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Abstract

Thermal and mechanical effects on the phase transformation of polycrystalline two-phase
HCP/FCC cobalt have been studied in coupled and decoupled ways. This experimental work
has involved in situ X-ray and neutron diffraction analysis to determine phase proportions
under various thermomechanical conditions, those which are not referenced in the litterature.
A quantitative analysis is proposed to better understand phase transformation in a cobalt
rolled sheet. New experimental results show that the metastable FCC retained phase can be
transformed into HCP phase by a mechanical loading. In accordance with the theory and the
literature, the prominent phase (HCP) can subsequently be transformed with an increase of

temperature above 743 K.

Keywords: Cobalt; phase transformation; diffraction; mechanical behavior; in situ

characterization.

1. Introduction

High-purity polycrystalline cobalt exhibits an allotropic transformation (reversible and
diffusionless) from HCP (Hexagonal-Closed-Packed) phase to FCC (Face Centered-Cubic)
structure around 713 K (austenitic transformation). The reverse transformation, from FCC to

HCP phase (named martensitic transformation [1]), occurs at roughly 603 K. The cobalt
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transformation involves a temperature hysteresis which depends on the number of applied
thermal transformation cycles [2-3]. However, the cobalt martensitic transformation is
incomplete. Consequently, at room temperature, a residual FCC phase stands along with the
predominant HCP phase [4].

Previous results exhibited an important improvement of the mechanical properties of cobalt
when it presents a two-phase structure [5]. As a result of this knowledge, the literature reports
the production, with a vacuum arc apparatus, of two-phase cobalt coatings for medical
applications [6].

Sanderson [7] investigated the tensile properties of polycrystalline cobalt at room temperature
so0 as to get the HCP phase stable, using different initial retained FCC phase proportions, grain
sizes and sample purities. He has then shown that the retained FCC phase fraction of
polycrystalline cobalt, at room temperature, depends on the thermal history, the purity and the
grain size. Marx et al. [8] studied by X-Ray Diffraction (XRD) the strain-induced phase
transformation, at room temperature, in a 2 um thick film deposited on a polyimide substrate,
using in situ tensile tests. They have highlighted that the untransformed metastable FCC phase
was reduced from 51 % to 8 % when the total macroscopic strain increases from 2 % to 8 %.
Straumal et al. [9] observed a complete transformation of the FCC phase under severe plastic
deformation (high-pressure torsion) in Co-Cu alloys.

The objective of this work is therefore to contribute to the understanding of the influence of
mechanical and thermal loadings on the metastable FCC retained phase. First, this study deals
with decoupled loading conditions: heating effect followed by a tensile testing at room
temperature. In a second step, the thermomechanical coupling is studied. All experiments
have focused on the evolution of the FCC phase proportion during in situ neutron and X-ray

diffraction measurements.



2. Material and methods

The investigated material is a high purity (99.9 at. %) polycrystalline cobalt sheet, cold-rolled
down to 0.5 mm in thickness and annealed by GoodFellow society. The as-received material
shows two crystallographic phases: moderate temperature HCP and high-temperature
metastable FCC, retained at room temperature. Metallographic observations and XRD
analyses have revealed an initial grain size of around 25 um, an initial ratio between the two
phases of 75 %HCP/25 %FCC and a quasi-isotropic crystallographic texture.

An in situ experiment has been carried out in order to study the influence of temperature on
the phase transformation behavior. Variation of FCC and HCP phase composition during
heating was monitored by XRD, using Cu anode (with a wavelength A = 0.1544051 nm). A 6-
20 scanning mode was used and the diffraction profiles were recorded with 26 angle ranging
from 35° to 95° with a 26-step of 0.0157°. The sample was heated between 303 and 773 K at
a rate of 0.5 K/s.

In situ tensile tests along rolling direction under neutron diffraction were performed on
classical dog-bone shaped samples of 20 x 7 x 0.5 mm? in gage volume. They were tested
using the ENGIN-X neutron diffraction strain scanning instrument at ISIS facility [10], with a
100 kN Instron testing machine. Measurements were taken at different temperatures (ambient,
623 and 873 K) under various mechanical loads. For each step, the sample was held at an
imposed displacement and an initial waiting time was included to obtain a stable load during
diffraction measurements and avoid creep phenomena as far as possible. The macroscopic
strain was determined using an extensometer that spanned the irradiated region. The Time-Of-
Flight (TOF) method allowed us to simultaneously collect, several diffraction peaks from a
range of {hk.I} crystallographic planes. A gage volume of 4 x 4 x 0.5 mm? including beam

divergence was defined by the primary slits and secondary collimator.



The FCC phase volume fraction f °€ was calculated with the method described in [11] and
averaged from several groups of family planes: {10.0}ncp, {111}rcc, {00.2}+cp, {10.1}Hcp,

{200}rcc and {10.2}+cp.

