformation
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in cobalt is considered. If the surface grains are less
constrained, the transformation will proceed further towards
completion in these grains; thus the x-ray results will
give a high value for the completeness of the transformation.
This analysis leads to the conclusion that the measured
amount of transformation is a maximum, and the interior ,
of the specimen may contain more metastable face-centered
phase than the x-ray data reveals.

Recognizing the above considerations, the x-ray data
is more accurate where a small grain size is involved
because the difffaction will take place from interior
grains as well as surface grains. 1In ény case, the analysis
adopted ensures that the measured amount of transformation

can be considered a maximum wvalue.

2.3 Tensile and Hardness Tests

All tensile tests were carried out on a floor model

Instron machine using cross-head speeds between 0.2 in./min.

3

and 2 X 10"~ in./min. The majority of tests were carried

2

out at 2 X 10~ in./min. corresponding to a strain rate of

2 X 10_2 per min. for the largest specimens and 3.3 X 10—2
per min. for the smallest.

Testing media for the temperature range investigated

were as follows:
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Media Temperature Range
liguid nitrogen ’ -196°C
petroleum ether -140°C to -100°C
ethanol -100°C to 0°C
water 0°C to 100°C
silicone oil 100°C to 250°C
salt bath (draw temper 275) 250°C to 400°C

The temperature of the testing baths was measured with
a copper-constantan thermocouple immersed close to the
specimen. The test temperature was maintained within t 1°C
while testing was underway.

Tensile data are presented in the F.P.S. system.

True stress and true strain data were caléulated on the
basis of instantaneous area and length. These values
were calculated assuming uniform deformation throughout
the gauge length.

At low temperatures, the baths could be changed and
testing resumed in less than a minute while at high temperatures
the physical handling difficulties and temperature control
problems extended the time required before continuing a
test to 5 to 8 minutes. During the time that the temperature
baths were being changed the tensile specimens were maintained

in tension by a small cyclic load.

All hardness tests were carried out on a Vickers Hardness
Tester with the 10 Kg. applied load. The D.P.H. data was
produced to allow comparisons to be made with data available

in the literature.
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2.4 Metallography

The metallography of cobalt is difficult because of
the complex structures arising due to the incomplete
martensitic transformation in the material®?'®’. The
grain size, internal structure, and deformation mechanisms

were examined optically and via replica techniques.

2.4.1 Optical Metallography

The incomplete martensitic transformation in cobalt
can be forced towards completion by deformation. This
strain induced transformation was measured at distances
greater than 50 microns from a scratch. For this reason,
at least 100 microns were removed from all machined or
ground surfaces by electropolishing before any metallography
was attempted.

A number of the circular tensilé:specimens were
ground flat and then electropolished to obtain a large enough
flat area for grain size determinations. The circular cross
section of the tensile specimens was a barrier to good
metallography.

The most successful electropolishing solution was
found to be 15% perchloric acid in acetic acid. The
specimens weré suspended in a water cooled stainless steel
beaker in which the polishing solutién was stirred |
continucusly. Polishing was carried out at 20 volts, with
the specimen rotating in the stirred solution. The
specimen was slowly inverted every 30 seconds to avoid tapér.

These precautions produced specimens with + 0.01 mm. maximum
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taper along the gauge length. This procedure yields

a surface with an apparent mirror finish. The surface
shows little evidence of preferential attack at grain
boundaries or other high energy sites.

The metallographic features of the specimens were
determined by utilizing a second anodic etch. The etchant
used was 5% concentrated hydrochloric acid in distilled
water. The specimen was placed in the etching bath and given
a very short pulse of current at less than one volt and
then examined. The resulting structure is very sensitive
to the size of the pulse of current. Overetching coccurs
very easily and extreme caution must be exercised if a
reproducible surface is desired.

As an adjunct to the x-ray analvsis of the proportion
of the two phases present, a polarized light technique
was employed. Several problems arose when metallography
under polarizedvlight was attempted. A polished or ground
surface was of no use because of the stress induced
transformation and an electropolished surface did not give
a definitive result due to the presence of a thin oxide
layer. Observétion could only be made following the
‘'second etching procedure and this caused problems relating
to the scattering of light from grain boundaries and surface
fine structure. The periodic nature of the transformation
shears give rise to a fine structure which can etch to
vield an anisdfropic effect although small lamellar volumes
of the fcc phase may still exist. For these reasons inter-
preétion of polarized light photomicrographs was attempted

cautiously.



Polarized light metallography proved to be most
successful with large grained material. When the proportion
of isotropic material (fcc) measured by this technique was
compared to the results of the x-ray analvsis, acceptable

agreement was found.

2.4.2 Electron Microscope Replicas

Replicas were produced by soaking cellulose acetate
sheet in acetone and then pressing the sheet to the surface
to be analyzed. The acetate sheet was removed from the
specimen and shadowed with chromium and coated with carbon.
The acetate was dissolved away in acetone, leaving the
replica to be mounted in 150 mesh copper orids. All
replicas were examined in a Hitachi HUllA electron
microscope at 56 KV.

The replica procedure was carried out on specimens
tested between -196°C and 250°C. To ensure protection
of the surface at all times while testing, thick silicone
grease was spread over the specimen surface. The grease
could be dissolved away in trichlorethane when a replica
was desired. The upper temperature limit (250°C) for the
replica procedufe was dictated by the breakdown of the
protective greaée, which allowed oxide to form on the cobalt
surface. Repliéés were produced from annealed structures
as well as from deformed specimens. The procedure was also

carried out on the fracture surfaces of a number of specimens.
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3. Experimental Program and Results

3.1 The Structure of Polycrvstalline Cobalt

This section outlines the methods used to determine
the structure of the specimens on which all tensile
procedures were carried qut. The data produced during
this work are combined with information taken from the
literature in order to examine the complex structures
observed. It is then possible to predict the structures
that will exist in cobalt polycrystals after a given set

of annealing procedures.

3.1.1 As Received Materijal

; From the cold worked cobalt rod, random samples from
each purityv lot Qere prepared for testing. Quantitative
x-ray analysis showed that the material was almost 100%

hcp phase. Intégréting the measured peaks and substituting

in equation 3 gave a fcc content of less than 5%.

8fcec = 21.. - (100) vll3)

2Ifdc+ Ihcp

Tensile tests were carried out at room temperature
with specimens from each puritv grade. 1In all cases the
ductility was found to be less than 3%. In the high purity

material, (99.998%) the specimens fractured at yield.
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3.1.1.1 Preferred Orientation

The texture in cold worked cobalt has been investigated

66 182 189 194 ]

by several authors Wilcox®® investigated
electrodeposited cobalt sheet and sponge material. Beckers®?,
et al worked with bars and rods of commercial grade cobalt.
Wilcox observed that electrodeposited cobalt has an as
deposited {1010} texture which is difficult to annihilate.
After annéaling above the transformation temperature and
introducing 20% cold work he observed a {0001} <1120> rolling
texture with the basal planes rotated 20 to 25 degrees in

the rolling direction from the rolling plane normal. Beckers
observed a similar result for hot rolled slabs. For

extruded rods ofwcobalt, a preferred orientation with a

high density of {0001} planes perpendicular to the

extrusion axis is obtainedéz. The preferred orientation

in severly worked material was found to disappear when

annealing treatments were carried out above 500°c®?.

3.1.1.2 Stacking Fault Energy and Fault Analysis

The low stacking fault energy of cobalt and the
introduction of many stacking faults bbth by deformation
and by transformation have led many investigators to study
the faulting dénsities in cobalt. Various experimental
methods have been chosen with most work perfofmed via

76185vy86195196

x-ray technigues Measurements of nuclear

magnetic resonance (NMR)?’ frequencies and direct observation

in the electron microscope have also been carried out?"'36198,
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A stacking fault is an error in the original sequence 39
of layvers in a crystal lattice. Faults arise during
growth of crystals and also from deformation. The distinction
between the two types of faults should be made clear.

The ideal hcp structure can be described as an ABABABAB
sequence of close-packed planes. A fault is an error in this
regular sequence with the restriction that adjacent layers
must be different. Thus, the growth of an hcp crystal by
the addition of close packed planes is governed by the
fact that every second layer is identical except when a
fault occurs. The fault laver is unlike the preceding two
layers. For a deformation fault, it is presumed that a

perfect stacking sequence exists before deformation takes place.

hep hep
ABABABABCBCBCRBCRBC Growth Fault
—t .
fce
hcp hep
ABABABABCACACACACA Deformation Fault
l__'._..l
fcc

Either type of fault can be formed by the growth of
two out-of-phase hcp lattices together. The deformation
fault can also be formed by partial slip which converts
A planes into C planes, and B planes into A planes. The
two fault types may be differentiated because a growth
fault contains three planes of fcc stacking and a deformation
fault four layers. The analysis of x-ray data to yield
differentiation between growth and deformation stacking

faults has been carried out by Ananthraman and Christian®?.



Analysis via NMR has been published by Toth and coworkers?®’.
The results of these analyses may be summarized as follows:

i) In both the annealed and the deformed state
the fault density is high with faults observed in both the
fcc and the hcp phases. A highly deformed specimen may
have a total fault density as high as one faulted plane in
every ten. In annealed material this value may drop to one
plane in three hundred.

ii) All observed stacking faults are of the
intrinsic type. More complex extrinsic faults are also
possible but théy have not been observed®’'%%,

iii) Both growth and deforméfion faults are
present. The density of growth faults is not strongly
affected by annealing procedures but is substantially
decreased by deformation and is increésed by cvycling through
the transformation. Deformation faults, as their name
implies, increase with the amount of déformation introduced.
The density of fhese faults is reduced sharply by annealing
procedures, even at temperatures below the transformation

temperature.

3.1.2 Recovery, Recrystallization and Grain Growth

The annealing spectyrum of cobalt has been investigated
by several authors®!'''°°-193_  gome studies detailed the
important parameters affecting the annealing behaviour such

as prior treatment, purity, type of specimen, etc, while others

did not. Thus, the data in many cases differ significantly.



The lack of agreement arising from differences in purity
has been outlined by Morral®’ and Winterhager®®.

The most often quoted property is diamond pyramid
hardness (DPH), and for this reason a record of DPH versus
annealing procedures was obtained during this study to
allow comparisons to be made. The diamond pyramid hardness

(DPH) for the as-received material was as follows:

Purity DPH
99.7% Co 285
99.9% Co | 279
99.998% Co 260

Figure 4 gives the data gathered for the three purity
levels investigated and comparable data drawn from the
literature. 1In all casesg, data are shown for room
temperature hardness after a one hour anneal at the
indicated temperature. ’ |

The general conclusions drawn from this data may
be reported as follows:

i) The room temperature hardness is not
affected by aﬁnealing below 220°C (0.28Tm), even for
high purity méterial. As the impurity level increases the
temperature at which any major dislocation rearrangement
occurs increases. Thus, in the temperature range 220°C
to 350°C polygonization and recovery occur depending
upon purity.

ii) Over the temperature range that includes

the region where the martensitic transformation takes

place, recovery and recrystallization occur. It would
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appear that recyrstallization at a temperature where hcp
cobalt is stable, may be possible for very pure material.
iii) Grain growth predominates at temperatures

above 600°C.
3.1.2.1 Recovery

Although the recovery of hardness values has been

quoted as low as 220°C by Feller-Kneipmier! °!

no change
in the bulk flow stress at room temperature has been
observed for annealing treatments below 350°C (0.35Tm).

The work by Sharp! ??

showed that following deformation

at -196°C some recovery of electrical resistivity occured
in cobalt at 0.06Tm and 0.13Tm, but found no recovery

of flow stress for short anneals at 0.38Tm. They
observed somé flow stress recovery with long term anneals
at 0.38 and 0.39Tm.

A set of tésts similar to that by Sharp'’? et al
were carried out in the present study to substantiate
their results for the cobalt used in the present investigation.

No reduction in bulk flow stress was obtained for
treatments below O.35Tm. Annealing for several davs at

0.37Tm allowed recovery of only 2% of the flow stress in

the purest material.

3.1.2.2 Recrystallization and Grain Growth

The recrystallizatién temperature range for most metals
lies between 0.4Tm and O.STml, a temperature range from 430°C

to 610°C for cobalt. The annealing treatment required for
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recrystallization is modified by the initial grain size,

cold work present, and the purity of the specimens considered..
Increasing purity tends to lower the recrystallization
temperature as does increasing amounts of cold work and

smaller grain siées.

Bibring and Sebileau®’~7! worked with 99.5% cobalt
and postulated that recrystallization occured at temperatures
below the transformation temperature. They presented no
metallographic evidence and with the low purity material
they employed this result is doubtful. In a more recent
study, Beckers®? determined that recovery started after
one hour at 450°C and recrystallization was visibie after
one half hour at 500°C for 99.7% cobalt. In the present
work, no change was observed in the surface structure of
specimens for annealing procedures below 450°C. At 500°C,
recrystallization was visible after short time anneals.

The rate at'thch grain growth proceedsAis influenced
by the purity of the cobalt treated. As the purity
increases, the number of obstacles retarding grain
coalescence and reduction of high angle boundaries
decreases, thus grain growth proceeds more quickly. This
result is shown Clearly in Figure 5 where the data from the
present study are plotted. Several data points drawn from
the literature have been included for comparison.

The method used for determining grain size was straight
forward but tedious. Metallographic specimens were photo-

graphed and the number of grains present were counted directly.
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The magnification used for analysis was varied to obtain
as many grains as possible in the field of view while
retaining reasonable grain definition. The smaller grain
sizes were also checked hy a grain count taken from
replicas examined in the electron microscope.

When grain sizes in polycrystalline cobalt are cited,
it should be noted that the values given refer to the high
temperature fcc phase. Difficulty arises in measuring
the fcc grain size because of the distribution of hcp
ﬁartensitic plates in the féc grains.

The relationship between the graih size and the
fineness of the hcp structure is complex. All specimens
are partially fcc after annealing regardless of the grain
size, but the grain size affects the amount of retained
fcc phase in two distinct ways. First, as the fcc‘grain
size increases above a certain small value the amount of
retained fcc decreases rapidly. For large grain sizes,
the amount of retained fcc remains constant at approximately
10%. Secondly, as the grain size increases the multivariance
of the transformation changes, that is, the manner' in which
the retained.fcc is distributed throughout a grain changes.
This result occurs because the distance over which each
martensite plate may propogate befofe being obstructed
changes with grain size. This distance can be further
divided as to "in a direction parallel to" and "in a
direction perpedicular to" the martensitic plates as they

grow.
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The main point to be drawn from what has been said
above is that the measured grain size is not an indication
of the size of regions of crystal lattice having the same
crystal structure. The measured value should be considered
a measure of the coarsness of the fcc structure existing
before transformation takes place.

On the following pages (Figure 6 - 9) the annealed
structures of the cobalt used in this study are presented.

The grain structure is not an equilibrium structure;
the boundaries present are often straight and change
direction at right or acute angles. A iarge amount of
internal structure is visible which caﬁses difficulty in
determiningvindividual grains., .

An analysis of this internal structure is presented

following discussion of the completeness of the transformation.

3.1.3 Completeness of Transformation

X-ray procedures were performed on various areas of
individual specimens. The scatter in aata from one area
of a specimen to another was found to be within +5%
with occasional.érratic results. The erratic results
were always low and attributed to improper handling. The
scatter in results from ane specimen to another was found
to be greater than that within a given specimen.

It becamenépparent that not only.the variations in
as received material but also the specimen preparation
procedures involving machining, could influence radically

the amount of retained fcc phase. (Table V).
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Fig. 7 99.7% cobalt, annealed at 600°C (a) and 800°C (b) 1 hr.

