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Graphical abstract: Evolution of metastable cobalt FCC volume proportion during
mechanical loading.
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Abstract

The objective of this paper is to contribute to a better understanding of the deformation

mechanisms of a rolled polycrystalline cobalt sheet. In order to achieve this goal, a particular
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attention is given to the strain-induced phase transformation and the forming parameters on

which it may depend such as the plastic anisotropy or the loading path.

In situ phase quantification by X-ray diffraction during tensile tests, on samples cut out from a
cold rolled sheet material in three different directions (at 0°, 45° and 90° from the rolling
direction), has enabled to study the influence of plastic anisotropy on the strain-induced phase
transformation of metastable retained Face Centered Cubic phase to Hexagonal Close Packed
phase. Results show that the martensitic phase transformation can be activated by basal slip in
the first stage of plasticity but it also indicates that the latter is delayed when sample is
strained in tension for an angle of 45° to the rolling direction. Post mortem analyses on a
stamped sample by the Nakazima test have revealed that the phase transformation continues
for higher strain levels. A particular interest is paid to the coupling between strain-hardening
mechanisms and phase transformation and is discussed given the plastic anisotropy of cobalt

aggregate.

Keywords: cobalt, mechanical properties, anisotropy, phase transformation, X-ray diffraction

1. Introduction

Work-hardening mechanisms of Hexagonal Closed-Packed (HCP) cobalt are quite specific
due to the c/a ratio close to the ideal value, the high melting temperature [1] and the low
stacking fault energy [2]. Basal dislocation glide on the {00.1}<12.0> crystallographic
system is the first stage of cobalt work hardening and it has been extensively studied in the
50s and 60s by Seeger et al.[3-5]. Due to the limited number of available slip systems, the
plastic deformation is quickly accommodated by the twinning process as the second stage of
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work hardening. More recently, in the 2010s, Martinez et al. [6-9] and Zhu et al. [10,11] have

studied more specifically the key-role of twinning to accommodate plastic deformation.

HCP cobalt presents an allotropic transformation to Face Centered-Cubic (FCC) for
temperatures higher than 440 °C while the reverse martensitic transformation temperature is
around 330 °C, exhibiting a hysteresis. This transformation is not fully reversible and the
metastable FCC phase remains generally present at room temperature. This allotropic
transformation, caused by temperature, has been extensively studied in the 1970s and from the
1990s to 2010 [12-31]. The retained FCC phase is mechanically unstable under stress unless
it has undergone a specific heat treatment under controlled time and temperature conditions
(long time combined with high temperatures) [8,32]. The properties of cobalt, both
mechanical and magnetic, have also been extensively studied [1,32—-39]. Some original effects
such as sensitivity to size effects [8,39,40] or non-linear elasticity [38,41] have been the
subject of recent studies. However, only few studies have focused on two-phase effect with
the exception of one which showed that the presence of the residual FCC phase was beneficial
to the mechanical properties [33]. This brief study does not mention the mechanical stability
of the microstructure with heat treatments and was therefore not interested in the possible

phase transformation induced by the mechanical deformation.

The strain-induced FCC to HCP phase transformation in cobalt has rarely been investigated
since Sanderson’s work in the 1970s [32]. Only a few recent works on thin films [42] and on
the influence of temperature [43], deal nevertheless with this mechanism [32,42,43].
Concerning the cobalt alloys, the study on a Co-Ni-Cr-Mo alloy shows a correlation between
deformation modes, stacking fault energy and strain-induced phase transformation [44]. On
Co-Cu alloys, a full FCC to HCP transformation has been observed for a severe plastic

deformation process [45]. These investigations agree that the residual FCC phase can be
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transformed into HCP phase by plastic deformation at room temperature, provided that it has

not been stabilized by a heat treatment.

Dubos et al. [46,47] have investigated the size effects in complex forming processes of
different high-purity metals. For mechanically stabilized microstructure of polycrystalline
cobalt, first results exhibit a strain path dependence of size effects during stamping tests. This
deformation process can actually be used for the microforming of miniaturized systems in
which cobalt can be a good candidate due to its specific mechanical and magnetic properties.
The fields of application can be varied such as sensors, electronics, micro-mechanics,

medical, etc.

