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Abstract:  19 

The allotropic phase transformation in polycrystalline high-purity cobalt is incompletely 20 

reversible and exhibits a temperature hysteresis. This leads to the presence of a FCC 21 

metastable phase at room temperature, which alters the mechanical properties. Moreover 22 

this phase transformation seems to be able to be induced by the plastic deformation. The 23 

influence of thermal cycling and initial microstructure on the phase transformation has 24 

been analyzed with different experimental approaches namely in situ X-ray diffraction, 25 

differential scanning calorimetry and high temperature digital image correlation analysis. 26 

A multiscale analysis, under an in situ tensile test, has been adopted to follow the phase 27 

transformation induced by the plastic deformation. The main result shows that the 28 

transformation is initiated by basal slip mechanisms, in competition with twinning 29 

mechanisms during the second work-hardening stage. 30 

 31 

Keywords:  32 

Cobalt, allotropic transformation, X-ray diffraction, plastic strain, crystallographic 33 

texture, in situ testing. 34 

 35 

1. Introduction 36 

Mechanical properties of metallic materials such as high-purity cobalt, are directly link 37 

to the crystallographic phase structures and microstructure defects presence. The 38 

mechanical behavior of two-phase cobalt remains unclear, when phase distribution and 39 
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evolution are not controlled. Results of the literature exhibited an important improvement 40 

of the mechanical properties of cobalt when it presents a two-phase structure [1]. 41 

High-purity polycrystalline cobalt exhibits an allotropic transformation (reversible and 42 

diffusionless) from HCP (Hexagonal Close-Packed) phase to FCC (Face Centered-Cubic) 43 

on around 713 K (austenitic transformation). The reverse transformation, from FCC to 44 

HCP phase (named martensitic transformation [2–4]), occurs roughly at 603 K. The 45 

cobalt transformations lead to a temperature hysteresis which depends on the number of 46 

applied thermal transformation cycles [4,5].  47 

Most of the time, cobalt martensitic transformation remains incomplete. Consequently, a 48 

residual FCC phase persists at room temperature in association with the predominant HCP 49 

phase [3,6,7].  50 

Sanderson [7] investigated the tensile properties of polycrystalline cobalt at room 51 

temperature so as to get the HCP phase stable, using different initial retained FCC phase 52 

volume proportions, grain sizes and purity samples. He found that the retained FCC phase 53 

volume fraction of polycrystalline cobalt, at room temperature, depends on the thermal 54 

history, the purity and the grain size. Marx et al. [8] studied by X-Ray Diffraction (XRD) 55 

the strain-induced phase transformation, at room temperature, in a 2 µm thick film 56 

deposited on polyimide substrate, using in situ tensile tests. They have shown that the 57 

untransformed metastable FCC phase was reduced from 51 % down to 8 % when the total 58 

macroscopic strain increases from 2 % up to 8 %. 59 

Martinez et al. [9] investigated the dislocation microstructure of deformed polycrystalline 60 

cobalt by analyzing the different modes responsible for plastic strain. They have observed 61 

two distinct work hardening stages: a stage A, up to 4 % of plastic strain, where basal 62 

dislocation glide is the main deformation mechanism, and a stage B, where plastic 63 
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deformation is mostly accommodated by twinning mechanisms, in agreement with Seeger 64 

et al. [10]. These different deformation stages were also observed by Fleurier et al. [11]. 65 

HCP cold rolled metals tend to exhibit a specific deformation texture, called basal texture. 66 

A principal {00.1} basal texture component was indeed observed in polycrystalline rolled 67 

cobalt by Electron Back Scatter Diffraction (EBSD) [3,9]. The phase transformation in 68 

high-purity cobalt occurs by the glide of dislocations, due to the shear stress, on the habit 69 

{111}FCC//{00.1}HCP planes [12]. Hesemann et al. [13,14] studied the influence of the 70 

texture on martensitic transformation in cobalt thin films, by varying the habit plane 71 

inclination angle from film surface, at different temperatures using in situ synchrotron 72 