Fig. 8 99.9% cobalt, annealed at 900°C for 1 hr. 39u.

la) = 9u (b) - 47y
Fig. 9 99.998% cobalt, annealed at 600°C (a) and 800°C (b) 1 hr.
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TABLE V Summary of Retained FCC Data

Purity
Anneal
99.7% 99.9% 99.9% 99.9% 99.9% 99.998%

A B o Total
450°C - 1 Hr 49.5 49.5
500°C - 1 Hr 59.5 55.1  56.8
550°C - 1 Hr 50.7 43.1  46.0
600°C - 1 Hr 59.4 49.6 41.1 42.7  40.8
650°C - 1 Hr 38.7 30.4  33.5
700°C - 1 Br 46.5 45.3  37.2 41.1  31.7
750°C - 1 Hr 31.8 31.8
800°C - 1 Hr 41.8 41.6  25.3 34.0 30.9
800°C - 1 Hr 27.3  27.3
900°C - 1 Hr 17.0 17.0
1000°C - 1 Hr 14.1  14.1

A, B, C, represent different lots of "as received" material

The diffefences between various batches of material
could not be rectified "after the fact" but the influence
of specimen preparation was removed by electropolishing a
minimum of 100 microns from the surface of all specimens
before any heéf treatment. In this way, anomalous results
were avoided.

The results of the x-ray analySis on annealed specimens
are given in Figure 10. The scattef.in the results is

large, especially when it is considered that each point

50



Retained fcc

[
°

Retained fcc

%

51

oF m

99.7% cobalt

99.9% cobalt
99.998% cokalt

(8]

(en]

i
=F X N |

99.92 cohalt annealed at SOO°C.

40 A ‘ . and 550°C.

30 |- e A ' A

20 |
10 b=
0 1 L ] 1 1 ]
0 10 20 30 T 40 50 60

Grain Size (u)

Fig. 10(a) % retained fcc vs grain size

60 = B 99.7% cobalt .
@ °°.92 cobalt

50 b A 559082 cobalt
O 99.6% cobalt - muller®’ a

40 O Y °A

A A o

1wl 00

0 ] | 1 L
0 0.1 0.2 —1/2 0.3 0.4
1//CGrain €ize (u :
Fig. 10(h) % retained fcc vs 1//Crain “Jze

Fig. 10 DProaress of the transformation as a function of arain size



52

represents between 10 and 40 specimens (50 - 200 x-ray
analyses). Nevertheless, they are typical of results
published elsewhere®?.

The important quantitative results are clear. The
amount of retained fcc is an important function of grain
size, decreasing very quickly as the grain size increases.
Also, as the purity is increased, the transformation
proceeds further towards completion.

These results may be explained in terms of defect \
structure. A small grain size results from a low temperature
anneal. The mobility and annihilation of lattice defects
that may take place at this low tempefature is more limited
than for anneaiing treatments vielding large grained
material. Many nuclei for the transformation are available
but regions through which the nuclei may operate free of strong
obstacles such‘as'grain boundaries or other martensitic
plates are smail. Thus, we have a situation where many
nuclei are preéent but the growth of the nuclei is strictly
limited. For large grain sizes the defect structure is
less dense; féwer nuclei are available to transform{the
lattice from féc to hcp. If a nuclei begins to grow in the
large grained material, it may propoéate through a larger:
region of cryétal before interferencé from other multivariant
plates or grain boundaries constrainAfurther growth. It
is clear from the x-ray data that this latter situation

gives rise to a more complete transformation.



The increasing difficulty in completing the trans-
formation as the impurity content increases is due to
substitutional atoms toughening the lattice for dislocétion
movement. The locking of stacking faults in this manner,
making it difficult for them to move and transform the
lattice, has been observed by Altstetter et al?®~3'_

The present observations agree with data taken from
the literature. Beckers®? observed maximum retained fcc
(50-60%) by annealing at 500-600°C and observed a drop to
approximately 30% fcc for 800°C anneals. Grain sizes were
not quoted but they may be assumed to be in the same
general range aé in the present study.‘ Fraser®!, also found
the maximum retained face-centred phaéé to occur in this
annealing range. Muller®3 annealed shéet cobalt of
various puritiéé, between 800 and 1300°C and determined
that from 300 micron to 30,000 micron grain size, the
retained fcc phase amounted to approximately 10%. For
his finest graih size of 35 microns, he measured approximately
40% retained fcc. Other data from the literature is available
but it is based on powder specimenseﬁ'55‘57.

As mentioned earlier, polarizedilight was investigated
as a secondary tool for determining the distribution of the
two phases in cobalt. A photomicroéraph is reproduced for
a large grainéd specimen in Figure il. The material is
99.998% cobalt with an average graih size of approximately
47 microns.. Figure 11 shows the complexity of the trans-
formation within a grain in a very striking manner. The

central grain has been strongly constrained during the

transformation. It was originally a twinned fcc grain and
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the multivariant transformation shows more than 4 planes on
which the transformation has proceeded. The dark areas in
this grain remain dark throughout the rotation of the
polarizer and are retained fcc areas. X-ray analysis of
this specimen yields 31% retained fcc phase at room
temperature which approximates the value taken from the

polarized light photomicrograph.

3.1.4 Discussion and Summary

The following discussion outlines the structures that
will occur in polycrystal cobalt following standard
annealing procédures.

The microstructures observed may be arbitrarily
classified on the basis of annealing temperature. The
three types of treatment discussed afe:

a) Aannealing just above the transformation
temperature (appro#imately 450°C)

b) annealing in the range where maximum fcc
phase is retained (500 -~ 600°C).

c) aﬁnealing above 600°C where grain growth

predominates.

The structures produced in cobalt are related to an
annealing treatment as ouytlined in Figure 12. 1In all
cases, the starting material is severely cold worked and

of physical dimensions large compared to the fcc grain size.
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a) Annealing just above the transformation

temperature (AS)

Upon heating through the transformation, the specimen
undergoes recovery and polygonization. Simultaneously, the
structure transforms completely to the high temperature fcc
phase. The transformation is nucleated at stacking faults
in the hcp phase or at retained regions of fcc?’'’8., From
many nuclei, fcc grains with a dense defect structure are
formed. The transformation upon heating is accompanied
by an increase in volume. The theoretical maximum increase
possible is 3.6 X 107 328-31 (See Figure 13).

The fault density in the room temperature product depends
upon "t". If t, is very small, less than one minute, the
number of deformation faults will be reduced and the number
of growth faults will be higher than originally present.

If t, is large, the number of deformatibn faults will approach
zero, but the grbwth fault density willvremain high. 1If t,

is greater than several minutes recrys£allization begins

at grain boundaries. A part of the driving force appears

to be a superséturation of vacancies giving rise to
recrystallization nuclei!®!. A one hour anneal at 450°C
produces a paftially recrystallized stfﬁcture (Figure 6).

Long time anneals at this temperaturé do not yield a fully
recrystallized structure.

Upon cooling, the volumes of crystal lattice where
recrystallization has not occured, transform to the hecp

phase on the same lattice planes that operated during the
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127171 | The transformation proceeds in this

heating cycle"
manner because high densities of dislocations are not available
on planes other than the (111) variant corresponding to
(0001) hcp above the transformation temperature.

In the areas that have undergone recrystallization,
dislocation densities are similar on all {111} planes.
The planes that will opefate to form the hcp phase upon
cooling will be determined by the constraints imposed
on these new fcc grains. The constraints arise from the
decrease in volume accompanying the transformation, and
the thermal anisotropy of the hcp lattice.

The amount of retained fcc resulting from this partially.

‘recrystallized structure at room temperature varies over

a wide range, but is invariable high (30% - 65%).
b) Annealing in the range 500 - 600°C

A treatment of this nature gives rise to complete
recrystallizatioh. A small amount of.grain growth may
occur at the higher temperature. TheAgrowth fault density
will be high iﬁsthe room temperature ﬁfoduct while the
deformation fauit density will be low.

The size of grains in any individﬁal specimen varies
over a wide ragge and cannot be considered an eguilibrium
structure. Many straight and acute ahqle boundaries are
present as well as a varjety of substructure. The visible

substructure varies according to the etching procedures®?3.

Figures 9(a) and 14 show the structure obtained by attack
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on both the grain boundaries and martensite plate boundaries.
It should be noted that plate intergrowth or overgrowth in
different directions at different depths into the grains

is evident. As outlined by Feller®?, preferential etéhing
of certain lattice planes may occur in cobalt. This
phenomena is shown in Figure 15. The etching procedure
clearly delineates regions of lattice of differing
orientation;

The average grain size obtained in this annealing
range is less than 10 microns for all purity levelé_
investigated. Two typical views for 99;9% Co are shown
in Figure 16. S;rface tilting due to transformation is
often severe in this fine grained material as shown in
Figure 17. This surface was electropolished before heat
treatment but n6~further etching was pérformed. The shear
markings due to £he martensitic transformation are obvious.

Optical metallography is discouraging for cobaltiand
;hus replica work is presented to confirm the detailed
;ppearance of the surface in small grained specimens. A
range of structures is observed on a single sufface of a

grain. The most common fieatures are as follows:

i) A few grains have thé appearance of a
single crystal upon viewing a single plane through the
grain. These grains likely contain some multivarient
plate growth at:constrained grain boundary regions:

(Figure 16 (a)).
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Fig. 16 99.9% cobalt, 6.5 micron grain size, 4000X

Fig. 18 Annealing twin boundaries

Fig. 17 Shear markings follow-
in 99.9% cobalt. 5000X

ing heat treatment.
6500X
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ii) Many grains exhibit different orientation
in areas delineated by annealing twin boundaries in the
fcc phase; (Figures 15 and 18).

iii) Some grains appear to have random areas
of different orientation throuchout. This type of substructure
is shown clearly under polarized light (Figure 11).

iv) A banded structure is detected in some
grains; (Figure 19). These bands are interpreted as hcp
regions differing only in operational shear direction in
a given (1lll) type varient during transformation. A
similar result hés been noted for a martensitic transformation
in the copper-germanium system’®? and postulated for cobalt
in discussions by Nelson?®. The bands resolved via replica
techniques are 0.1 to 1.0 microns thick and completely
'fraverse a graih. Bands of this thickness require operatioﬁ
of similar partial'dislocations on 150 to 1500 close-packed
planes. The faéf that this banded structure is not always
observed is expiained by the fineness with which the
transformation‘may operate with respeét to shear directions.
If the shear difection changes every few close-packed
planes, shear ﬁarkings are too fine to discern by replica
techniques. Bénds are observed only when the constraints
on a volume of crystal yield a strong preference for a
given shear direction. This analysis explains why for some
years there was a dispute over the martensitic nature of the
transformation. in cobalt. Without the aid of the electron

microscope, the shear is difficult to discern.



Fig. 19(a) 4000X Fig. 19(b) 10,000X

Figs. 19(a) - 19(c) Banded structure arising from coplaner
multivariance in cobalt.

Fig. 19(c) 10,000X Fig. 20 99.998% cobalt, 47
micron grain size,
2000X
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For annealing treatments with T between 500 and 600°C,
the retained fcc phase is a maximum. At room temperature,
all specimens are 40 - 6Q% fcc. The retained phase does
not occur as individual fcc grains, but as regions of

fcc lattice distributed within individual qrains.
c) Annealing above 600°C

An annealing cycle above 600°C gives rise to grain
growth. For 99.998% cobalt, grain growth is proceeding
rapidly at 600°C while for 99.7% cobalt, grain gréwth is
barely underway.VAAs the fcc grain size increases, the
grain substructure observed at room temperature becomes
less complex. The banded structure noted in fine grained
material is not observed for grain sizes.over approximately
15 microns. Largé volumes of crvstal trénsform on a
single (111) varient in large grains. Multivariance occurs
but the plates of different orientation are coarser than
for fine grained material: (Figure 20).

As the grain-size increases the amoﬁnt of retained
fcc decreases. For an fcc grain size of 50 microns,
approximately 30%‘of the lattice remains fcc. For grain
sizes over 300 miérons, this value drops to 10% retained
fee. For the limiting case of a single crystal the transformation

proceeds to completion.

The structure of the cobalt specimens produced for

further testing may be summarized as follows:



i) All specimens were recrystaliized cobalt,
furnace cooled to room temperature at approximately 6°C
per minute. Their purity ranged from 99.7% to 99.998%.

ii) The grain size for the material varied from
less than 5 to over 50 microns, while the rétained fcc
decreased from over 50% to less than 30%.

iii) All polycrystal grains were a mixture of
fcec and hep phases. Most crYstals had hcp regions of
different orientation with verv strict orientation
relationships. That is, all hcp regions were stacks of
close-packed planes that intersect at angles between {111}
planes in the parent fcc grain.

iv) The étructure was not an equilibrium one.
The thermodynamic driving force attempting to complete
the martensitic transformation was available, but it was
so small that the constraints arising from thermal
anisotropy and the.volume change involved in the trans-
formation retained material in the fcc phase.

v) The substructure within'grains was varied.
The shear produced by transformation delineated annealing
twin boundaries in the parent fcc graiﬁs. The growth of
martensitic pla£es on more than one (111) type planes, termed
multivariance, was always present. Repeated transformation
in a <112> direction in a given (111l) plane produced a

banded structure in fine grained material.
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3.2 Tensile Behaviour of Cobalt Polvcrvstals

3.2.1 Tensile Results

3.2.1.1 True Stress - True Strain Curves

True stress - true strain curves for cobalt at selected
test temperatures are shown in Figures 21-23. The behaviour
as a function of grain sjize is shown in Figure 24. Several
important observations may be drawn from this data;

i) the measured stress levels appear high for a
pure metal. The ultimate tensile strength at room
temperature exceeds 150 X 103 psi for fine grained material.

ii) the temperature dependence of the flow
stress is large. As shown in Figures 21-23 the flow stress
at yield increases by greater than a factor of 2 for a
temperature change from 400°C to,—l96°C. The ultimate
strength decrééses by a factor of 5 over the same temperature
range (Figure 21){

iii) the vield stress decreases by a factor of 2
as the grain éize is increased from 6.5 microns to 60
microns (Figure 24). |

iv) the tensile curves exhibit an inflection
in the initial portion of the curve; This anomaly is

shown clearly in Figure 22 for 99.9% cobalt.

The strength of cobalt is compared to other common
hcp metals in Figure 25(a). The tensile behaviour for hcp
metals having c/a ratios higher (Zn), similar (Mg), and

lower (Ti) than cobalt are included. The data is presented
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Fig. 21 True stress - true strain curves at selected temperatures, 99.998% cobalt.
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for room temperature properties normalized to reduce the
affects of shear modulus and melting point. The fact that
cobalt undergoes a martensitic transformation during
deformation whereas the other metals listed {lo not, makes
comparisons on the basis of crystal structure tenuous.

In Table II the critically resolved shear stress
for a variety of metals is listed. It would appear that
the common hcp metals may be divided into two groups on the
basis of flow stress. One group (Cd, Zn, Mg) which
demonstrates a low critically resolved shear stress, similar
to the majority of fcc metals, and a second group comprised
of Co, 2r, Ti, and Be which exhibit much“higher values of
resolved shear stress. The importance fhat must be
attached to the presence of grain boundaties in the hcp
metals is revealed clearly when the single crystal data
in Table II is compared to the polycrystal data shown
in Figure 25(a).

Single crystals of Ti are much stronger than single
crystals of the other metals shown in Figure 25(a) vet
in polycrystalline form Ti cannot be cohsidered a strong
hcp metal when‘compared to Z2n, Co, or Mg. This apparent
- contradiction occurs because Ti may oﬁercome more easily
than the other metals, the requirement that coherency
be retained at grain boundaries. At room temperature,
titanium slips on the basal, prism and pvramidal systems.
Although both Mg and Zn deform at very low stresses as

single crystals, the constraint imposed by the introduction



of grain boundaries radically increases the stress levels
required to continue deformation. In Zn, coherency at
grain boundaries is maintained by dislocation motion on
‘the corrugated slip planes in addition to the basal planes.
The normalized stress level required to maintain coherency
‘at grain boundaries appears to be higher for Zn than Ti.
For Mg, the operation of sufficient slip systems to
satisfy Von Mise's Criterion requires very high stress
levels as reflected by the steep curve associated with
this metal. Co with the same c/a ratio as Mg is unique in
that it is a mixture of two close packed phases, fcc and
hcp. The resulté for cobalt fall between those for Zn and Mg,

The data outlined above shows that the observed behaviour
of hcp single crystals may not be generalized to include
polycrystals. The limited numbers of operative slip systems
in hcp metals require that each metal must be investigated
individually. 1In Figure 25(b) curves for Co and a group
of fcc metals are shown. Two observations may be made.
Cobalt is considerably stronger than Ag, Cu, or Al on a
normalized basis. éecondly; the affect of grain refinement
is clearly larger for cobalt.