These previous works clearly show a renewed interest in this material, despite the complexity
of its deformation mechanisms and the little-studied phenomena such as plasticity-induced

phase transformation when the microstructure is not mastered beforehand.

Plastic anisotropy is an extremely important factor to be considered in sheet metal forming.
The most studied HCP phase metals (i.e. magnesium, zirconium and titanium) display strong
plastic anisotropy which results in a Lankford coefficient varying between 2 and 4 [48]. This
plastic anisotropy directly results from the marked rolling texture of HCP metal sheets [49].
For polycrystalline cobalt, Lankford coefficient is around 0.92 (weak plastic anisotropy).

Nevertheless, it is strongly influenced by the microstructure, notably the grain size [47].

The main aim of this experimental study is to contribute to the knowledge and the
understanding of the strain-induced phase transformation in cobalt when the FCC retained
phase is mechanically unstable. After a detailed description of the experimental methods,

focusing on X-Ray Diffraction (XRD) phase quantification and mechanical tests carried out
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(tensile and stamping tests), results are given to highlight the influence of plastic anisotropy
and the strain path deviation on the FCC to HCP phase transformation induced by plasticity.
Post mortem phase quantifications will be presented on a stamped sample which displays a
high strain gradient and will be compared to those obtained by tensile tests in different
directions by considering von Mises equivalent strain. Finally, the plastic anisotropy effect
will be discussed in view of activation and transformation rate. In a second step, the influence
of plastic anisotropy on the main work-hardening mechanisms and on the competition

between twinning and phase transformation will be raised.

2. Material and methods

Commercial polycrystalline cobalt sheets (Goodfellow Company) of high-purity (99.9 wt. %),
cold-rolled to 0.5 mm in thickness in a recrystallized state, were used for the present study.
Electron Back Scattered Diffraction (EBSD) mapping has been performed (Fig. 1 (a)) in
order to obtain initial grain size and phase cartographies. The initial ratio between the two
phases is around 70 % HCP / 30 % FCC with corresponding grains sizes of 30 + 20 um and
14 + 10 um.

The calculation of the grain size is performed on each phase, only with the indexed pixels.
There seems to be no correspondence between the band contrast and the non-indexed pixels.
This confirms the recrystallized state of the sheet after cold rolling and the absence of

significant residual stresses.
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(b)

(10.0)1cp

Figure 1: Microstructural analysis of the as-received material: (a) EBSD map of phase
distribution and band contrast. Distribution of grain size for each phase. HCP phase is colored
in red and FCC phase in green. (b) XRD crystallographic textures of the HCP phase
determined from the orientation distribution functions calculated by the WIMW method
implanted in the BEARTEX software.

Crystallographic textures and retained FCC phase ratios, at room temperature, were
determined by XRD technique. A four-circle Seifert XRD3003 PTS diffractometer equipped
with a Euler cradle, a Position Sensitive Detector (PSD) with a 20 effective windows of 8.6°,
a 1 mm diameter collimator and an IDS camera (for sample positioning in the center of the
goniometer), was used. A Cr anode (CrK,i+, radiation), operating at 30 kV and 35 mA, was
used (wavelength 7 = 2.28964 A). The Ky component of the Cr radiation was eliminated using

a vanadium filter installed in front of the detector.

Experimental XRD peak profiles were fitted by a Pseudo-Voigt function which takes into
account the K,;-K,2 doublet [50]. For each diffraction peak, background was modeled through
a 2" order polynomial function. Prior to peak profile analysis, angular corrections (Lorentz,

polarization and absorption factors) have also been applied [51].
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Fig. 1 (b) shows recalculated {00.2}1cp and {10.0}4cp Pole Figures (PFs) of the as-received
sample. The crystallographic textures have been determined from the Orientation Distribution
Functions (ODF) calculated by the WIMV method implemented in the BEARTEX software
[52], and were obtained from {10.0}ncp, {00.2}ncp, {10.1}ncp and{10.2}4cp experimental
PFs with an average error coefficient of about 0.08. This initial state displays a slight centered
basal reinforcement of ({00.2}nce on Fig. 1 (b)) with symmetrical intensity distribution of
({00.2}ncp and {10.0}ncp on Fig. 1 (b)) representative of a rolling texture for hexagonal
materials with a c/a ratio close to 1.633. The central pole of {00.2}ncp in Fig. 1 (b) is
distributed up to an angle of 43.1° characteristic of the habit plane between the two phases

considering the Shoji-Nishiyama’s relation [10].