3. Results and discussion

3.1. Thermal influence

In good accordance with the previous work of Houska et al. [3]. The initial f*°P is 73.5 % and
the hexagonal phase begins to transform from the austenitic start temperature As = 673 K.
After a transformation of approximately 1 %/K, the material has an entirely FCC structure.
This austenitic transformation is therefore completed at the austenitic finish temperature Ar of

743 K.

3.2. Thermomechanical loading influence

Experimental macroscopic stress-strain curves obtained for tensile tests are plotted in Fig. 1
for the three investigated temperature: 293 K, 623 K (< As) and 773 K (> Ar). As noted
above, the stress decreases with increasing temperature while ductility increases. The work-
hardening rate seems to strongly decrease with temperature. Mechanical properties are more

drastically affected when the material is entirely transformed, at 773 K.
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Figure 1. Experimental macroscopic stress-strain curves for various temperatures. Neutron
Diffraction analyses were performed after each unloading. The inset gives the temperature
effect on the yield stress.

The evolution of the yield stress with temperature, plotted in the inset of Fig. 1, endorses this
observation and is consistent with the hardness results reported in literature [12].

In Fig.2, the FCC proportion normalized by its initial value is plotted against the macroscopic

(a) stress and (b) strain for tensile tests performed at room temperature, 623 K and 773 K.
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Figure 2. Influence of the temperature on the normalized volume fraction of FCC retained
phase evolution during tensile tests plotted as a function of the macroscopic () stress and (b)
strain.

At room temperature, the FCC phase does not evolve above a deformation of 0.85 %,
corresponding to a stress of 1.5 times the yield stress. Beyond, it transforms into HCP phase
in a linear proportion to the logarithm of the strain. At the end of the tensile test, a strain level
of 7 % has been reached and 35 % of the initial FCC retained phase has been transformed into
HCP phase. The transformation rate with strain can be defined by the slope d[fF¢¢(¢)/

fFCC(e = 0)]/d[log(e)] and is equal to -0.48 with an uncertainty of 0.04 at room

temperature, as reported in Table 1.

Table 1. Fitting parameters obtained from the figure 2.



Norm. FCC prop.=-axoc+b Norm. FCC prop. = -a X log(g) + b
T 293 (K) 623 (K) 293 (K) 623 (K)
aru@) | 1.5%10°3413x07 (MPa?) | 4.0x10 3 4186x10* (MPat) | 0.48 +/:004 0.45 +/0.08
D+u) 1.5+/:0.06 1.94/.0.20 0.01 +/-0.05 0.3+/-:0.10
R2 0.91 0.81 0.91 0.89
Ostart 354 (M Pa) 213 (M Pa) - -
Estart - - 8.5x10° 3 3.0x10%2

In the case of temperature lower than As (i.e. 623 K), the beginning of the FCC-HCP
transformation is delayed in term of deformation (around 3.0x10%). Once started, the FCC
proportion decreases in favor of the HCP with a slope equals to -0.45 with an uncertainty of
0.08, as reported in Table 1. Taking into account these uncertainties, the kinetics are similar to
those obtained at room temperature. In Fig. 3, it is shown that temperature lowers the yield
strength and seems to have the same effect on the initial transformation stress. This reduction
of the stress for the transformation and the modification of the slope at 623 K (Fig. 2. (a) and
Table 1), is closely linked to the temperature influence on strain-hardening mechanisms. A
temperature rise reduces the work-hardening rate, facilitates the movement of dislocations and
leads to an easier phase transformation.

In the case of temperature higher than Ar (i.e. 773 K), the studied sample has a FCC structure,
which does not evolve with an increase of the mechanical deformation. The strain-induced
FCC to HCP phase is counterbalanced by the thermal effect. At a temperature of 773 K, if a
part of the FCC microstructure is transformed into HCP one under the effect of mechanical
action, this new HCP phase is instantly retransformed. This effect is thus not detectable with
the analysis techniques used. High-energy synchrotron source could be a complementary
solution to support these analysis assumptions due to its ultra-fast data acquisition.
Considering that the influence of temperature on the stress required to initiate the
transformation is similar to that observed on the yield stress and the ultimate tensile stress,
and since the two last values confine the requisite stress value for the transformation

initiation. Fig. 3 shows not only that the stress imposed on the material should be large




enough to induce the transformation but also that it cannot therefore remain a hypothesis for

the non-evolution of the FCC proportion during deformation at 773 K.
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Figure 3. Influence of the temperature on different mechanical properties: yield stress (empty
circles), ultimate tensile stress (empty squares) and stress for the initiation of the FCC-HCP
transformation (fully triangles)
4. Conclusions
In this research, the following main results and conclusions can be drawn from this new
experimental study:
e High-purity polycrystalline rolled sheet presents a two-phase microstructure including
metastable high temperature FCC retained phase.
e The majority HCP phase is completely transformed into a FCC phase between 673 K
and 743 K.
e The initial FCC retained phase can be transformed by the application of an external
mechanical load.
e The initiation of the FCC into HCP phase transformation is delayed in term of
deformation for moderate temperature (lower than As) but with similar rate to those

obtained at room temperature.



e For high temperature (higher than Af), the competition between FCC-HCP strain-
induced transformation and HCP-FCC thermally activated transformation seems to be

won over by the effect of temperature.
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