For small grained cobalt an anomaly in the true stress-
true strain curves occurs at low strain values, Figures 22—24.
The anomaly is not as pronounced for 99.998% cobalt. Although
published curves are available, no mention has been made of
this effect in cobalt®'—83,  This is not surprising, as the
anomaly is not large and becomes clear only after calculating
true stress values for many values of:strain and plotting to

a large scale.
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The anomaly is not obvious for all specimens, but is most
pronounced for specimens having a fine grain size. A small
grain size is equivalent to a large initial fraction of
retained fcc, in other words a large volume of material
available for martensitic transformation.

Published true stress - true strain curves for materials
known to transform martensitically during deformation are
presented in Figure 26. Included are data for 353 stainless
steel! 95, Hadfield's Manganese Steell! %5, equi-atomic Ni-Tj! 06,
and cobalt. y

The retained high temperature phaée in 18-8 stainless
steel and Hadfield's Manganese steel is fcc. Some hcp
martensite is generated by plastic deformation in the 18-8
stainless. This hcp martensite is believed to be a tran-
sition phase and most of the end product martensite produced
is beccl 05, This stress induced martehsite gives rise to
the low initiéi work hardening rate ih the 18-8 stainless
steel at liquid nitrogen temperatureél°5. A similar
explanation ié proposed for the anomalous behaviour in the
equi-atomic Ni-Ti shown. The large anomaly observed for
18-8 stainless and equi-atomic Ni~Ti are not evident for
Hadfield's Manganese Steel. Although all four materials
transform to martensite while undergoing deformation, it
is probable that no initial low stréin hardening occurs in
Hadfield's steel because no signifiéant quantity of low
energy martensite is formed. Of ali martensitic transformations,
the transformation from fcc to hcp is the lowest energy form, 4

requiring only a simple shear which need not be accompanied
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Fig. 26 True stress - true strain curves for materials
undergoing strain induced martensitic transformation.



77

by further deformation to form the second phase (Table VI).

Thus; while 18-8 stainless steel forms a low energy form

of hcp martensite and Ni-Ti does likewise, the Hadfield's

steel probably forms a more complex martensite directly.
Cobalt, like the 18-8 stainless steel and the Ni-Ti

forms a simple hexagonal structure from the fcc phase.

The anomalies are larger for the 18-8 stainless steel

and Ni-Ti because these materials are initially 100%

retained face-centered phase while cobalt is a mixture

of both phases.



TABLE VI Martensite Transformations in Non-Ferrous Materials

Material and Structural Additional
Composition Change Deformation

In-T1 (v20 at. % T1) fcc -- fct T, S
Au-Cu (v50 at. % Cu) fcce -- ortho. T, P
Au-Mn (50 at. % Mn) bcc -- bct T
Au-Cd (~n50 at. g Cd) bcc -- bect T, M, S
Au-Cd (~47.5 at. % Cd4d) bce -- ortho. T, M, S
U-Mo (5-10 at. % Mo) becc -- ortho. T, F
Cu~-Zn (v40 wt. % Zn) bce -- ortho. T, E
" " bcc ~-- fcc T, C, E
Cu~-Al (v12 wt. % Al) bcc -- ortho. T, E, P
" " bcc -- fcc F, E
" " bcc -- tet. F, E, P
Li bce -- hep T, B, ?
Ti, Zr - bece -- hep T, D, ?
Ti-Mn (nv5wt. % Mn) bce -- hep T, ?
U-Cr (1 at. % Cr) tet. -- ortho. D, ?
Hg rhomb. -- bct™ ?
Co fce -- hep X
Notation:
T Twinning E Thin foil observations
made
X ©No additional deformation
required M Parent structure ordered
? Unknown or information P Product structure ordered
uncertain
S Single interface trans-
C Transformation in thin foil formation observed

D Common deformation
modes
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3.2.1.2 VYield Stress and Ultimate Tensile Stress

To determine and isolate the effect of purity on the
vield strength of cobalt, a large number of tests were
carried out on material of 99.7% and 99.998% purity with
similar grain sizes. Some variation in the initial amount
of retained face-centered phase was unavoidable.

From Figure 5, it was observed that 99.7% cobalt
annealed one hour at 700°C has a grain size of approximately
10 microns, as does 99.998% cobalt annealed one hour at
600°C. The initial amount of retained fcc phase is 46.5%
for the low purity material and 40.8% for the high puritv
material.

As shown in Figure 27, the effect of increasing purity
on the 0.2% offset yield stress in cobalt is not large.
Increasing purity from 99.7% to 99.998% decreases the yield
stress by approximately 4000 psi for material with a 10
micron grain size. The difference in strength between the
two grades of material remains constanf throughout the
temperature range from -196°C to +400°C. From the data
presented in Figﬁre 27, it is clear that the yield strength
of polycrystal bobalt is not a strong function of impurity
content at the levels investigated.

Although purity does not affect the yield strength
in a strong fashipn directly, the impurity differences
cause large vafiations in yield strength for identical
annealing treatments. In.other words) the vield strength

is a strong function of grain size. Tensile data for cobalt
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has commonly been tabulated with reference to annealing

81182188  phe discrepancies in this data would

temperature
be reduced if the tensile parameters were normalized to
account for grain size. For example, 99.7% cobalt and

99.998% cobalt having undercone identical (one hour)

annealing treatments at 800°C, differ in vield strength

by approximately 30,000 psi. (See Figure 28).

The variation in stress with test temperature is shown
in Figures 28 and 29. For all materials, the temperature
dependence of the yield stress has two distinct\regions.

At low temperatures, the yield stress decreases verv

slowly with increasing temperature. At higher temperatures,
the yield stress drops rapidly with temperature; the effect
is not as pronoﬁnced for large grained material. (Figure 28).

Due to thé-scatter in results between individual test
specimens, especially regarding the yield stress, it was
difficult to accurétely define the two regions of temperature
dependence. In an attempt to alleviate this problem a further
group of specimens were tested.

Single spééimens were step pulled over the complete
temperature rahge from ~196°C to 400°C. Some specimens were
initially yielded at low temperatureé and others at high
temperatures. , The specimens were then retested every
20 or 30 °C fbr small increments of strain. An intersect
method was used to subtract out the work hardening that had
taken place dp to the given step-pull being analyvzed to arrive

at the yield stress for the temperature in question.
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The data provided by this type of test must be evaluated
carefully. In addition to physical measurement problems,
there are other areas for concern. The stress relaxation
that is attendant to the martensitic transformation of cobalt
can cause anomalies upon reyielding specimens of cobalt??7-1°°,
At higher temperatures, dynamic recovery may occur while
testing and recovery procedes during the lapses while the
temperature of the testing environment is being adjusted.

A large correction must be applied to the raw tensile data
to adjust for the variation of work hardening rate with
étrain and tempefature. The calculatiéns carried out for
tests of this tyﬁé are outlined in Appehdix 2.

Figure 29 is a plot of step-pull test data for 99.9%
cobalt annealed one hour at 600°C. The data gathered from
many individual tests is included for éomparison. The
agreement between the two sets of data is encouraging.

Further tests were carried out over various temperature
ranges with a variety of specimens. In all cases, acceptable
agreement with the results determined-by many tests were
found.

Figure 28 éresents the variation.in yield stress with
test temperaturé for all matefial tested. The pertinent
- information to bé drawn from this graph is reproduced in
Table VII. Two important observations‘may be made. The
temperature depehdence Q£ yield stress has two distinct
regions and yieid stress‘is a strong function of‘grain

size,.



TABLE VII Polycrystal Cobalt - 0.2% Yield Stress bata
0.2% Yield Stress Temp. for Slope at
_ ‘ (True Stress X GO/G / True Stress) Slope " High Temp.
Grain Purity Change Slope at
Size (u) (%) -196°C 20°C 250°C .400°C_ fc ‘ T/Tm Low Temp.
6.5 99.9 104.0/101.2 98.0/88.3  78.0/62.5 50.0/38.9 160 0.25 7.2
7.0 99.7 99.5/ 96.8 97.6/87.4 72.0/61.7 53.0/41.2 128 0.22 14.8
9.0 99.998 86.5/ 84.2 81.5/73.4 68.0/54.5 48.5/37.7 167 0.25 8.0
10.3 99.7 89.0/ 86.6 86.0/77.4 75.0/60.0 53.0/41.2 195 0.27 9.0
14.5 99.9 88.0/ 85.6 82.5/74.3 73.0/58.5 50.0/38.9 225 0.28 6.0
17.5 99.7 81.5/ 79.3 79.0/71.1 72.5/58.1 53.0/41.2 220 0.28 8.9
23.5 99.998 78.0/ 75.9 71.5/64.4 56.0/44.9 36.0/28.0 170 0.25 7.2
24.0 99.9 75.0/-72.7 '66.0/58.4- '55.0/44.1  39.0/30.3 225 0.28 2.3
47.0 99.998 48.5/ 47.2 47.0/42.3 45.0/35.5 33.0/25.0 288 0.32 11.5
<6.5 99.9 95.5/ 92.9* 100.4/90.4%* 81.4/65.2* 62.0/48.2*% - - -
60.0 99.9 - 49.2/44, 3% - - - - -

* Single Tensile Test
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The yield stress behaviour of cobalt as a function of
temperature is unlike that for most common metals®?®., 1In
copper, zinc, and molybdenum for example, the yield stress
drops steeply with increasing temperatures at low temperatures
and becomes relatively temperature independent at higher
temperatures. Similar behaviour is observed in polycrystal

2 and single crystal cobalt".

magnesium?

For 65 micron magnesium, the vield stress decreases
slowly with temperature up to 0.21 T (-80°C) and then
drops quickly until 0.43 Tm (125°C) is reached. Bevond
0.43 Tm the yiela stress continues to decrease at a lower
rate once again. (Figure 30). To allow comparisons
between polvcrystal cobalt and polycrvstal magnesium, the
data for both metals are plotted with the ordinant
normalized for shear modulus and thé homologous temperature
plotted as abeiséa. From this graph,‘it is clear that the
general shape of tﬁe curves are similar. Also, the temperature
at which both métals change behaviour, and the temperature
dependence of é£ress are comparable.

A compariSon between the yield behaviour of polycrystal
and single crystal cobalt is presented in Figure 31. The
resolved shear stress (T) in a polycrystal is somewhat less
than 1/2 the méasured value for tensile vield if the Schmid
factor is considered. For this reason, the polycrystal.data

are plotted as 00.29/2 to allow comparison with the single

o
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crystal data. Although this correction was made, it is still

necessary to plot the single crystal data on a scale a factor

of 10 larger than polycrystal results for the trends to be

visibly examined. The ahcissa is shown both as a fraction

of the melting point, and as a fraction of the transformation

temperature. The latter scale is included to provide a

measure of the metastability of the fcc phase present in

the cobalt polycrystals. The data for fcc cobalt single

crystals is also presented to show the sharp differences

in behaviour between the two phases as single crvstals.
Several conclusions may be drawn from Figure 31.

The polycrystalline behaviour is similar to that observed

in single crystals. Although absolute values for the curves

vary, the fact that both types of material exhibit two

distinct types of temperature dependence is informative.

A second impoftant observation is that the critical

temperature at whiéh the yield stress changes behaviour,

increases with increasing grain size in a manner that

yvields upon extrapblation a value close to that obtained

for single crystéis for very large grained polycrystals.

The line representing this trend in Figure 28 is also shown

in Figure 31. This line, determined from polycrystal data,

predicts a change in yield behaviour at 0.36Tm for cobalt

that yields at 2v£o 3,000 psi. Hcp single crystals of cobalﬁ,

in fact yield at this stress level and do change vield

behaviour at approximately 0.35 Tm.
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At this juncture two important facts are clear. The
yield stress of cobalt appears to be controlled by two
processes. One process, which is almost athermal at low
temperatures, and a second process which is strongly
temperature dependent at higher temperatures. Secondly,
the change from one process to the other occurs at higher
temperatures as the grain size increases.

A discussion of the processes that may be determining
the temperature dependence will be deferred until furthér
aspects of tensile behaviour of cobalt have been preéented.

The two redions of temperature deéendence noted for

cobalt at yield, disappear as strain increases. The

temperature depéndence of the flow stress at yield and failure

is shown in Figure 32. The data is presented for a small
grained (6.5 micron) group of specimens of 99.9% purity.
Figure 33 shows a typical set of data éoints from which
Table VIII and IX Qere constructed. Similar curves to that
shown in Figure 33 were obtained for all material tested.
In attempting to compare the flow stress behaviour
Qith that of mégnesium a problem arises. The limited
ductility of pure magnesium, (less thén 2% for 65 micron

material®?), does not allow for comparison of the flow

stress at the high values of strain that can occur in cobalt.

The two materials do exhibit parallel:behaviour over the
range of strain where comparisons canSbe made.

The disappearance of the essentiélly athermal behaviour
of flow stress at low temperatures as strain increases may

imply that the mechanism controlling the initial deformation
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in cobalt at low temperatures, does not control the stress
levels at large values of strain.

The temperature dependence of the flow stress is given
in Table VIII as a fraction of the shear modulus for a
change in temperature of 100°C. It is clear that for all
materials tested, the temperature dependence of yield at
low temperature is about an order of magnitude less than
at high temperature. The amount of strain required to
eliminate this two stage characteristic decreases as the
grain size becomes larger. For example, in 99.7% cobalt,
two regions of temperature dependence ére observed at
greater than 10% strain for 7 micron material, yet for
17.5 micron material of the same purity, no difference
is observed at 5% strain. (Table VIII).
| The absolﬁte effect of purity on the flow stress is
small at all values of strain. 1In Figure 29, the difference
was presented at yvield. This difference in stress level
remains small at all values of strain. Thus, the fact that
the impurity level does not affect vield in a strong
manner may now be expanded to includé the complete stress-
strain curve.

As outlined earlier, the ultimaﬁe strength of cobalt
is very high for a pure metal. This'fact was shown in
a general way previously in Figure 25. From Table IX it may
be seen that polycrystal cobalt fails at stress levels
approaching G}SO at -196°C and G/70 at room temperature.
The highest stress level sustained by pure polycrystal
magnesium is approximately G/100°2. Other pure metals fail

at considerably lower levels??,



TABLE VIII Temperature Dependence of Flow Stress (ég for 100°C temperature change)
G

Purity 99.7¢% 99.9% B 0 99.,998% Strain
Grain Sizes 7.0 10.3 17.5 6.5 14.5 24.0 9.0 23.5 47.0 (%)

7.6 12.1  10.6 19.7  19.7  36.3 12.1  15.2 7.6 0.2
Low temp. 25.8
slope where | 34.0 38.0 59.0 68.0 58.0 50.0 58.0 39.0 2.0
required  59.0 62.0 - 107.0 118.0 - - - - 5.0
Ao /G 106.0 _ _ _ _ _ _ _ - 10.0

- - - - - - - - - U.T.SO

0.22 0.27 0.27 0.25 0.28 0.26 0.25 0.25 0.32
Temp. :
of change 0.26 0.28 0.28 0.28 0.29 0.28 0.26 - -
T/T

m
112.0 109.0 94.0 153.0 118.0 82.0 97.0 109.0 88.0 0.2
High temp. 116.90 103.0 100.0 153.0 140.0 120.0 128.0 102.0 90.0 2.0
slope. or
single 117.0 115.0 111.0 155.0 145.0 131.0 152.0 140.0 92.0 5.0
slope where
required 140.0 143.0 120.0 157.0 149.0 143.0 - - - 10.0
bo/G
144.0 168.0 175.0 250.0 220.0 190.0 - - - U.T.S.

R4S



TABLE IX Ultimate Strength Data for Cobalt Polycrystals

Ultimate tensile stress (true stress X GO/G) / (True Stress)

Grain Purity in ksi.
Size (n) (%)
-196°C 20°C 250°C 400°C
6.5 99.9 247/241 184/165 115/ 92 66/ 51
7.0. 99.7 211/205 176/158 136/109 111/ 86
9.0 99.998 158/154 125/112 90/ 72 65/ 50
10.3 99.7 222/216 183/164 138/111 110/ 85
14.5 99.9 216/210 163/146 103/ 83 64/ 49
17.5 99.7 226/220 183/164 135/108 105/ 81
23.5 99.998 142/138 125/112 78/ 62 57/ 44
24.0 99.9 192/147 145/130 94/ 75 60/ 47
47.0 99.998 116/113 95/ 85 70/ 56 55/ 43
Note: 99.998% cobalt exhibits much less ductility than the lower purity grades.
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The strong variation in yield strength with changing
grain size is shown very clearly in Figure 31. The yield
stress for 47 micron material is less than one half that
for material having a grain size of 7 microns.