The FCC phase volume fraction (denoted f"%) has been determined for each measurement
point using the equation (1) as formulated by Shang et al. [53]:
[HCP pFcey 71
FFCC = <1 + ) €))

FCC pHCP
Ihkl thl

where Iy is the integrated intensity of the corresponding {hkl} peak. Ry is the reflectivity of
the lattice plane {hkl}, and is given by the following equation (2) introduced in the literature

[54]:

(2)

1 + cos?(26) e 2M
sin?(20)cos(0) m i

1 2
Ryk = = |Fhkal

where v is the volume of the crystal unit cell (in A%), Fuq is the structure factor, 26 is the
considered Bragg angle (in rad), m is the {hkl} planes multiplicity factor, u is the linear

absorption coefficient (in cm™) and e is the Debye-Waller factor [1,55].
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The volume fraction of the phases was calculated from several groups of family planes,
combining {l0.0}Hcp, {00-2}HCP, {10-1}HCP1 {10-2}HCP and {111}|:cc, {ZOO}FC(;, and

averaged.

In situ monotonic uniaxial tensile tests were carried out, at room temperature, to study the
influence of elastoplastic strain on the allotropic transformation. These mechanical tests were
performed on a DEBEN device with a load cell of 5 kN capacity and controlled by the
displacement between clamping jaws. The dog bone shaped tensile specimens were machined
by electrical discharge machining and designed a gauge section of 26 mm in length, 7 mm in
width and 0.5 mm in thickness in three different directions having an angle o with respect to
the Rolling Direction (RD) of the sheet: 0°/RD, 45°/RD and 90°/RD, latter corresponding thus

to the Transverse Direction (TD).

In order to quantify the evolution of the phase ratio during the tensile loading, the samples
were strained stepwise up to 7.8 % with a strain rate of 0.2 mm/min (quasi-static deformation
hypothesis). At each straining step, and after a stress relaxation of about 20 minutes ensuring
stable mechanical fields over the entire diffracting volume, X-ray diffraction analyses were

carried out at each measurement point.

To obtain the macroscopic mechanical response, a second mechanical test series was achieved
where the specimens were continuously strained up to 7.8 % with a strain rate of 0.2 mm/min.
On one side of the sample, longitudinal and transverse deformations were measured with
strain gauges in order to obtain the Young modulus E and the Poisson’s coefficient v. On the
other side of the specimen, a speckle was deposited and images were recorded during the test.
Digital Image Correlation (DIC) has then been processed to obtain the macroscopic total
strain fields during the mechanical tests. Images were recorded with a Point-Grey GS3-U3

camera with 2448x2048 px? resolution and a lens of 35 mm. DIC has been performed with
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VIC 2D software using a region of interest of 155x37 px? (i.e. 26.35%6.29 mm?2 with a pixel
size of 0.17 mm), a subset of 9x7 px2 and a grid step of 1x1 px2. Planar strain fields were
computed in order to obtain the &y and &, strain components along the tensile and the
transverse directions, respectively. For each sample, the plastic anisotropy coefficient (also
called Lankford) was calculated from the monotonic plastic regime with the following Eq. (3),

considering a plastic incompressibility [56,57]:

ra =" =~ 2.7 (3)

a being the angle between the RD and the specimen axes.

With these measurements, corresponding strain paths can be characterized with the parameter

S which can be expressed by:

Bo =2 4)

Exx

Combining equations (3) and (4) the strain path can be directly introduced as a function of the

Lankford coefficient in the following relationship:

Boa = — = ®)

1+rg

The mean Lankford coefficient 1,45, relative to the mean anisotropy of the sheet, and 4r,

representative of the planar anisotropy, are respectively calculated thanks to equations (6) and

(7):

_ r0°+2r45°+r90°
rmean - 4 (6)

Ar = w @)

10
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Table 1 gives these coefficients for the three analyzed directions. In accordance with previous
results [47], the as-received cobalt displays a mean Lankford coefficient of 0.9 indicating a
mild plastic anisotropy. In this table, |#-fiso| represents the relative deviation of the strain path
as compared to the isotropic case (fiso = -0.5). The analysis of these parameters reveals a

qualitative difference of the material behavior when the sample is strained at 45°/RD.