Grain boundaries affect the strain hardening and
strength ofbmetals via two routes. Grain boundaries act
as barriers to slip, and secondly to maintain coherency
between grains during deformation of a polycrystalline
aggregate, complex modes of deformation must take place
within individual grains. During the initial stages of
deformation, dislocations pile up at grain boundaries.

As pile ups form they increase the back stress on dislocation
sources inhibiting further dislocation production. At the
head of the pile up, stresses increase until dislocation
movement is initiated across the boundary in another grain.
The measured strain hardening from this avenue will depend
upon ﬁhe ease 6f ihitiating slip in adjoining grains.

In the case of fcc or bcc metals, where ample slip modes

have been observed, the effect is not large. 1In the hcp
metals a larger effect is observed due to the limited slip
systems available.

In the outline above, pile ups of dislocations at
grain boundaries were postulated. It is not necessary
to assume regﬁlar arrays of dislocations in this manner.

An exact distribution of the dislocations .is not important;
the important.point is that there is a strong stress field

around the end of a slip band. When the stress field
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initiates slip in an adjoining grain, the back stress on
the initial sources is reduced and the hardening due to
the back stresses increases less rapidly. The effectiveness
of grain boundaries as dislocation barriers is most important
during the initial portion of the stress-strain curve while
the dislocation pile ups are forming. Thus, the effect
of grain boundaries on the tensile parameters is more
marked in the initial portion of the tensile curve.

For a number of metals, grain size and vield stress

may be related through an equation of the form:

_ L =1/2
OO—Oi+KD n-oni4)
o = vield stress
c. = friction stress opposing motion of dislocations

K = measure of the intensity of dislocation
pile ups at barriers
grain diameter

(W)
i

The derivation of this relationship is given in most
standard texts®'. The slope of a plot of o, versus D_l/2
determines K. K is assumed to be almost independent of
temperature, varying with the square root of the shear
modulus. oy ié the stress reguired to force a dislocation
against the reéistances arising from impurities, sub-
grain boundaries, the Pejerls-Nabarro force, etc. Therefore
it is temperature and composition dependent, but independent
of the externaily applied stress.

A plot of the yield strength versus 1//D for cobalt
3

is shown in Figure 34. Data for zinc alloys”f0 and copper3

are also shown for comparison. Two values for 98.6% cobalt
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drawn from the recent work by Miller®? are included as they
deal with large grained cobalt of low purity. The values
for o, and K, for this variety of material are reproduced in
Table X. o and K are quite large for cobalt when compared
to values for other metals.

A large value for Oy is not unexpected. The
heterogeneity of the cobalt lattice after.cooling through
the transformation is well documented. The large amount of
lattice debris present has been outlined by Yegoleyev?®5'86
and others®®'7®_. Even in single crystal cobalt, the
dislocation density is found to be much higher than in
well annealed crYstals of other metals?S’

The extiemely high values for K require explanation.
It is not reasonable to expect the barriers in cobalt to
be 10 times as difficult to overcome as those in copper,
or a factor of 5 stronger than those in zinc.

An expression providiné the imporfant parameters
included in K héy be written as follows:

Ka(GboC)l/z | enllB)

G shear modulus

b Burger's vector

o, = critical stress at the head of a pile up
required to initiate slip in a neighbouring
grain, .

Clearly, if metals with very different shear moduli
are to be compared, the data should be normalized for
shear modulus. The ratio>(GZn/GCO)1/2 isvabout 0.66.

If we normalize the K value for cobalf by this factor we

find that K for cobalt at room temperature is 120,000 psi/}’ll/2



TABLE X Parameters From an Equation of the Form: .Oyiéld = 0, + KD—l/2
Test Temperature Oi K
[« .
C T/Tm psi ]_osi/ul/2 Comments
- =196 0.04 22,000 212,000 Cobalt - 99.7 - 99.998%
20 0.17 19,500 182,000 Cobalt - 99.7 - 99.998%
20 0.17 24,000 230,000 Cobalt - 98.6%

- 100 0.21 18,500 182,000 Cobalt - 99.7 - 99.998%
250 0.30 16,000 126,000 Cobalt - 99.7 - 99.998%
400 0.39 13,500 81,000 Cobalt - 99.7 - 99.998%

~-100 0.25 11,000 44,000 Zzinc Alloys''® - 2Zn, Cr, Ti,

Zn0O, Ni
20 0.22 3,000 26,000 Copper 33

00T
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compared to 44,000 psi/}il/2 for zinc alloys. The difference

in Burgers vector between the two materials should not vield
important differences. If 9 is a strong function éf
temperature in cobalt, K values must be compared at similar
homologous temperatures. From Figure 35, it may be seen

. that K for cobalt does vary with temperature. Between -196°C
and 100°C the variation is not large, but K drops‘considerably‘
above this temperature. If K values at 250°C (0.3 Tm)

are compared to values for the zinc alloys at (0.25 Tm)

we find that the K value for cobalt is 1.8 times that for

zinc alloys. in Figure 34 a dotted line has been inserted

to represent a curve for cobalt normalized for G and homologous
temperatures to allow comparison to the curve for zinc

alloys. The coincidence of as values for the two curves

should be judged fortuitous as oy for dilute zinc-aluminum_

1 is'approximatgly 0, whereas the zinc alloys that.

alloys!
give rise to the line plotted in Figure 34 exhibit a strong
contribution fo oy from precipitateuhardening.

The only parameter which has not been analysed is D.
If the grain size D has been measured incorrectly, the
-measured values of K are also in error. The D values
used to assémble Figures 34 and 35 are the values associafed
with the fcc grain size. 1In section 3.1 it was shown that
the fcc grain size is only a measure of the coarsness bf
the high temperature phase. The régions of crystal lattice

that may be considered individual grains depends upon the

multivariance of the transformation. The boundaries between
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multivariant areas are nat true grain boundaries, but thev
are clearly stronger barriers than subgrain boundaries.
Although, it is physically impossible to ascertain the
size of the various transformed regions (except in thin
films in the electron microscope) these various regions
of lattice must be smaller than the fcc grain size. 1In
view of the above observations, the slopes determined in
Figure 34 and 35 should be lower than as shown because
the distance between boundaries that act as dislocation
barriers in cobalt is smaller than the diameter of

the fcc grains..

If it is assumed that a normalized:K for cobalt is
similar to that for zinc, a point on the normalized cobalt
curve in Figure 34 may be projected back onto the curve
for zinc at constant stress to yield a measure of D for
the misoriented regions of cobalt lattice. For example:
Move data point A,'representing 47 micron cobalt of 99.998%
purity to positibn A' to represent normalizing for G and
homologous température. Then move to A" which is assumed
to reflect the;error in measurement of D. The "Grain"

size determined in this manner is approximately 10 microns.

Upon comparing this value with Figure 11, a photomicrograph,

of 47 micron, 99.998% cobalt under poiarized light, the
result is not unreasonable. Although an accurate "average"
size for regioﬁs of lattice having similar orientation

is impossible,. it is clear that the "average" is not over

15 microns nor less than 5 microns.
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Although the complex microstructure in cobalt makes én
accurate evaluation of K difficult, it is clear that K
is large as in other metals that lack a multiplicity of
slip systems at room temperature.

The measured variation in K, and Oi' with temperature
is interesting. (Table X). Clearly both parameters differ
little between -196°C and 100°C, X drops only 15%, yet
between 250°C and 400°C, a temperature change only one
half as large, K decreases 35%. Similarly o, decreases
more rapidly at higher temperatures. These observations
parallel the eérlier observations regarding tensile
behaviour above and below 0.25 Tm. :

os is a measure of the force necessary to drive a
dislocation against the resistance of impurities, precipitate
particles, subgrain boundaries, and the Peierls-Nabarro
force. O0Of all these terms, the Peierls force is strongly
temperature dépendent whereas the otﬁers are not. Thus a
sharp changevin 04 with temperature‘may reflect the change
in the Peierls force.

The Peié?ls force, or the force required to drive a
dislocation over a slip plane is small on close packed
slip planes.” Thus, it is not large in the fcc metals.

In the bcc méfals, where the slip élane is not close packed,
the Peierls fbrce is large. In hcp metals, the Peierls férce
required to‘arive dislocations over the basal plane is
generally considered to be small, but to obtain "corrugated
slip" on the {1122} planes may reqﬁire a very high Peierls

force. Thus) one possibility for the sharp drop in os above
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0.25 Tm in cobalt is that the Peierls stress for dis-
location motion on the %1152} <1123> slip systém becomes
rate controlling. The fact that o4 does not drop as quickly
at low temperatures may reflect the fact that some other
mechanism operates, reducing the need for corrugated

slip. The motion of transformation dislocations on

various {111} planes in the fcc portions of the lattice
would be one example of an athermal process which could
reduce the necessity for movement of dislocations on the
corrugated slip plane.

The two factors that may yield the temperature dependence

1/2 and o 1/2 1/2

o . Between -196°C and 100°cCc, G

of XK are G
decreases about 5%, thus two thirds of the drop in K
between -196°C ahd 100°C must be due td a reduction in the
critical‘stress (oc) required to initiate slip in a

1/2 decreases iO%

neighbouring graihi To propose that O
as temperature increases from 0.04 T, to over 0.2 T is
reasonable. On'ﬁhe other hand, the chahge in K between
250°C and 400°C is 35% and only 2% of the variation may
be attributed to.a change in Gl/z; thus, Ccl/2 must
decrease by ovef}30%. This is equivalent to saying that
the critical stress at the head of a pile up required to
initiate slip in a neighhouring grain,‘decreases by over
50% between 0.30 Tm and Q.38 Tm‘ Clea;ly some strongly

temperature dependent dislocation process is operative

at these temperatures.
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Presentation of the yield stress as a function of the
reciprocal square root of grain size and the ensuiﬁg
discussion has uncovered several important features
regarding yield in polycrystal cobalt. The yield stfength
in cobalt is affected in a strong manner by the grain
boundaries present. As barriers to dislocation motion, the
grain boundaries in cobalt provide a strengthening effeqt
similar to that found in other hcp metals that do not
exhibit é multiplicity of slip systems at room temperature.
The stress levels measured in cobalt are much higher than
for zinc, cadmium, or magnesium because of differences
"in shear modulus and melting temperature. The frictional
stress, gi,‘in cobalt is very high. In fact, after |
normalizihg for G and homologous temperature, pure
cobalt exhibits.ci values obtained for zinc alloys
containing a high density of precipitéte particles.

The variation in o; and K above énd below 0.25 T
implies that séﬁe temperature dependent dislocation
mechanism becomes important only above 0.25 T,- At low
temperatures o, is large but does not vary strongly
with temperatﬁre. At high temperature, oy drops quickly
with temperétﬁre. Similar observatiéns apply tb K.

One propdsal consistent with the observed resuits
is the relationship between Peierls stress on the {1132}
corrugated piane in hcp cpbalt and the stress induced martensitic
transformation that occurs in cobalt. A discussion of this
relationship-must be deferred until the data regarding the

martensitic transformation has been presented.
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3.2.1.3 Ductility and Fracture

The ductility of cobalt (% elongation) is not well
defined in the literature with measured values from almost
nil to as high as 25% being quoted®®. The low ductilities
measured in work carried out prior to 1940 were undoubtedly
duebto impurities in the cobalt. If the concentrationé of
sulphur, zinc, or lead exceed very low levels,>(20, 100,
and 20 parts per million respectively) cobalt behaves‘
in a brittle manner®?. Although the basic impurity effects
have been uncovered in recent years, low ductility readings:
are still in evidence for very pure polycrystal cobalt®?.

Sulphur, éinc, and lead are wellibelow the levels
where they cauéé brittle behaviour in all gradeé of cobalt
used for the présent study. Although hundreds of specimens’
were tested td:failure, no clear picture reqarding.the
ductility of cbbalt emerged. The values for the three
grades of cobait investigated are pfésented in Table le‘
The scatter ih‘results was always large and mean values are
shown in the:ﬁable. A large scattef is also prevalent
in other studies where raw data has been published.

The ducfility of 99.7% cobalt is high for all grain
sizes tested; averaging 19.2% strain for the 55 speéimens
pulled to faiiure. The differencesvin ductility for the
various graih.sizes are too small to be able to propose,
with authority, any trend, although there is a trend towards

lower ductility as the test temperature is increased.



TABLE XI Summarv of True Strain Data For Polycrystal Cobalt

Purity Annealing Grain Strain (%) at rFailure
Temp. (1 Hr.) gize - (u)
Average -196°C . +20°C 250°C 400°C
99.7% 600 - 800°C 7 - 17.5 19.2 21.6 19.7 17.3 15.4
99.9% 500°C <6.5 .23.9 '25.0% 20.5 29.9% 24 .8%
550°C <6.5 22.9 11.8%* 22.2* 33.2%* 23.6%
600°C 6.5 20.8 24,7 21.8 18.9 16.9
650°C 10.0 21.7 14.6* 26.4%* 14.5%* 30.5%*
700°C 14.5 10.8 14.4 11.7 9.0 7.2
800°C 24.0 5.6 8.3 6.3 4.2 2.8
1000°C 60.0 5.9 - 5.9 - -
99.998% 600 -~ 800°C 9 - 47 4.5 4.8 4.1 3.4 9.5

* Single Specimen Tested

80T



For 99;9% cobalt, the scatter in results is large; but
the trends in ductility are more pronounced. Ekcept for
very small grained material, which has over 20% ductility
at all temperatures, the ductility decreases as the test
temperature increases. The ductility élso drops rapidly
with increasing grain s}ze, decreasing from over 20% for
6.5 micron material to less than 6% for 60 micron material.

The results show that the small grained 99.9% material
behaves similarly to the 99.7% cobalt, but as the grain size
increases the former exhibits less ductility. For example,
17.5 micron cobalt of 99.7% purity yields approximately
20% elongation whereas 14.5 micron 99.9% cobalt fails after
11% strain. |

After teéting several specimens of 99.998% cobalt, and
noting the low ductility values, the material was examined
to determine if any physical defects were present. Upon
careful polishing and washing (no etching) a few small
elongated porés became visible. They were less than 1
micron in cross-section perpendiculaf to the tensile axis
and were a ma#imum of several microné in length parallel
to the tensil; axis. They did not éppear to be contaminated
and probably arose during a zone—refining procedure. The
cold work introduced dyring production did not close all
the pores. Problems attendant to obtaining a further
supply of 99.998% material made it imperative that the

material available be used. Attempts were made to swage and
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draw the material to close the pores. The low ductility, paired
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with contamination problems occuring at the temperatures
required for working, thwarted everv effort to eliminate the
pores. Thus, the materigl was annealed and tested with the
porosity present. While parting the high purity cobalt

rods into lengths convenient for machining further tensile
specimens, 50 random sections were taken. These sections
were examined on planes perpendicular and parallel to the
tensile axis for porosity. No defects were observed in

80% of the sections.

The porosity, as a fraction of cross-sectional area
is negligible and should not affect thé yvield strength or
the work hardening rate, but the pores may influence the
ductility by acting as nuclei for fracture processes.

The ductility of 99,998% material below 0.33 Th (350°C)
is low for all annealing procedures. As with the other
grades of cobait, there is a trend to lower ductility as
the test temperature and grain size increase. Above 0.33 T
the ductility of 99.998% material increases rapidly,
reaching 10% by 400°C.

In this véry high purity material, 350°C may be
sufficient for'the onset of the high ductility region
observed by other authors surrounding the transformation

temperature®! 1821109,

They attribute the high elongation
values observed to the t;ansformatioh proceeding during

deformation and relieving stress concentrations.
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-The behaviour of 99.7% and 99.9% cobalt as a function
of grain size is in agreement with data presented recently
by Miller®3. -The smallest grain size examined in his work
was 35 microns. Although the majority of the results
available from the present study are for grain sizes
smaller than this, in the areas where comparisons can be
made there is general agreement. Ductility decreases
up to a certain grain size, beyond this, the ductility
remains constant at 4 to 6%. This behaviour also parallels
the amount of retained fcc phase as.a function of grain
size.

Although a detailed study of the fracture processes
in cobalt was not attempted, metallographic evidence
regarding the fracture surfaces wés compiled. Figure 36
shows a fracture surface for 99.9% cobalt having a grain
size of 6.5 microns. The specimen failed at approximafely
20% strain. The failure is definitely ductile, as evidenced
by the ductile cusps visible throughout the fracture surface.

Figure 37 is a large grained (47 micron) specimen
of 99.998% cobalt that failed at less than 5% strain.
Although the surface does not exhibit the same intensity
of ductile cusps as the preceeding replica it may still
be considered a ductile fracture. 1In both figures, there
is some evidence of shear failure in selecfed areas.

The specimens shown in Figures 36 and 37 were tested
at room temperature. Replicas were taken from fracture

surfaces obtained after tests at -196°C, 20°C, and 250°C.
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Fig. 36 Fracture surface, 99.9% cobalt tested at 20°C.
6.5 micron grain size. 7500X

Fig. 37 Fracture surface, 99.998% cobalt tested at 20°C.
47 micron grain size. 5000X
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No change in the general features of the fracture surface
were uncovered. Replicas of the fracture surfaces at 400°C
were not obtainable due to the testing environement (salt)
and the oxide layer that formed on the specimens following

failure.

3.2.1.4 Work Hardening Behaviour

Before discussing the temperature dependence of the
work hérdening rate, a description of the change in work
hardening behaviour with strain is necessary. The anomalous
work hardening behaviour in the initial portion of the tensile
curves was noted previously. A plot of the work hardening
parameter; O (the slope of the true stfess - true strain
curve) 1is presented for various test temperatures in
Figure 38. THe data are taken from the test results shown
in Figure 22 for 6.5 micron, 99.9% cobalt. The small grain
size was chosen beéause the anomalous behaviour is more
pronounced for this type of material. 1In Figure 38,
the effect of the martensitic transformation is quite clear.
Instead of a smooth drop in 0 as strain increases bevond
vield, cobalt exhibits a region where 0 remains essentially
constant before continuing to drop in a normal fashion. For
tests carried out above -196°C, the wérk hardening rate
actually increases following this anomalous region before
continuing to drop in value. A second observation is that

the anomalous behaviour persists for a larger portion of the
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tensile curve as the test temperature increases. At -196°C,
the region of constant work hardening rate disappears at

3% strain, at 0°C it disappears at about 5% strain, at 400°C
a conétant value is maintained to over 8% strain.

Both observations are due to the martensitic transformation.
It will be shown in the section dealing with deformation
and the transformation that the regions where the anomalous
work hardening rates exist correspond to strain values
where the retained fcc lattice is transforming to hcp at a
high rate.

For polycrystalline aggregates that fail in a ductile
manner, the elongation at which necking begins in a tensile
test is related to the work hardening rate. Plastic
instability occurs when the slope of the true stress -
true strain curve (0) becomes equal to the value of true
stress. This result is known as Considéres' Criterion.

The derivation of this result is available in most

standard texts3*. The veracity of this result for cobalt

is shown in Figure 38. Data points representing the

maximum stress and elongation at failure for the specimens
giving rise to fhe work hardening curves in Figure 38

are included for comparison. Clearly the specimens neck

and fail in accordance with the criterion outlined above.
Similar curves were produced for all grain sizes investigated.

For 99.7% and 99.9% cobalt, results similar to those in
Figure 38 were uncovered. The results clearly show that the
increased ductiiity observed for 99.7% and 99.9% polycrystal

cobalt at low temperatures is a reflection of Considére's Criterion.



The results for 99.998% cobalt do not obey Considérefs
Criterion. Specimens of this material fail while 0 is still
an order of magnitude higher than the true stress, and little
or no necking is observed. These results substantiate the
proposal that the porosity present in this high purity
material promotes fracture at low strain values;

The rate at which polycrystal cobalt work hardens as
a funetion of temperature is shown in Figure 39. Curvesv
of similar shape and magnitude are also observed for all
other materials tested. Two general observétions are
clear: The work hardening rate is not a strong function
of grain size or puritv. On the other hand, the work
hardening behaviour changes sharpely with temperature,
dropping very steeply from -196°C (0.04 Tm) to approximately
0.25 Tm and decreasing at a lower rate above this temperature.

This observed change in behaviour is recorded for work
hardening rates taken at 2% strain. At 10% strain, the effect
is not as clear. The temperature at which this break in
behaviour occurs is approximately the same fraction of the
melting point at which the two stage behaviour of the
yield stress and flow stress is observed. Figure 40 traces
the chaﬁge in work hardening behaviour versus temperature
at various values of strain to outline how the two stage
behaviour of the work hardening rate disappears as strain

increases. For low strain values, the anomalous effect shown
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in Figure 38 is also reflected in Figure 40. The work hardening

data in Figure 40 is for 99.9% cobalt having a 6.5 micron grain

size. The work hardening curves for this material lose the .
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two stage characteristic between 10% and 15% strain.

Upon referring to Table VIII it may be seen that the two
stage characteristic of the flow stress is no longer evident
at 10% strain. The strain above which the two slopes on the
work hardening curves merge for various grain sizes is

shown in Table XII. The range of temperature at which the
slope change is observed is also listed. Similar information

relating to the flow stress is included for comparison.

3.2.1.5 Discussion and Summary

At this juncture, it is clear that the tensile behaviour
of cobalt is different above and below 0.25 T, FPronounced
differences in the temperature dependence of yield stress,
flow stress, and work hardening rate have beén uncovered.

" The distinction between behaviour above and below 0.25 Tm
disappears as étrain increases, and disappears at lower
values of strain as the grain size incréases. The yield
stress and flow stress exhibit a less intense temperature
dependence below 0.25 Tm than above. On the other hand,
the work hardening rate shows a steeper temperature
dependence below 0.25 Tm than above.

As a further approach to clarify the differences in
behaviour above and below 0.25 Tm’ a number of step-pull
tests were carried out. Specimens were yielded at a given
temperature and strained a small amount. The test
temperature was then changed and a further increment of

strain was introduced. This procedure was continued,



TABLE XII The Two Stage Behaviour of Flow Stress and Work Hardening Rate
as a Function of. Temperature

Grain Size Purity Strain (%) and Temperature (T/T_ ) Strain (%) and Temperature (T/T )
(Microns) (%) Above Which the Two Stage m Above Which the Two Stage
Characteristic of the Work Characteristic of the Flow
Hardening Rate is not Observed Stress is not Observed
True Strain”(%) - T/T , True Strain (%) T/T
6.5 99.9 10 0.28 - 0.29 5 0.25 - 0.28
7.0 99.7 10 0.23 - 0.26 10 0.22 - 0.26
9.0 99.998 2 0.24 - 0.25 2 - 0.25
10.3 99.7 . 0.22 ~ 0.27 5 0.27 - 0.28
14.5 99,9 5 0.27 - 0.28 5 0.28 - 0.29
17.5 99.7 | 5 0.26 2 0.27
23.5 99.998 2 0.25 5 0.25
24.0 99.9 2 0..30 2 0_.27
47.0 99.998 5 0.28 5 0.32

Note: Curves Plotted For 2, 5, 10, 15, 20% Strain Only.

021
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alternating temperature between two values, until failure
occured. The results were then plotted for the step-
pull specimens. Data from identical specimens that had
undergone all deformation at the individual temperatures
being studied were also plotted.

Figures 41 and 42 present the déta from a series of
step-pull tests as well as stress-strain curves for specimens
tested in the normal fashion. The data has been corrected
to remove the affect of change in shear modulus with
temperature.

Three types of tests are shown:

i) Tests involving a tempefature change between
- =196°C/20°C where both temperatures were below 0.25 Tm'

ii) Tests with both temperatures above 0.25 Tm’
250°C/385°C.

iii) Tests where the low temperature 20°C
(0.17 Tm) was below the break in the curves, the high

temperature 250°C (0.30 Tm) above.

From Figure 41 the results imply that the structures
formed at -196°C and 20°C are very similar. The agreement
between the step-pull curves and the individual stress
strain curves is very close. The segments of the step-pull
test, determined by the intersect technigue outlined in
Appendix 2, exhibit work hardening slopes that agree closely
with the individual tests. At strain values approaching

failure some variance occurs.
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The results at 250°C/385°C do not superimpose as
accurately as those for -196°C/20°C. The 250°C segments
of the step pull curve fall slightly below the mean data
for specimens pulled at 250°C, whereas the 385°C segments
fall above corresponding data for individual tests. Thus,
it is proposed that the structures giving rise to strain
hardening at 385°C must be less restrictive to further
dislocation motion than the structures formed at 250°C.

A small amount of recovery is also occuring at these
high temperatures, but the change in stress level from
this avenue is very small (See Section 3;1.2).

The tests for temperatures straddling 0.25 Tm’
(20°Cc/250°C) show a large variance with the individual stress
strain curves (Figure 42). The room temperature segments
of the curve fall much below the corresponding data forx
individual specimens. The 250°C segmehts of the curve
fall above the corrésponding individual data. The work
hardening slopes shown by the individual step pull segments
are also in disagreement with the data{from the normal
tensile tests.

It appears) that the barriers to dislocation motion
~forming at 250°C are far less restrictive than those occuring
at 20°cC. After undergoing a small amount of strain at 250°C
and then further straining the specimen at 20°C, the work
hardening slope for the room temperature segment is higher
than would occur for a specimen having had all strain
introduced at 20°C, but the stress level is lower. The work

hardening slope is equivalent to the slope for a 20°C tensile
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test at a lower value of strain. The stress levels
required to continue deformation at 250°C following

some strain hardening at 20°C reflect the more restrictive
structure introduced at 20°C. The stress levels are higher
than those observed for g standard test at 250°C and become
less representative of a 250°C test as more strain is
introduced at 20°C.

This set of tests appear to substantiate several
observations madevearlier. The fact that the results of the
step-pull tests with both temperatures below 0.25 Tm’
superimpose very accurately with individual stress strain
curves throuqhout’the major portion of the stress-strain
curves implies that similar barriers to dislocation motion
are controlling the flow stress at both temperatures. The
temperature depeﬁdence of the flow stress reflects the degree
to which the bafriers become transpareﬁt to dislocations as
temperature increases. The observation that the work
hardening rates are also coincident with those for a
normal stress strain curve, suggest thét the rate at which
barriers to dislocation motion are forﬁing, are similar
at both temperatures. If either result is inqorrect a
different set of results would occur, unless some very
complex thermal behaviour is postulated for the controlling

mechanism.
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For example: If the rate at which obstacles are formed
with increasing strain is higher at -1926°C than at 20°C,
the segment of strain at 20°C following a segment at -196°C
would necessarilv exhibit a stress higher than that obtained
at similar strain for a normal tensile test. On this basis,
it is reasonable to assume that the mechanisms controlling
the major portion of the stress strain curves are the same
at both temperatures.

Any postulated combination of processes must be
capable of producing strong barriers to deformation to
justify the high'stress levels measured and one component
process must be temperature dependent,‘as it is clear that
the barriers to dislocation motion are more easily overcome
as temperature increases.

For the tests where one temperature is above 0.25 T
and the other bélow, the results reflecf a difference
in behaviour at the two temperatures. To yield the
behaviour obser&ed regarding flow stress levels, two
possibilities exist. Either more or different barriers
are forming at 20°C than at 250°C, or fhe obstacles formed
at 20°C are more easily overcome at 256°C.

The higher work hardening rate observed for a segment
of the step pull tests at 20°C, following a segment at
250°C, implies that the strain introduced at 250°C forms
a structure thaf could bg formed by far'less strain at 20°C.
For example: If the 20°C segments of the step pull tests
in Figure 42 are transposed back onto the curve for the

normal tensile test, maintaining the measured stress levels,
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coincidence of the curves is observed.

This latter observation regarding the work hardening
behaviour, reinforces the proposal that similar barriers
to dislocation motion are forming at both temperatures,
but that the total number of barriers produced is lower
at 250°cC.

To obtain equal amounts of strain at both temperatures
there must be equivalent amounts of dislocation motion;
If equivalent amounts of dislocation motion take place,
but fewer barriers form, this implies that some mechanism
has come into prominence at this higher temperature, allowing
similar amounts of dislocation motion aé at low temperatures,'
without forming the same density of barfiers. |

The results for the tests where both temperatures are
above 0.25 Tm reflect similar behaviour.to that discussed
above. As the temperature increases, the number of obstacles
that form for a éiven input of strain, continues to decrease.
The decrease in stress levels required'to continue |
deformation is dué to a second mechanisﬁ that provides
stress relief above 0.25 Tm'

As would be expected from the data presented for
other aspects of the tensile deformation of cobalt, the
measured work hardening rates are high; approaching G/10
at 2% strain for tests at -196°C. Two important factors that
may give rise to the high work hardening values are the

low stacking faﬁlt energy and the martensitic transformation.
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Both factors are important individually and are additive.
The low stacking fault ehergy ensures that the majority
of dislocations present in cobalt are dissociated.
Continued movement of extended dislocations after intersection
is difficult and gives rise to work hardening. As the
martensitic transformation proceeds on different (111)
planes, the martensitic lamallae formed intersect and
growth of the lamallae is inhibited. Dislocations within
the lamallae must cross a boundary, similaf to a twin
boundary, to move out of the martensite, or intiate slip
across the boundafy. Similarily, other:dis;ocations outside
the lamallae musﬁ move through these boundaries or initiate
slip across them to allow continuing deformation.

Another way:of viewing the multivariant transformation;
as related to work hardening, is to accept the formation
of the wvarious mértensite lamallae as formation of new
boundaries in the crystal lattice. This boundary formation
is similar to a continuing grain refinement. If the
transformation is viewed in this manner, it would be
expected that thé strong effects that grain boundaries impose
upon polycrystaliine material during thé initial portion
of the stress sﬁrain curve, may continue to be evident
as long as the transformation proceeds.

The difficulty arising when dislocations encounter
obstacles of the type arising from martensitic transformations

has been observed by several authors38'3711 051106

1051106

Marcincowski observed that widely dissociated
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dislocations on different (111) planes lock each other
very effectively when they intersect. He also observed
that martensitic lamallae form formidable barrieré to
dislocation motion., He proposes that dislocation generation
must occur to allow cont;nued deformation.

Barrett’® working with copper-germanium postulated
similar strong obstacles to deformation in this system where
a similar martensitic transformation occurs. The transmission

36137 jinfer that similar

studies carried out by Votava
hardening mechanisms are responsible for the high work

hardening rates in cobalt.
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3.2.2 Deformation and the Allotropic Transformation

Many of the results outlined to this point, may be
explained in terms of the martensitié t;ansformation. As
described earlier all test specimens utilized for this
study contained a large fraction of fcc phase. The initial
retained fcc phase for all annealing treatments was
summarized in Table V. |

A number of step-pull tests were carried out to trace
the progress of the transformation towards completion. The
data are presented as a function of strain td allow direct
comparison to the stress-strain curves. (Figures 43, 44).

The progress of the transformation as a function of stress did
not yield data that could be readily anéiysed. The retained
fcc phase is also plotted against a logafithmic scale for
strain to allow observation of the progress of the transformation
at low strain vaiues. (Figures 45—47).V-The data yields
linear relationships when plotted in this manner. This
result implies that the relationship between strain and the
fcc phase may be:fepresented by an equation.of the form:
log e = log:A + m(% fcc) | ces.b)

or equivalently

o
e = A (L0)M(®fcc) cenl7)
Where: € = true strain
A = gstrain value where ¢ fcc = 0
% foc = (3 £ce) initial ~ (® fcc)transformed__

Certain limits must be placed on the equations. The

volume % fcc phése may only vary between the amount present

(]

before testing and the amount present at failure. For
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polycrystal cobalt the maximum fcc phase that may be
retained following a normal annealing treatment is
approximately 60%. The amount present at failure varies
from around 2% at -196°C to over 10% at temperatures above
0.25 Tm' Table XIII presents the solutions to the above
equation for the curves shown in Figqures 45 - 47. A linear
relationship has been assumed for tests above 0.25 Tm as
well, although this may npt be justified.