Table 1: Review of the main coefficients characterizing elastic and plastic anisotropies
determined for polycrystalline specimens (E: Young modulus, v: Poisson coefficient,
a: direction of specimen collection, r: Lankford coefficient, f; strain path, |5-fiso|: Strain path
deviation, rmean: mean plastic anisotropy coefficient, A»: planar plastic anisotropy coefficient).

0°/RD (RD) 45°/RD 90°/RD (TD)
E [GPa] 167 181.3 152
u(E) [GPa] 14 3.8 19
y 0.32632 0.38573 0.38712
u(v) 0.00023 0.00069 0.00078
r, 0.8110 0.77344 1.242
u(r.) 0.0034 0.00057 0.022
Y -0.4491 -0.43617 -0.5579
u(p) 0.0011 0.00018 0.0090
BBl 0.0509 0.06383 0.0579
Imean 0.9000
Ar 0.2531

Stamping test, also named Nakazima test, is a complex biaxial loading experiment that
enables to obtain various loading conditions in only one test. Nakazima tests were performed

with a universal sheet metal testing machine (Zwick Roell BUP 600) on the as-received cobalt

11
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sheet using a 20 mm hemispherical punch at a punch speed of 1 mm/s. The ratio of punch
radius on sheet thickness is large enough to assume plane-stress deformations. Blank holder
force was set to 3000 N to ensure no sliding. To reduce friction effect between the punch and
the sample, a grease/polytetrafluoroethylene/grease sandwich was employed. Strain fields
were measured during the tests using 3D DIC. The experimental procedures for these tests are
described with more details in previous works [46,47]. XRD analyses have been performed on
stamped samples along RD and TD in order to follow the retained FCC phase evolution under
a complex loading. For each measurement point, the irradiated area has been reduced (a circle
with a diameter of 1 mm) with a Pb masking to avoid the geometric errors associated to the
curved surface. Fig. 2 shows the location of the XRD analysis points on the stamped dome
(). The three principal components of the strain fields are presented along a section of the
stamped dome (b). &y is calculated with the plastic imcompressibilty assumption (g = -&-ey).
The weak plastic anisotropy, combined with residual friction, induces a slight deviation of the
strain path. A strain path gradient along the section of the stamped dome is revealed and must
be considered (c). The equibiaxiality of the loading is increased between the blank holder and
the top of the punch. This test allows to obtain a macroscopic equivalent strain gradient along
a section that could induce a composition gradient in terms of phase proportion. The
equivalent strain level is higher, (around 0.3), than the maximum strain that could be reached

with a tensile test.

12
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Figure 2: Description of the Nakazima test: (a) height of the part after stamping and location
of the analysis points by XRD (cross and circle marker for measurements in RD and TD,
respectively), (b) decomposition of the principal components of the macroscopic strain fields
(er: in-plane major strain (along RD), ¢;: in-plane minor strain (along TD), & 1=-¢1- . in the
thickness strain and corresponding eeq von Mises equivalent strain), (c) evolution of the strain
path S versus the location on the section.

3. Results and discussion
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3.1. Influence of the plastic anisotropy

Retained FCC phase proportion and work-hardening rate (¢ = do/de) evolutions with the
macroscopic strain, ¢, applied during tensile tests for the three considered directions (0°/RD,
45°/RD and 90°/RD) are plotted in Fig. 3. The calculated value of r, is indicated on this

figure.