The general results of this series of tests are as
follows. As stress increases, very little transformation
takes place before macroscopic yield occurs. This result
is shown in Figure 45 for 99.9% cobalt tested at room
temperature. The curves have been extrapolated to the
strain value where the amount of retained fcc present prior
to testing occurs. TFor the variety of grain sizes shown,
the strain at which transformation begins is between
0.07% and O.ll% stfain. Similar results are obtained for
all material ﬁested below 0.25 Tm' At 0.2% strain, a
noticable amount of transformation has taken place at all
temperatures below 0.25 Tm' Above 0.25 Tm the situation
is not as clear although the data implies that the strain
induced transformation begins at higher strain values.

The rate at which the transformatioﬁ proceeds slows as
strain increéses. At fracture the fransformation remains

incomplete..

3.2.2.1 Purity

To isolate any differences in behaviour due to impuritv

levels, small agrained specimens of 99.7%, 29.9% and 99.998%
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TABLE XIII Behaviour of the Strain Induced Transformation in Cobalt Expressed as an
Eqaation of the Form:

£ = A(lO)m(%fcc). € = true strain, %$fcc = Volume %fcc
G;ain Purity Test € at which . Volume % €y
Size (u) (%) A m Temp. °C Transformation transformed
begins (%) at 0.2% ¢

7.0 997 44.8 -0.055 20 0.07 8.0 12.3
>6.S 99.9 33.5 -0.060 20 0.09 6.0 8.1

9.0 99.998 16.7 -0.066 - 20 0.07 ' 7.5 9.4
<6.5 99.9 85.0 -0.059 20 0.08 7.5 10.0
<6.5 99.9 64.5 -0.063 20 0.09 5.5 8.5

€.5 99.9 33.5 -0.060 20 0.09 6.0 8.1
10.0 99.9 51.3 -0.098 20 0.11 2.5 6.6
24 .0 99.9 38.8 -0.104 ‘ 20 ' 0.07 4.5 6.5

60.0 99.9 21.8 -0.120 20 0.09 3.0 No Sol'n
6.5 99.9 33.5 -0.06 -196 0.09 6.0 8.1

6.5 99.9 33.5 -0.06 20 0.09 6.0 8.1
6.5 99.9 33.5 -0.06 100 0.09 6.0 8.1

6.5 99.9 87.0 -0.06 250 0.29 0 No Sol'n
6.5 99.9 195.0 -0.06 385 0.71 0 No Sol'n

LET
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cobalt were step-pulled to failure. The results are shown
in Figures 43 and 46.

Three observations may be drawn from the data. From
Figure 43, it is clear that all grades of material fail
prior to complete transformation. Fracture occurs when
the volume of retained fcc phase reaches a value between 5
and 7 volume % at room temperature. In Figure 47, it may
be seen that a somewhat lower limit applies at -196°C and
a higher limit at 250°C and 385°c.

Secondly, the transformation begins between 0.06%
and 0.09% strain.and is independent of purity (Figure 46,
Table XIIT.

A final observation is that the progress of the strain
induced transfofmation with respect to strain does not
vary appreciabiy between the various purity grades. This
result is in contrast to the earlier observation that
purity was found to affect the amount of retained fece
phase in a strong manner. As the purity of cobalt increases,
the transformation proceeds further towards completion
following an énnealing treatment. As there is less retained
fcc available in higher purity material, a smaller input
of strain is required to bring this material to approximately
5 volume % fcc, where fracture occurs. The equations
describing the transformation show this result very clearly.
If 5 volume % retained fcc is accepted as the limit for
continuing deformation at room temperature, substitution

of this value in the appropriate equations in Table XITII.



should yield the measured elongation. Upon substitution, the
results are 7.7% for 99.998% material, 17.9% for 99.9%
material, and 23.9% for 09.7% cobalt. If these values are
compared to the ductility values for the fine grained
material presented in Table XI reascnable correspondence ié
cbserved.

The fact that the progress of the strain induced
transformation does not wary significantly with purity is
not unexpected. The driving force tending to complete
the transformation upon cooling is very small. It has
been estimated that it wpuld be equivalént to an applied
stress of several hundred psi?®=3!. At these stress levels
it would be expected that small differences in(the lattice
would yield measﬁrable differences in behaviour. 1In fact,
it has been observed that increasing pﬁrity does allow the
transformation to'proceed further towards completion upon:
cooling. The stress levels present during strain induced
transformation are an order of ﬁagnitudé larger and
therefore any differences in the mannef in which the strain
induced transformation proceeds due to impurity content

should not be significant.

3.2.2.2 Grain Size

The progress of the transformation with strain for
various grain sizes is shown in Figures 44 and 45. The
initial fcc phase available prior to testing decreases

markedly as the grain size increases. The only important
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difference between this set of curves and those dealing
with purity is that the rate at which the strain induced
transformation proceeds decreases as grain size increases.
Although the strain values at which transformation begins
and the fcc phase remain}ng at failure are similar, the
slopes of the curves change as grain size increases.
The difference in slopes means that a larger imput of
strain is required to yield an equivalent amount of strain
induced transformation for material having a larger grain
size. This reduction in the rate of strain induced
transformation is not sufficient to ovefcome the decrease
in available fcé phase. Thus, the measured elongation
to failure decreases as the grain size increases because
the amount of retained fcc reaches the ?alue where failure
occurs with less strain imput. _

A dotted line.has been included in Figure 44 and 45

to represent the data for large grained material tested by

Miller®®. He quotes an initial fcc content of approximately

10% and measured 4 to 6% elongation for material ranging
from 300 to 30,000 microns. This 1ine'may be assumed
to represent a limit on the variation of behaviour with

grain size.

3.2.2.3 Temperature

Step-pull tests were performed above and below 0.25 T ./

to ascertain the differences in transformation behaviour

that occur. Typical x-ray results for 99.7% and 99.9% cobalt
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are shown in Figures 48 and 49. The results are plotted
in Figure 47.

Cobalt tested at ~196°C, 20°C, and 100°C exhibit
similar behaviour. 1In Table XIII a single equation is
presented for behaviour at all three temperatures. The
results differ for material tested at 250°C (0.3 Tm)
and 385°C (0.37 Tm). Although the slopes of the curves
are similar at all temperatures, a much larger amount
of fcc phase is retained at any value of strain for tests
above 0.25 Tm'

At failure,.the transformation is 98% complete for
material tested at -196°C, approximately 95% complete for
material tested at room temperature and 100°C, and only
80 to 90% complete for material tested above 0.25 Tm'

This variation reflects the stress levels attained at the
different temperatures. At lower températures the stress
levels are much higher which is equivaient to applying

a larger driviﬁg force for transformation.

This final set of results, provides further information
that may be compared to the variation in tensile properties
with temperature. The volume fraction of strain induced
martensite that forms in the initial 0.2% strain during a
tensile test is listed in Table XIIT. Clearlv, the behaviour
below 0.25 Tm differs from that above. To obtain macroscopic
vield below 0.25 T strain induced fransformation must
occur. Above 0.25 Tm, this bulk transformation does not

appear necessary.



142

(% Strain/% fcc)
20°C Test 250°C Test

wﬂw \

Fig. 48 X-ray data for 99.9% cobalt, step-pulled at 20°C and 250°C
6.5 micron grain size.
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Fig. 49 X-ray data for 99.7% cobalt, step-pulled at 20°C and 250°C
7 micron grain size.
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The amount of strain induced martensite formed as a
function of strain is plotted in Fiqure 50 for various test
temperatures. The amount of transformation that has taken
place at any value of strain, is similar for tests at
~196°C, 20°C, and 100°C. It can be seen that the volume
fraction of strain induced martensite is much smaller, at
any value of strain, for material tested above 0.25 Tm.

The salient features of the strain induced transformation
in polycrystal cobalt‘have been presented. The relationship
between strain and retained fcc phase may be represented

m (%fcc .
(% ). "m" varies

by an equation of £he form € = A(10)
little with purity or test temperature, but changes rapidly
with grain size. "A" represents the strain that could be
introduced into polvcrvstal cobalt if fracture coincided
with completion of the martensitic transformation. The
initial fcc phase present following an annealing procedure
and the strain value at which the strain induced transformation
begins determine "A". "A" varies with purity, grain size,
and test temperatﬁres above 0.25 Tm’

BRefore comparing these observations to the results
obtained from the tensile tests, a thorough discussion

of the nartensitic transformation as related to deformation

of polycrystal cobalt is required.
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3.2.2.4 Von Mises Criterion

l4¢

According to Von Mises Criterion, a polycrystal

requires 5 independent shear systems to undergo homogeneous

strain without change in volume.

Polycrystal cobalt undergoes

a slight volume change during deformation and thus in a

strict sense, Von Mises Criterion

should not be applied.

The change in volume accompanying deformation of cobalt

is very small, about 1/3 of 1% for complete transformation.

For material used in this study only about 25% to 40%

of the bulk transforms during deformation equivalent to a

reduction in volume of 0.10% to O.

13%. This facet of the

transformation cannot yield a major contribution to the

shape change of individual grains.

Basal slip is the major slip
This system provides no extension
and provides only two independent
volume change upon transformation
a small contrac£ion perpendicular
expansion paraliel to the ¢ axis.
combination of Basal slip and the

satisfy Von Mises Criterion.

mode observed in cobalt.
parallel to the ¢ axis
shear systems. The

from fcc to hep provides
to the ¢ axis and a small
(Figure 13). The

volume change does not

If it is aécepted that non bhasal slip is extremely

difficult in hcp‘cobalt“, the satisfaction of Von Mises

Criterion must arise from other sources.
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As outlined in the review by Partridge7, other deformation
modes have been observed to satisfy Von Mises Criterion
where insufficient slip systems are available. Kink
‘Boundary formation, grain boundary sliding, as well as
contributions from twinning shear are all recognized as
processes that may supply the needed degrees of freedom
to allow deformation of a polycrystalline aggregate.
According to Kocks’, cross slip may also reduce the required
number of independent slip systems.

Over the temperatufe range investigated, grain boundary
sliding should not be an important source of strain in cobalt.
Due to the very low stacking fault energy of cobalt, cross
slip may also be discounted as a major route to an
independent shear system. If these processes are discarded
as unfavourable, further independent shear systems may
arise from twinning and kink boundary formation.

Twinning elements yielding both contraction and
expansion perpendicular to the basal plane have been observed
in cobalt; {1012}, {1011}, and {112n}twins have all been
observed during single crystal deformation. A large shear
value for {112n} type twins has been postulated’. Thus, a
large twinned volume may enhance the ductility of cobalt
considerably.

Reed-Hill® postulates that the amount of strain that
may be accommodated by twinning is arrived atfas follows:

e = 1//2 (V) (8) ce..8)



148

Where: € = strain
1//2 = average Schmid factor for polycrystals
\Y/ volume fraction twinned
S shear value for twinning mode considered

as an example. Reed-Hill substitutes values for {1012}
twinning in zirconium.

.17
.50

1

S
\%

Therefore:

€ (0.707) (0.50) (0.17) = 0.06
Thus {1012} twinning may account for up to 6% strain in

zirconium. A similar equation for cobalt would be:

e = 1/Y2 (V) 19721 (S)(10123 * 1/{2 V) (10721 ) {1011} ©te-
| ... 9)

In cobalt, the volume fraction tﬁinned would have to be
very large as occurs in zirconium to yield more than a few
percent strain.

The retained fcc phase that is distributed throughout
the grains of the low temperature phase may aid grain shape
change. The retained areas of fcc have no lack of slip
systems available, but slip and transformation are closely
related. Deformation of the fcc phase is probably synonomous
with continuation of the transformation. If deformation
is possible in the fcc phase without transformation, non
basal slip traces should be observed.':If slip occurs on
a given {111} plane in the fcc phase, transformation on a

different {111} variant becomes difficult”.



The manner in which the disappearance of the fcc phase
may provide strain in cobalt may be stated in two ways. The
ongoing transformation may be viewed as slip on various {111}
pianes, thus yielding a number of independent shear systems.
The continuing transformation may also be viewed as a type
of twin formation. The similarity between twinning and-
martensitic formation is very close in cobalt because the
fce to hep transformation is a low energy transformation
requiring only a simple shear, with no additional complex
shuffles in the plane of shear. (Table VI). The formula
used by Reed-Hill-to account for the manner in which twinning,
in addition to slip processes, may satisfv Von Mises Criterion.
should be applicable to the martensitic transformation in
cobalt. Transformation occurs on many {lll} planes in a
given fcc grain;vthus we have a deformation process that
yields contraction and expansion in vafious directions in
the parént grain.

The theoretical shear value for the transformation is
S = 0.353 and shear up to 35% was observed by Altstetter??8—3!
for applied stresses of several thousand psi in single
crystals. For the high stresses involved during polycrystal
deformation, the transformation may ciearly provide large
amounts of shear.

If the formation of martensitic ﬁlates in cobalt is
considered equivalent to the formation of twins the maximum
strain available from this source may be determined as

for twinning:
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e = 1//2 (8) (V) cesadB)
e = 1/V2 (S)y, (Vg er..10)
Where: STX = 0.353

VTX = 0.25 to 0.40

Therefore:

£ = 0.25 (V)Tx ..--011)

For every 4% of the fcc phase transformed a strain of
1.0% could theoretically be obtained from transformation
alone. 1In all matefial produced for the present study, between
30% and 60% fcc phase was retained in the annealed material.
As the transformétion is forced near completion dufing
deformation, anywhere from 7 1/2% to 15% strain could
theoretically be accomplished through operation of the
martensitic transformatign. In fact, if the transformation
does yield the theoretical maximum shear, ‘€ = 0.25 (Vtx),
it is possible for the transformation to provide all the
shear necessary ih the initial portion of the tensile

curve for exanple:

e = x(10)™(¥fc) ceenlT)
and €= 0.25 (V) | ceeal11)
but (%fcc)initial - (%fcc) = Vtx
thereforé (3fcc) = (%fcc)initial - vtx
and . ($fcc) = (%fcc)initial - 4£

Substitute in equation #7 |

m(%fco initial - 4f) L 12)

e = A(lO)
Solve for

=0 ....13)

log € + 4m€ - [log A + m(% fcc)initiai]



If the equation is solvable for e, the value found will
correspond to the strain value at.which the transformation
can no longer provide all the shear required. The progress
of the transformation for a given strain imput decreases
with increasing strain. Thus, the value found is the amount
of true strain that may be introduced without requiring
some other shear mechanism to operate. If the ecuation is
not solvable for any positive value of €, then some shear
mechanism other than the martensitic transformation must
be required at yield and throughout the tensile curve. The
final column in Table XIII lists the value obtained from
equation 13 above.r The column is titled €hy”
it may be seen that there are two situaﬁioné where no
solution exists. The first case is for large grain sizes.
This is not unreaéonable as the initial retained fcc phase
is very low. Seéondly, the equations for tests above 0.25 Tm
cannot be solved for positive strain values. This latter
observation indicates a change in behaviour at higher
temperatures.

In the analysis above it has been assumed that all
transformation taking place would contribute to the tensile
strain. This is clearly not the case and the basal slip
mode is undoubtedly operative throuchout the stress-strain
curve.

Kink boundary formation has been observed by Theiringer

in cobhalt at all temperatﬁres with the amount of kink formation

increasing with temperature. The observation that this

From Table XIIT
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deformation mode is more common at high temperatures is
usually explained -as follows: Although the stress required
to nucleate and propogate twins is not well understood,

it is generally accepted that the nucleation process
reqguires higher stress levels than does growth. At higher
temperatures, it is proposed that stress levels are not
sufficient to nucleate certain twins (i.e. {112n}) and the
formation of kink boundaries takes place as an adjunct to
continuing deformation.

Finally, it should be recalled that in addition to a
variety of twinninq modes, corrugated {1122} <1123> slip
has been observed‘in single crystal cobalt by Seeger'*.