Work-hardening curves exhibit two distinct stages after elasticity. Basal dislocation slip is the
dominant mechanism in the stage A [8] while twinning mechanisms occur in stage B to
accommodate plastic deformation [7]. Results from Fig. 3 show that anisotropy does not seem
to affect the work-hardening stages. No matter the misorientation set between the loading axis
and the RD, elastic strain does not allow for the phase transformation to be initiated. For a =
0° and 90°, FCC to HCP phase transformation is initiated in stage A of plasticity. Beyond
that, the initial retained FCC phase transforms into HCP phase in a linear way to the logarithm
of the strain. At a macroscopic strain of 7.8 %, approximately 60 % of the initial retained FCC
phase is strain-induced transformed. For a = 45°, the initiation of the phase transformation is
delayed to the stage B. For this particular direction, twinning mechanisms seem to initiate the
FCC to HCP phase transformation. The plastic deformation transforms about 40 % of the

initially present FCC phase at 7.8 %.
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Figure 3: FCC phase proportion (normalized to the initial retained FCC phase) and work-
hardening rate evolutions under tensile testing for different angles between the load axis and
the rolling direction (RD): 0° /RD (RD), 45° /RD and 90° /RD (TD®).

The evolution of the FCC phase ratio with the macroscopic strain can be summarized by the

following equation:

(8)

%FCC { cst = 1if € < gppr(@)
%FCCinie  LA(a) + m(a) X log(e) if € > gipir(@)

where A(a) is a constant which depends on the orientation of the sample regarding the RD and

m(a) is the slope of the normalized phase ratio which can be assimilated to a rate of

15
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transformation with the strain. &;,;; (@) matches the strain at which the phase transformation

initiates. These values are presented in Table 2 for each direction.

Table 2: Coefficients of equation (8) with standard deviations (u) and linear regression
coefficient (R?) as a function of the loading axis misorientation regarding the RD.

a = 0°/RD® (RD) a = 45°/RD a = 90°/RD® (TD)
m -0.373 -0.80 -0.459
u(m) 0.022 0.11 0.012
A 0.027 -0.25 -0.120
u(A) 0.033 0.14 0.019
R2 0.95 0.93 0.99
Einit 0.00247 0.0281 0.00365

In a recent work [43], it has been shown that, for a particular direction (in this case, RD), &init
increases with temperature. However, the transformation rate is independent for temperatures
lower than the initiation temperature of austenitic transformation. Sanderson [32] has shown
that m(a) is strongly affected by the initial microstructure (grain size and initial FCC
proportion). Marx et al. [42] have highlighted that the integrated area of the {002}rcc
reflection decreases with macroscopic strain until a plateau is forming for strains higher than
8 %. These observations tend to highlight a threshold deformation at which the residual FCC
phase no longer transforms. Unfortunately, the critical macroscopic strain reached in our work
for tensile tests does not allow us to confirm this phenomenon. In order to track the phase
transformation for macroscopic equivalent strain higher than 7.8 %, a stamping test, whose

methodology was described in the previous section, was performed.

3.2. Influence of the mechanical loading on the allotropic transformation

16
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As shown in Fig. 2, post-mortem XRD analyses have been performed at different locations on
the stamped dome between the blank-holder and the top of the punch. Strain path, and
therefore equivalent strain level, is dependent on the chosen measurement point. In order to
consider the plastic anisotropy effect, phase quantification has been achieved along two

directions (RD and TD).

Fig. 4 displays the evolution of the FCC phase ratio normalized by the initial retained FCC
phase versus the equivalent macroscopic von Mises strain for the two directions RD and TD
on the stamped sample (filled points). These results are superimposed on those obtained in

tension for specimens taken with an angle « = 0° and 90° (empty points).

17



289

290
291
292
293

294

295

296

297

298

1.0 A

0.8 : :
0.6 - E :
0.4 — | :
c | i
o 0.2+ ! !
= L !
% tensile ! ;
<] stamping ! !
S ; :
o 0.0 -~ ! !
[%2]
@© i .
z ; :
o} ! :
9 i |
9y 0°/RD : !
o CP i
e ] I
. Ny |
S 08+ : :
Z 1 1
0.6 - E
0.4 - E i
0.2 O tensile E E
B stamping ! !
0.0 Elasticity . St A | St. B
mmm_l_rrmﬂlm
10°° 10" 10° 102 10" 10°

Macroscopic equivalent strain

Figure 4: Influence of different biaxial loading scenarios on the phase transformation.
Evolution of the FCC phase ratio along the rolling and transverse directions (filled squares) of
a stamped sample, superposed on the in situ tensile test results (circles).

The transformation rate is shown to be independent from the strain path but slightly direction-
dependent. During stages A and B of plasticity, the FCC phase proportion decreases linearly
with the logarithm of the von Mises’ equivalent strain. The slopes are the same as those
obtained with tensile tests and therefore always dependent on a angle. The maximum strain

reaches about 30 % in the center of the Nakazima specimen, resulting in a transformation of
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around 70 % of the FCC phase initially retained. Straumal et al. showed that a complete
transformation was possible in Co-Cu alloys deformed by severe plastic deformation
processes such as high-pressure torsion (HPT). These authors estimated that a severe plastic
shear strain higher than 35 % could achieve a full FCC to HCP phase transformation [45].
Extrapolating the evolution law obtained from our results with the stamping tests, a complete
transformation of the initially present FCC phase can only be expected for very high levels of
plastic strain, in the order of 100 %. Finally, the main point is that the strain-induced FCC to
HCP phase transformation continues for higher strain level than the one reached by previous

tensile tests.

3.3. Relation between plastic anisotropy, strain path and phase transformation rate.

Fig. 5 displays the slope of the strain-induced transformation, m(a), for tensile tests, plotted
for the three considered values of «, versus the absolute value of S-fis,. Latter is representative
of the strain path deviation due to anisotropy as compared to the strain path of the isotopic
case. The deviation of r, from 1 significantly affects the strain path: for a tensile loading, if r,
is higher than 1, the loading conditions is close to plane strain ones, while if r, is lower than 1,
the loading conditions tend to shear ones. The strain path seems to be less affected in the case
of a positive r, variation (values above the isotropic case i.e. r, = 1) than a negative one (r,
values below 1). For a value of r, = 1.25, the positive variation of 0.25 results in a 11
%deviation of the strain path. For a value of r, = 0.75, the deviation is negative and equal to -
0.25 and results in a 14 %deviation of the strain path. These two examples are respectively

representative of the cases with o = 90° and a = 45°.
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m(a) exhibits a linear decrease with increasing strain path deviation. Fig. 5 illustrates the
strong impact of |$-fiso| Value on m(a). For a = 45°, which presents a slightly lower negative
value of r, variation than for « = 0° and a sign variation from the isotropic case opposite to
rgoe, the transformation rate is almost twice higher. This tends to be in line with the results
obtained by Straumal et al. [45]. Indeed, for shear loading conditions, the deformation level

required to transform the same volume of FCC phase is much lower.

The relation between plastic anisotropy, strain path and phase transformation rate, is now
established but still, the observed delay in terms of deformation for a = 45° (see Fig. 3) at the
beginning of the transformation is not yet explained or whether a coupling with the rate does

exist.
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Figure 5: Evolution of the strain-induced FCC to HCP transformation rate in tension with the
strain path deviation as compared to the isotropic case (m(a) = ax|f-Piso|+b with a = -38 + 4,
b =1.63 £ 0.26 and R2 = 0.99).

3.4.In situ texture evolution, work hardening mechanisms and phase transformation

initiation
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In situ crystallographic texture was tracked during tensile tests for each sample (0° /RD (RD),
45° |RD and 90° /RD (TD). Fig. 6 illustrates {00.2}1cp and {10.1}cp PFs for some analysed
strain levels. The O point represents the unstrained state i.e. as received cobalt sheet, points 1
to 7 match the texture analyses made at different loading steps, and the point 8 corresponds to
the final texture after tensile test. Fig. 6 also shows macroscopic stress-strain curves obtained
by the tensile tests for the 3 sampling directions (0° /RD (RD), 45° /RD and 90° /RD (TD°).
Evolution of {00.2}xcp PF with macroscopic strain shows, whatever a, a homogeneization
and a reinforcement of the fiber character of the texture. This basal texture results in an
equiaxed central pole, representative of the normal c-axis on the specimen surface. The
equiaxiality of the pole is representative of cold-rolled HCP materials with a c/a ratio close to
1.633. Consequently, the texture that develops during a tensile deformation reveals the
reinforcement of the initial rolling texture. Evolution of {10.1}ycp PF with strain shows,
whatever o, the development of poles in the rolling direction in accordance with the observed
evolution of intensities recorded on {00.2}nce PF, supporting the assumption of a

reinforcement of this type of texture.