The avenues whereby coherency at grain boundaries may
be maintained in polycrystal cobalt are manifold. A
summary of the probable deformation modes is presented below:

i) Basal slip
ii) Twihning Modes, {1012}, Lenticular Twins
{1011}, {112n}, Thin Twins
{1121}, Zig-Zag Twins
iii) Volume Transformation of retained fcc regions
yielding shear on various {111} planes.
iv) Corrugated Slip, {1122}, <1123>, cecond Order
Pyramidal

v) Duplex Slip in retained fcc phase.
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3.2.2.5 Metallographic Observations

Presentation of the metallographic observations made
during the deformation of polycrystal cobalt has been
deferred to this point as the prior information presented
is required to explain the surface features that arise.
Figure 51 is presented to show the macroscopic shear that
may occur during transformation. Gross amounts of
transformation tend to obscure all other surface relief

as strain increases.

Fig. 51 Martensite shear markings introduced by a surface
scratch in 99.9% cobalt. 1900X
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The structures produced during deformation of polycrystal
cobalt are not documented in the literature. Annealed

82

. 81
structures are shown in g few cases ' and the affects

of transformation on very large grains has been outlined
1

by Bebring and Sebileau’ The structures associated with

hardness indentations have been photographed by Lozinskyloe,
and Wilcox ®°. Jagged, shear type, fracture zones have also
been photographed by Lozinsky. Aucoutuirer and Lacombe'’ ?
delineated the high temperature fcc grains by an auto-
radiography technique and compared the observed fcc boundaries
with the structure determined by electropolishing the same
areas.

Three major objectives were pursued during the experimental
work: Attempts were made to follow a defined surface area
throuchout the tensile curve while varving purity, grain
size, and test temperature. A variety of specimens were
step-pulled to obtéin the required data. After a specimen
was strained several percent it was removed from the
Instron machine, x-raved, examined microscopically and then
replicated. The specimen was then retested and the procedurés
continued until failure occured. Tests were carried out
at -196°C, room temperature, 100°C, 250°C, and 380°C.

The objectives were not fully realized as it was found

impracticable to obtain replicas from the same-area after

each segment of a step-pull test.
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The two methods of examination are complimentary. The
replicas show much more detail than the optical observations,
but as strain increases the replicas become so complex that
the overall situation becomes obscure. The optical work
clarifies this gross picture while deleting the fine

structure.

3.2.2.5.1 Purity and Grain Size

The effects of differing purity on the surface features
of polycrystal cobalt are minimal. The only noticable
difference is that the intensity of surface rumpling at
failure is lower for an increase in purity. This difference
reflects the lower amount of transformation that occurs
prior to failure.

Similarly,.any differences observed between specimens of
different grain size were differences in scale and intensity
only. As grain size increases, the amount of strain induced
transformation, and the elongation prior to failure decrease
vielding less severe microstructures.

Based on these initial findings, further work was
concentrated on the variation in observed deformation with

strain and temperature.



3.2.2.5.2 Optical Metallography

Figure 52 traces the progress of a large grained
specimen from yield to failure at 250°C.
At yield, the largest grain exhibits only one set of

obvious shear markings (1), a second set (2) are barely

visible. A rumpled band traverses the large grain completely.

This band is probably an fcc annealing twin which has been
reoriented during the cooling transformation.

At 2.3% strain the situation has changed radically.

A large amount of shear on two systems (1 and 2) is shown
clearly. A twin is also forming in the central grain. The
increasing constraint in the system has also caused the
small grain in the upper left to twin. The surface is
rumpled so severely that some small grains are tilted

out of focus.

At failure, the twin forming at 2.3% strain has
propogated and reflected from two boundaries to take up a
zig-zag configuration. The twin has not taken on a
lenticular shape during growth, inferring a high shear
value. Twins of this zig-zag tvpe have been observed in

! and polycrystal titanium

single crystal cobalt by Davis!
by Rosi'®. Both investigators determined that the twins
had a {1121} habhit plane.

Figure 53 presents a different area in the same

specimen at failure. Three important shear planes have

been operative in a single grain.
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Fig. 53 Deformation markings in 99.998% cobalt'
at failure. 1000X

-« Tensile axis —

Fig. 54(a) 1.9% strain Fig. 54(b) 6.6% strain

Fig. 54 Grain shape change in 99.9% cobalt. 1000X



Figures 52 and 53 show cobalt having the largest grain
size, lowest ductility, and least strain induced transformation
of any material used in the present study. All other materials
show very similar behaviour, although the rumpling and
shear increase in intensity.

Figure 54 shows the amount of grain shape chanage that
may occur with little increase in tensile strain. The
tensile axis is shown and the dislocation activity appears
to be limited to a single slip svystem in a majority of
this grain.

Althouah optical metallogranhyv was found to bhe of
limited use in determining the presence or absence of non-
basal slip, Figures 55 and 56 show the complexityv of twinning
that occurs in polycrystal cobalt. Verv few twins are
observed at low strain values. At fracture all specimens
exhibit a very complex twinned structure. Purity, grain size,
and test temperature have little affect on this facet of the
deformation. Figure 55 shows the twinning present following
a test at -196°C, Figure 56 after a test at 350°C. Figure 56
shows a single grain after testing at 350°C. Several twins
have taken on a lenticular configuration and are vprobably
f10i2} twins, whereas the thin straight twins probably
represent’ {1011} and {112n} habit planes. Over a dozen
habit vlanes are repfesented in this single grain. The
appeérance of the thin twins at high témperature infers that
high internal stress concentrations were available to

nucleate then.
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Fig. 55 Twinning in cobalt at -196°C. 850X

Fig. 56 Twinning in cobalt at 350°C. 850X



The information gained by optical metallography may
be summarized as follows:

i) Purity and grain size do not affect the
observed deformation modes. A reduction in purity or grain
size simply increases the intensity of the structures
observed.

ii) Little difference was noted between deformation
above and below 0.25 Tm. Surface rumpling was somewhat less
severe at high temperature which simply reflects the smaller
volumes of strain irduced martensite formed at these
temperatures. |

iii) Deformation is very heterogerneous. Some
grains exhibit gross amounts of deformation at low strain
values while neighbouring grains appear undeformed.

iv) Macroscopic shear occurg on two or more
rlanes withir the regions delineated by an fcc grain boundary.
The amount of shear that may occur on any plane is verv larqge.

v) Twins are observed in cobalt specimens tested
at all temperatures hetween -196°C and 380°C. The emount of
twirning cbhserved at yield is necligible but increases with
strair. Zig-zag twinning, assumed to occur in the {1121} hakit
plane, is a common observation at all temperatures. Lenticular
{1012} twins as well as straight thin twins of probable habit

planes {1011} and {112n} are alsc observed. Although a

n

multiplicity of twinning modes are observed, the twinning volume

remains small.
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3.2.2.5.3 Replica Observations

The features observed by replica techniques are
difficult to correlate with those delineated optically.
As shown in Figure 57 for a small grained specimen of
99.7% cobalt, the effect of strain on the surface topography
is very pronounced. To allow comparison to the optical
observations replicas taken after limited amounts of strain
are presented. 1In Figure 58, the majority of shear has
taken place on two slip systems approximately at right
angles. Where one regiqn abutts the other, twins have been
initiated to relieve str?ss. Although evidence of twinning
does exist in this case, a total lack of visible stress
relief is more common. In Figure 59, shear has taken place
on three distinct systems. The amount of shear is large
in all cases, yet no evidence of twinning at points of
intersection is observed. The observed pattern shown in
Figure 59 involﬁing two or three shear systems is the
most commonly observed surface feature in polycrystal cobalt.
The topography is clearly a result of the multivariant
martensitic trénsformation. The large step heights reflect
the passage of many dislocations over a single slip plane.
Therefore, it.may be inferred that the stress system producing
transformation on some planes is cabable of continuing

dislocation production on these planes.
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Fig. 57(a) 0.1% strain

Fig. 57(b) 5.3% strain

Fig. 57 Deformation of 99.7% cobalt at 250°C. 3000X



l64

Fig. 58 Stress relief at a boundary between two regions where
shear has taken place on different systems. 6500X

Fig. 59 Typical surface shear markings in cobalt. =-196°C Test.
6500X
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In contrast to the markings shown in Figure 59 are the
twins shown in Figures 60 and 61. Slip on martensitic
transformation planes is characterized bybnoticable shear on
many parallel planes with gross amounts on occasional planes.
The twins, on the other hand, are characterized by a single
volume of sheared lattice. 1In Figure 61, a large lenticular
twin appears in the center of the grain and another twin
has formed in zig-zag fashion between the lenticular twin and
a grain boundary.

The replica work was undertaken to ascertain if non-
basal slip occured in polycrystal cobalt. A second goal
was to determine whether the fine details of deformation
differ above and below 0.25 Tm.

Non-basal slip was observed during tests at 250°C
(0.30 Tm) but no similar observations were made at -196°C,
20°C, or iOO°C. Figure 62 shows slip markings on a second
system. The non-basal tréces are assumed to occur on the
fll?Z} <1123> system, as this is the only non-basal slip
system that has been observed in single crystal cobalt!®.
The appearance ofAnon-basal slip is not observed in all
grains. This is to be expected in view of the heterogeneity
of deformation.

One further observation mav be drawn from the surface
features above and below 0.25 Tm. Below 0.25 Tm all shear
markings were very straight, and remained so until failure
occured. Although large amounts of shear occured on some
planes they exhibited very little bending or waviness.

Figure 63 demonstrates this situation. At temperatures
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above 0.25 Tm the situation differed. 1In areas, where
large amounts of shear were visible on several systems,
one set of shear markings often took up a curved or wavy
orientation. Figure 64.

This non linearity of the slip bands mayv arise from an
increaée in the amount of glide polygonization occuring,

allowing visible changes in slip band orientation.

3.2.2.5.4 Summary

The metallographic evidence presented for polycrystal
cobalt agrees with the behaviour postulated earlier and
with observations made in single crystal material®'!*,

Purity and grain size had little affect on the observed
deformation mechanisms. As grain size and purity increased
the surface tobography became less intense due to less strain
induced transform;tion occuring.

The majority of the surface structure is related to
the allotropic transformation. The multivariance within
fcc grains provides several basal orientations within an
fcc grain boundary. Shear is commonly observed on more
than one basal system and is extremely heterogeneous.

A variety of twinning modes occured at all temperatures
The number of twins increased with strain; lenticular and
zig-zag twins as well as many straight thin twins were

observed. The lenticular twins were {1012} twins common to

hcp metals. The twins taking up a zic-zag configuration were



Fig. 63 Shear Markings in 99.9% cobalt tested at 20°C. 7500X

ig. 64 chear markinos in 99.9% cobalt tested at 250°C. 7500X
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assumed to belong to the {1121} twinning plane, as twins of
similar configuration were identified in single crystal
cobalt by Davis'!'. The thin straight twins probably belong
to the {1011}, {1122}, or {1124} twin systems as all three
have been observed in cobalt single crystals*'! “.

Non-basal slip was observed above 0.25 Tm but not
below. It is postulated that the slip occurs on the
{1122} <1123> system, as corrugated slip has been observed
in single crystal cobalt!®,

A further observation outlining a difference in
behaviour above and below 0.25 Tm is the non linearity of
basal slip traces. The observed bending and waviness

may reflect concentrations of dislocations of similar sign

on parallel slip planes.
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3.2.2,6 Discussion and Summary

It remains to compare the data regarding the strain
induced transformation to that determined from tensile
procedures. The easiest way to avoid confusion while
discussing the numerous observations made in this study is
to deal with various measured parameters in a tabular form.

A summary of the experimental results is presented
in Table XIV. A series of footnotes are included for
those observations that do not lend themselves to the

tabular format.

3.2.2.6.1 The Yield Stress

A great deal Qf information has been gathered regarding
the yield stress. The most important observation is the
difference in behaviour above and beiow 0.25 Th- (Table X71v.)
This result is mirrored in the results for the strain
induced transformation. Below 0.25 Tm’ the initiation of
the strain induced transformation océurs at 0.05% to 0.10%
strain and is well underway at the 0.2% offset yield stress.
On the other hand, as the temperature is increased above
0.25 Tm’ the initiation of the transformation is delayed
to higher values of strain. At 0.2% strain, little if any
transformatioh has occured in specimens tested at 0.30 |
or 0.37 Tm. This combination of results leads to the
conclusion that the essentially athermal yield behaviour
observed below 0.25 Tm' is due to fhe onset of bulk transformation

of fcc cobalt.



TABLE XI¥  Summary of Experlmental Results
As Purity As Grain Size At Test Temperatures
Increases Increases <0.25 Tm >0.25 Tm
% retained decreases decreases N/a N/A
fee rapidly rapidly
0.2% vyield decreases decreases “vconstant decreases
stress slightly rapidly rapidly
Elongation to decreases decreases decreases decreases
Failure rapidly
Work Hardening little little decreases decreases
Rates effect effect rapidly slowly
Total Work decreases decreases decreases decreases
Hardening
Ultimate decreases decreases decreases decreases
Strength
Strain at which little Tittle constant increases
Tx. Begins effect effect
Volume Tx. little little larqge nil
0.2% strain effect effect
Volume TX. decreases decreases decreases decreases
Failure
Rate of Strain 1little decreases little little
Induced Tx. effect effect effect
Volume Tx. little little constant decreases
any Strain effect effect rapidly

Fracture surfaces exhibit ductile failure at all temperatures.
and K in a Hall-Petch relationship

High values are observe
and both parameters decrease rapldlv above 0.25 T_.

The relationship between percentage fcc and stralﬂ
represented by an equation of the form € = A(10)

for 0

may be

mg f£¢cC
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The behaviour is athermal because the driving force
for transfofmation arising from thermodynamic considerations
is very small when compared to the stress levels involved.

Above 0.25 Tm’ it is postulated that initiation of
dislocation activity on the corrugated slip plane can occur
at stress levels below those required for martensitic
transformation. Thus, slip on the second order pvramidal
system controls yield above 0.25 Tm. The sharp decrease
in yield strength measured is due to the temperature dependence
of the Peierls stress on the corrugated slip plane.

This result.was outlined during diécussion of the effect
of grain size on the vield strength. The results presented
in Section 3.2.2.4 on the strain induced transformation are
consistent with the postulated behaviour, but do not dismiss
the possibilityv that some other stronglv temperature
dependent mechanism may be responsible for the behaviour.

The large increase in vield stress as grain size
decreases was discussed earlier. A change in grain size has
little affect on the manner in which the strain induced
transformation proceeds in the region of yield.

It was noted during discussion of the tensile results
that the temperature at which the vield stress changes
behaviour increased as the grain size increased. This
result is also éonsistent with the behaviour postulated
above. The change in temperature depéndence occurs at
higher temperatures as the grain size increases because the

stress levels accomplished during deformation differ radicallyv.



In Figure 65, two lines have been drawn to represent
corrugated slip and bulk transformation at yield. As the
applied stress increases yield will occur when Von Mises
Criterion can be satisfied. At low temperatures, vield
occurs when transformation begins. Above 0.25 Tm’ it is
postulated that yield occurs when the stress level is
sufficient to initiate dislocation motion on the corrugated
slip plane. If material of a different grain size is

tested, a different set pf curves applv.

As outlined earlier, the yield stress may be considered

as arising from a combination of factors; oy the lattice
friction and K,'a factor representing the difficulty with
which slip may be initiated across a boundary. It was
determined that both oy and K decrease more rapidly above
0.25 Tm' As grain size increases, the.yield stress drops
rapidly reflecting the large value of K. At temperatures
greater than 0.25 Tm, the value of K is decreasing rapidly
and therefore a less severe drop in yield stress is
observed. |

A second set of lines representihg the behaviour of
24 micron, 99.9% cobalt are shown in Figure 65. These
lines are consistent with the tensile observations and

the postulated behaviour.

Purity has little effect on the strain induced trans-

formation. This parallels the results for the 0.20% vield

stress, where purity was not found to be an important

parameter.
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Fig. 65 !Mechanisms controlling yield in polycrystal cobalt

SLT



176

3.2.2.6.2 Flow Stress

The observed tensile characteristics of the flow stress
are directly related to the strain induced transformation.
The two stage temperature dependence of flow stress disappears
as strain increases, paralleling the observation that as strain
increases the amount of transformation taking place during
any strain increment is also dropping. As less transformation
is occuring at higher strains; the athermal behaviour
attributed to the strain induced transformation also disappears,
and the flow stress becomes more representative of the
other controlling deformation mechanisms. The anomalous
behaviour noted ih the initial portion of the stress-strain
curve is simply a further manifestation of the high rate of

transformation at low strain values.