This qualitative analysis highlights a texture evolution which provides an explanation for the

phase transformation activation delay for the 45°/RD tensile loading.
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Figure 6: {00.2}pcp and {10.1}xcp PF evolution during tensile tests. Points 0 and 8
correspond to the initial texture and the residual texture after straining, respectively. Points 1
to 7 correspond to internal texture development during loading. (red color is associated to
force applied along the RD (a« = 0° /RD), blue for an angle of 45° /RD and green for a
mechanical loading parallel to TD (a = 90° /RD)).

As shown in a previous work [58], the combined study of work-hardening mechanisms and
phase transformation can be done monitoring the intensity of two diffraction reflections. The
{00.2}cp reflection is representative of the main twinning system {10.2}<10.1>, and the
{10.2}ncp reflection, averaged over a ring corresponding to a declination angle of 5°, is

representative of the FCC to HCP phase transformation [7]. For this purpose, the integrated
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intensities of the {00.2}ncp and {10.2}ucp reflections were tracked during the mechanical
loading along the three loading directions (Fig. 7).

No matter the loading direction, intensity of {00.2}cp reflection starts to increase linearly
with the logarithm of the deformation from the beginning of the stage B. This increase reflects
the generalization of twinning in this stage and in particular the reorientation due to the
{10.2}<10.1> system, since it induces an increase of the {00.2}ncp population parallel to the
surface specimen. The effect of plastic anisotropy on the twinning is clear with a very
pronounced increase in the intensity of the {00.2}ncp reflection in the case of a = 45° as
compared to the other directions which show a similar, but less important, evolution. This
may demonstrate an increased twinning activity, favored by the tensile specimen orientation

regarding the loading direction.

For 0° /RD and 90°/ RD, intensity of {10.2}cp reflection increases at the end of the elastic
domain due to the beginning of the FCC to HCP strain-induced transformation. At the
beginning of stage B, intensity reaches a plateau. This trend is similar to the observations of
Marx et al. [42]. However, these authors did not correlate the work-hardening mechanisms
and the intensity evolution. As shown in Fig. 3, the overall proportion of FCC continues to
decrease during this stage. The {10.2}4cp intensity should therefore go on increasing as
regard to the phase transformation. Nevertheless, the reorientation due to the activation of the
{10.2}<10.1> twinning system tends to decrease the {10.2}ucp intensity. The stabilization

observed is therefore the result of the two competing mechanisms.

For o = 45° /RD, the delayed initiation of the FCC to HCP transformation, identified in Fig. 3,
is also visible in Fig. 7 through a significant increase in integrated intensity of {10.2}ucp peak
at the beginning of stage B. However, in the middle of the stage B, the effect of the twinning

mode deformation onto intensity overrides those of the phase transformation, leading to a
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sudden drop in intensity. The initial basal texture is not favorable to the {00.1}<12. 0> slip

system activation when the sheet is deformed at 45°/RD.
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Figure 7: Evolution of the integrated peak intensities of the {10.2}ncp reflection (at = 0°)
and of the {00.2}ncp reflection (at y = 5°) during a tensile test (y is the declination angle) for
all three directions of specimen collection.
Additional post mortem analysis of the work-hardening mechanisms was carried out by EBSD
in the case of the tensile specimen at 0°/RD. A quantification of the grain misorientation
angles is presented in Fig. 8 thanks to the orientation analysis of their distribution in the
undeformed and deformed states. The as-received cobalt sheet exhibits only two set of
populations : the first one displays a misorientation angle corresponding to the Shoji-
Nishiyama orientation relationship (71°) between FCC and HCP phases, associated to the
martensitic transformation [10], while the second one manifests a 86°misorientation angle,
typical of the initial existence of residual tensile twins {10.2}<10.1> due to the cold-rolling
process. Above 7.8 % of macroscopic deformation, the twin population increases while the

peak located at 71° decreases, highlighting the two mechanisms of twinning and strain-
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induced phase transformation (FCC to HCP). A third population appears for misorientation
angles lower than 15°. It may be associated with the development of intragranular

misorientations due to dislocations and internal stresses [7].
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Figure 8: Grain boundary misorientation angle distributions for unstrained state (black solid
line) and for a specimen strained in tension at 7.8 % along RD (yellow filled curve).

4. Conclusion

In this work, the strain-induced phase transformation is reported for three sampling directions
of a cold-rolled sheet of pure cobalt and for a complex loading which produces higher strain
levels than those obtained with tensile tests. The effect of anisotropy is demonstrated to be
important for a loading axis at 45° from the RD, with a delayed activation of the FCC to HCP
phase transformation and a rate of transformation twice as high as for the rolling and
transverse directions. This second observation can be associated with a negative deviation of
the strain path as regard to the isotropic case. Moreover, this effect seems to favor twinning

deformation mode that ends up transcending phase transformation. For RD (0° /RD) and TD
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(90° /RD) directions, whatever the loading mode (tensile or stamping tests), the phase
transformation starts at the initiation of plasticity (stage A). In general, the deformation of
polycrystalline cobalt is controlled by basal slip and twinning (mainly {10.2}<10.1> tensile
twin) but can be accompanied by a plastic strain-induced transformation if the residual FCC
phase is not stabilized by a heat treatment. The texture developed during deformation is then a

reinforcement of the basal rolling texture.
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Figures captions:

Figure 1: Microstructural analysis of the as-received material: (a) EBSD map of phase
distribution and band contrast. Distribution of grain size for each phase. HCP phase is colored
in red and FCC phase in green. (b) XRD crystallographic textures of the HCP phase
determined from the orientation distribution functions calculated by the WIMW method
implanted in the BEARTEX software.

Figure 2: Description of the Nakazima test: (a) height of the part after stamping and location
of the analysis points by XRD (cross and circle marker for measurements in RD and TD,
respectively), (b) decomposition of the principal components of the macroscopic strain fields
(g1: In-plane major strain (along RD), g;;: in-plane minor strain (along TD), g=-¢- € In the
thickness strain and corresponding eeq VOn Mises equivalent strain), (c) evolution of the strain
path B versus the location on the section.

Figure 3: FCC phase proportion (normalized to the initial retained FCC phase) and work-
hardening rate evolutions under tensile testing for different angles between the load axis and
the rolling direction (RD): 0° /RD (RD), 45° /RD and 90° /RD (TD®).

Figure 4: Influence of different biaxial loading scenarios on the phase transformation.
Evolution of the FCC phase ratio along the rolling and transverse directions (filled squares) of
a stamped sample, superposed on the in situ tensile test results (circles).

Figure 5: Evolution of the strain-induced FCC to HCP transformation rate in tension with the
strain path deviation as compared to the isotropic case (m(a) = aX|B-Biso|+b With a = -38 + 4,
b=1.63 +0.26 and R2 = 0.99).

Figure 6: {00.2}ucp and {10.1}nce PF evolution during tensile tests. Points 0 and 8
correspond to the initial texture and the residual texture after straining, respectively. Points 1
to 7 correspond to internal texture development during loading. (red color is associated to
force applied along the RD (oo = 0° /RD), blue for an angle of 45° /RD and green for a
mechanical loading parallel to TD (a = 90° /RD)).

Figure 7: Evolution of the integrated peak intensities of the {10.2}ycp reflection (at y = 0°)
and of the {00.2}cp reflection (at w = 5°) during a tensile test (\ is the declination angle) for
all three directions of specimen collection.

Figure 8: Grain boundary misorientation angle distributions for unstrained state (black solid
line) and for a specimen strained in tension at 7.8 % along RD (yellow filled curve).
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Tables captions:

Table 1: Review of the main coefficients characterizing elastic and plastic anisotropies
determined for polycrystalline specimens (E: Young modulus, v: Poisson coefficient,
a: direction of specimen collection, r: Lankford coefficient, B; strain path, |B-Biso|: Strain path
deviation, rmean: mean plastic anisotropy coefficient, Ar: planar plastic anisotropy coefficient).

Table 2: Coefficients of equation (8) with standard deviations (u) and linear regression
coefficient (R?) as a function of the loading axis misorientation regarding the RD.
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