3.2.3.6.3 FElongation to Failure

Based on the.observations made in this study, it is
not surprising that the dpctility of polycrystal cobalt’
quoted elsewhere forms no recognizable pattern.

Elongation varies via a complex inter-relationship
between purity, grain size, and test temperature. The
reasons behind the behaviour only become clear when the
amount of fcc phase present, and the manner in which

this fcc phase disappears with strain, is understood.



Polycrystal cobalt fractures when either of two
criteria are satisfied. First, polycrystal cobalt will fail
when the volume percent of fcc phase is reduced to a critical
value, If the stress level is very high, as in tests at
~-196°C, the transformation may come within 2% of completion
before failure occurs. At room temperature, the critical
value is about 5% retained fcc phase.

The second limit is due to Considére's Criterion;

When the work hardening rate becomes egual to the applied
true stress, instability occurs and failure becomes imminent.

The measurable parameter that determines the ductility
of polycrystal cobalt is the amount of fcc phase present
in the material following an annealing procedure. The réte
at which the fcc phase disappears with strain does not vary
with purity, or ﬁest temperature. Thus, the lower ductility
measured for highlpurity material simply reflects the
reduced amount of fcc phage available following heat
treatment. The obéerved decrease in ductility as test
temperature increases arises from Considére's Criterion.
| The rate at which the strain induced transformation
proceeds decreases as the grain size ihﬁreases, also the
retained fcc phase present prior to testing decreases as

the grain size increases. The latter factor is larger and

thus, the measured elongation for polycrvstal cobalt decreases

as grain size increases.
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3.2.2.6.4 Work Hardening Behaviour

Earlier, work hardening behaviour in polycrystal cobalt

was compared to that for metals undergoing a similar

martensitic transformation. The essentially constant work

hardening rate observed at low strain was attributed to

the transformation
monitored progress
majority of strain
initial portion of

The two stage
hardening rate was

transformation, as

taking place at a high rate. The

of the transformation verifies that the
induéed martensite forms during the

the tensile curve.

temperature dependence of the work

also attributed to the martensitic

was the disappearance of the two stage

behaviour as strain increased. These results parallel the

observed behaviour

in like manner.

of theg flow stress and may be explained

At low temperatures and low strain values, the rate

at which martensite plates are forming is very high, thus,

the structure through which dislocations must move is

increasing in intensity very quickly.

the rate at which the transformation proceeds drops off

rapidly. Simuitaneously, the stress level is increasing,

initiating other deformation mechanisms to relieve stress

concentrations. Evehtually, there is insufficient fcc phase

available to allow further deformation or the work hardening

rate becomes equal

to the stress level and failure occurs.

As strain increases,
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Above 0.25 Tm’ the onset of bulk transformation occurs
at some point following yield while corrugated slip is
postulated as occuring throughout the stress strain curve.
Tran8formation does take-place, but at any value of strain
far less strain induced martensite has formed than at
temperatures below 0.25 Tm‘ The structure formed during
deformation above 0.25 Tm is probably less intensive than
that formed below. Less léttice debris and fewer martensite
boundaries due to transformation are produced. In addition,
slip may be more easily initiated across boundaries due
to the reduction in Peierls stress on the corrugated slip
plane. Therefore the measured work hardening rates are
lower above 0.25 T

Although little variation in work hardening rates
were recorded for changes in purity or grain size, the
total work hardening between vield and fracture (and the
ultimate strength).decreases with an inérease in either
parameter. This.result reflects the reduction in

ductility that accompanies increasing puritv or grain size.
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4 Conclusions

i) Although the hcp allotrope is the stable
form for cobalt below 417°C, polycrystal hcp cobalt is only
a theoretical possibility, Cobalt exists as a two phase
mixture of fcc and hcp crvstal lattices following normal
heat treating procedures.

ii) The amount of fcc phase retained in cobalt
following an annealing treatment decreases with increasing
purity and increasing grain size. The maximum amount of
metastable fcc phase that may be retained is approximately
60%, the minimum 10%.

iii)  The retained fcc phase present in polvcrystal
cobalt transforms martensitically to the ﬁcp modification
as deformation is introduced yielding tensile properties that
may be compared to other metals that undergo a similar
transformation.HAThe relationship between strain and the
retained fcc pheee mav be described by an equation of the

3£ , . .
)m cc. The transformation interferes with

form € = A(10
comparisons between cokbalt and other common hcp metals.

iv) 'The vield stress of cobalt, below the
transformation temperature, has two distinct regions of
temperature dependence. Below 0.25 Tm the yield stress
is essentially temperature independenﬁ and is determined
by the stress ﬁecessary to initiate bulk transformation
of retained fcc'phase. Above 0.25 Tm.it is postulated that
the strong temperature dependence obeerved is due to the

decreasing value of the Peierls stress on the corrugated

{1122} slip planes.



v) The strengfhening effect of grain boundaries
in cobalt is large, as is the case for other hcp metals
which do not exhibit a multiplicity of slip systems at room
temperature.

vi) The ductility of cobalt is related to the
amount of retained fcc phase present in the polycrvstal
aggregate. A larger initial proportion of fcc phase vields
higher ductility. The observed decrease in ductility as
test temperature is increased is due to Considere's Criterion.

vii) The work hardening rates measured for
polycrystal cobalt are high and may be compared to the
behaviour of othef materials that transform martensitically
during deformation. A two stage temperature dependence of
the work hardening rate is observed at low strain values.

viii) .The commonest surface feature in defofmed
cobalt is the heterogeneous shear that occurs on basal planes
of more than one orientation within an fcé qrain-boﬁndary.
The intense surface shears arise from tfansformatioﬁ from
fcc to hcp on these planes combined with continued dislocation
production on théée planes.

ix) A number of twinning modes are observed in

cobalt at all temperatures from 0.04 Tm to 0.38 Tm'

Although many twins form the twinned volume is small (several %).

x) Non-basal slip occurs above 0.25 T but not
below. The secondary slip system is postulated as the {1122}

<1123> second order pyramidal system.
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5 Suggestions for Future Work

The results of the present study open manvy avenues for
further study. The most obvious areas where further work is
required are outlined below.

i) If more is to be learned about the deformation
modes, studies must be carried out with verv larage agrained
specimens. This would allow direct measurement of planes and
directions involved in deformation allowing accurate
verification of the operative slip and twinning modes in cobalt.

ii) A_second area where useful information could
be gained is in a study of the strain induced transformation.
From what has been found in the present study it should be
possible to produée some very ductile, high strength cobalt
via a series of auéforming procedures or by variations in
annealing procedures. Certain combinations should vield
large volumes of fétained fcec phase and thus yield high
ductility coupled.with hiéh strength.

iii) Ffom the high K values and o values found
in pure polvcrystal cobalt, it is reasonable to assume that
judicious additioné of alloying elements should vield cobalt
alloys with extreméiy high tensile prope:ties at room temperature.
To extend the useful strength to hicher temperatures requires
alloying additions -that would move the ailotropic transformation
to higher temperaéﬁres while maintaining useful proportions

of the metastable, high temperature, phase.



Appendix 1

X-Ray Analysis

The following outliﬁe for the quantatative analysis of
volume fractions of fcc and hcp cobalt is based on work done
by Sage and Guillaud®’ and a thorough treatment of the
procedure provided by Lanners®*.

The method utilizes diffracting planes that are affected
similarly by any preferred orientation present. Anomalies
that occur in certain diffracted intensities are discussed
and allowed for. The anomalies uncovered by Sage and Guillaud
ard Lanners are the same and it is assumed that their results
apply to the material utilized for the present work.

When the fcc cubic structure transforms to hcp, certain
(111) planes become (0002) planes. Thé number of diffracting
atoms is constant but the transformation preserves only two
planes out of eight existing in the cukic structure. The
positier of the>diffracted line does noct change but it's

intensity is recduced Ly a factor of four.

Tooo2) _ 1 | ‘
T111 4 ceel1)

Tn a mixture of mx orams of cubic cobalt and m(l-x) grams
of hcp cobalt, the common line consists of a fraction due to
the cukic nhase and a fraction due to the hcv phase.

o

111) _ dmx - 4
1(0002) m(l-x) (1-x) ...f2)



The relative intensities of nairs of lines in the hcp

or fcc phase have been calculated. TFor example:

I
BEAES PP
(200) eees3)
T
%LQQQEL = 0.28
T (1011) S

The calculation giving rise to the ratios above assumes
that the intensity of the lines are independent of the
diffraction anagle. The“values for these ratios determined
by Sage and Guillaud are 1.85 and 0.27 respectively??,

Combine equation 2,3,4.

Tii11y . Toiny . T(200)

x _tainy 1
I=x 4T 5002) 2 T(200) T(oo02) F(1o011)
=7 - 2.22 . T200) _ 1.98 T(200)
0.28 T 1011) T (1011) ....5)
x =~ 21(200)
I=x T(1011) ... 6)

* carried out their analysis using

Fdwards and Lipson®
the lines (200) and (1010). The present work compares (200)
and (lOTl) as did Lanners and fage and Guillaud. = The
(1011) line is four times as intense as (1010) and allows

for more accurate calculations especially when the amount

of hcp phase is small.

4 4

Both Lanners®" and Troiano®" found anomalous intensities
for the (111) and (0002) lines. Bv electron ricroscopy thev

determined that the results were due to a preferred presentation
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existed.

Guillaud and
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of these planes to the x-ray beam, that is, a texture
This abnormally high presentation of (0002) and (111)

implies normal presentation of (200) and (1011).

The ecquation used for quantitative analysis is not

affected by these anomalies.

I = 0.28 HI

Let the enhanced intensities

for the (111) and (0002) planes be:

|

] -
(0002) (10I1)
' 177) = 2-22 CT 540,
Il
)5 00 e
I (200)
(0002) 0.28 HI 7
"f Bh (101

from equation 6

(111 _ 4 .-C . x

I'

I7(0002) E (1-x%)
from equations 9 and 10
I

.
C. I

=1
7

(1-x) " (0002)

(11 _

e 9)

..10)
~ I
1. H . 2.22 C (200
4 C 0.28 B I(loil)
_ 2 Y200
T (1011) ... 6)

The difference between the equations used by Sage and

x _ 2 (200
(1-x%) I(lOil)
x _ 1.5 T(200)
(1-x) T(1011)

Lanners is as follows:

8 u 6)
used by Lanners Tt

. 90
used by fage and Zuillaud
.. .11)
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Although a large discrepancy appears obvious,

calculation shows fhat the differences observed are

acceptable when considered in light of the normal experimental

scatter in results.

For example see the chart below.

Measured Ratio I(200)

% fcc, ean. 6 % fcc, ean. 11
T(1011)
1 66 60
1/2 50 43
1/10 16 13

Equation 6 was chosen for the present work because all

the recent investigations have used this formula, i.e.

Beckers®?, Miller®?.
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Appendix 2

Measurement of Tensile Parameters by an Intersect Method

The following paragraphs outline a method for determining
the yield stress versus temperature relationship from data
taken from a step-pull test.

Figure 66_shows the step pull results for a specimen
initially strained at -196°C and retested after increasing
the temperature in 40°C steps. The data is plotted as true
stress versus true strain, and is also normalized for the
change in G with increasing temperature. Due to the
parabolic shape of the curve upon retesting, the proper
slope to apply to the individual segments of curve was found
from graphical data similar to that shown in Figure 38. From
curves of this type, the work hardening rate at any value of
strain and temperature can be determined. This slope was then
applied to each individual segment of the curve to determine
the stress level corresponding to the start of the strain seg-
ment under scrutiny. The manner in which the data is determined
is shown in Figure 67. The data for thebcompléte test shown in
Figure 66 is presented in Table XV.

Because all data is to be normalized to 0.2% strain, this
value is tabulated for the initial step pull in Table XV.

At first glance, it would appear that if the summation
of Ao values due to work hardening was subtracted from the
intersect yield strength a plot of yield strength versus
temperature would result. Some curve is found if this is

done, but it is incorrect, because no work hardening rate
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Fig. 66 Step-pull tensile test. 99.9% cobalt, 6.5 micron grain size.
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TABLE xvy

Tvpical Data From a Step-Pull Tensile Test

=W N

W 3 & Ut

vD

190
11

"
&

13
14
15
16
17

ADJ - 99.9% cobalt annealed 1 hr. at €00°C

Temp. True Strain Intersect vield Maximum Ao ncorrected Corrected for

(°C) (%) stress stress vield stress 0 and to 0.2%
(ksi) (ksi) (ksi) (ksi)
-196 6 - 1.5 104.90 123.9 19.9 104.0 102.0
-i96 1.5 = 2.2 126.9 131.4 4.5 107.0 101.2
—i40 2.2 - 3.4 125.0 131.1 6.1 100.6 98.4
-100 3.4 - 4.6 127.9 131.4 4.4 96.5 97.8
- 60 4.6 - 5.7 126.9 129.8 2.9 92.0 96.7
~ 20 5.7 - 6.9 125.1 127.3 2.2 87.3 96.2
20 6.9 - 8.2 122.7 123.9 1.2 82.7 95.1
60 8.2 - 9.3 118.8 119.4 0.6 77.6 93.4
100 9.3 - 10.4 114.4 115.0 0.6 72.6 2.5
140 10.4 - 11.5 108.4 109.7 1.3 66.0 90.2
180 11.5 - 12.7 102.1 103.7 - 1.6 58.4 86.5
220 12.7 - 13.8 93.8 95.2 1.4 48.5 81.0
260 13.8 - 14.6 84.8 86.2 1.4 38.1 74.6
300 14.6 - 16.1 75.6 77.7 2.1 27.5 65.9
340 l16.1 - 17.7 66.2 67.4 1.2 10.0 59.5
380 17.7 - 19.0 52.9 55.5 2.6 1.5 46.9
400 19.0 - fail 50.7 50..8 - -3.3 45.6



corrections have been applied to the Ac values. 2 sample

calculation best explains the problem. For example, determine
the 0.2% yield stress at -100°C. From Table X7 the stress
levels measured are 127 X lO3 psi at 3.4% strain to 131.1

X lO3 psi at 4.6% strain. To determine the vield stress at
~100°C, subtract out the work hardening that occurs for the

strain introduced at -140°C and -196°C. Thus,

Oyield (-100°C) = Yiys T (B9.19g0c T BI_y4p0¢)
"There
o. = intersect yield strength
iys

Ao—196°C = work hardening introduced at -196°C.
(Similarly for all Ao_,.)

: T°C
From Table XV
3
= - 9.9 .5 . = .
oyield (~100°C) 127.0 (19.% + 4.5 + 6.1) 96.5 X 10

psi

This value does not appear out of line: kut for the

tests at 400°C.

= 50,7 - ZAOTOC <0

9vield (400°C)
and thus an error has been made.

The missing element is that thé work hardening rate is
a strong function of temperature and strain. Therefore,
all work hardening introduced prior tO.the test under
scrutiny must be normalized to the temperature at which the
vield stress is desired.

For the yigld stress at -100°C, we tlhen have:

9_100°c @ 13¢ )

9_106°c @ 13¢

9yield (~100°C) ~ %iys ~ [A9-106ec !

(®-100°c @ 22¢) ]
©-140°C @ 2%¢

+ 80 _1400¢

Vhere



@—100°C @ 13¢ S the work hardening rate for

material tested at -100°C at 1% strain.
(Similarly for other OT°C Q 98)

Oyield (~100°C) = 127.0 - 20.2 = 97.8
If calculations of this type are carried out for each
segment, reasonable agreement is found between the results
of the step-pull tests and the results from many individual
tests. The advantage of the step-pull test is that it
allows a more accurate detérmination of the temperature
at which the 0.2% yield stress changes temperature dependence.
Clearly, this normalizing procedure is only
approximate. Nevertheless, the manipulation of data in
this manner allows a secpnd approach to the problem. The

agreement between the curves shown in Figure 29 implies

that the major corrections have been included.
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