XRD. They have observed that the phase transformation depends on the inclination angle 73 

between {111}FCC//{00.1}HCP planes and the film surface, this transformation arising 74 

more easily at intermediary inclination of about 20°. 75 

The present study focuses on the understanding of the allotropic transformation of 76 

polycrystalline high-purity cobalt, which might be affected by the initial microstructure 77 

as well as the thermal and mechanical loadings, using several characterization techniques. 78 

After a detailed description of the experimental methods, allotropic transformation 79 

behavior during thermal cycle, such as the evolution of the FCC phase volume proportion 80 

using in situ XRD laboratory technique, is presented. Moreover, the influence of the 81 

number of applied thermal cycles on the energetic parameters, carried out by Differential 82 

Scanning Calorimetry (DSC), is reported. On the other hand, an overview of the effect of 83 

the initial microstructure (modulated thanks to various annealing treatments) on the phase 84 

transformation is given. Finally, the strain effect on the phase transformation at room 85 

temperature is presented. In situ tensile tests under XRD have been used to study the 86 

influence of the strain hardening mechanisms onto the phase transformations. 87 
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 88 

2. Material and methods 89 

2.1. Characterization of as-received material 90 

Commercial polycrystalline cobalt sheets (Goodfellow Company) of high-purity (99.9 91 

wt. %), cold-rolled to 0.5 mm in thickness, and with a recrystallized state, were used for 92 

the present study.  93 

Metallographic examinations of the as-received material have revealed that the average 94 

grain size is about 24 µm, with a standard deviation of 12 µm. It appears that the initial 95 

microstructure displays two sets of grain shape corresponding to the two phases (HCP 96 

and FCC). Fig. 1 shows a predominant polygonal grain family population, corresponding 97 

to the HCP phase, and a rather limited number of triangular and plate geometries for the 98 

FCC phase. 99 

 100 

Figure 1: EBSD Image Quality (IQ) map and phase cartography of as-received cobalt 101 

microstructure. 102 

 103 

Initial crystallographic textures and retained FCC phase ratio, at room temperature, were 104 

determined by XRD technique. A four-circle Seifert XRD3003 PTS diffractometer 105 
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equipped with an Euler cradle, a Position Sensitive Detector (PSD) with a 2 effective 106 

windows of 8.6 °, a 1 mm diameter collimator and an IDS camera (in order to align the 107 

sample in the center of the goniometer), was used. A Cr anode (CrK1+2 radiation), 108 

operating at 30 kV and 35 mA, was used (wavelength  = 2.28964 Å). The K component 109 

of the Cr radiation was eliminated using a vanadium filter installed in front of the detector.  110 

Using  - 2 scanning mode, the diffraction spectra were recorded from 60° to 106° in 2 111 

with a step size of 0.05° and a counting time of 126 s/step. The analyzed reflections are 112 

listed in Table 1. The initial averaged FCC phase volume proportion, obtained according 113 

to the method described in the section 2.4.3, is about 22 %.  114 

The crystallographic textures were determined from the Orientation Distribution 115 

Functions (ODF) calculated by the WIMV method implemented in the BEARTEX 116 

software [15], and were obtained from experimental Pole Figures (PFs) {10.0}HCP, 117 

{00.2}HCP, {10.1}HCP,{10.2}HCP, {111}FCC and {200}FCC with average error coefficients 118 

in the order of 0.08, except for the initial FCC phase (0.2). The declination () and 119 

azimuthal () angles varied from 0 to 65° ( = 5°) and from 0 to 355° ( = 5°), 120 

respectively. At  = 0° and  =   the scattering vector was aligned with the Rolling 121 

Direction (RD).  122 

 123 

2.2. Thermal cycles and Differential Scanning Calorimetry 124 

The influence of the initial microstructure (grain size and retained FCC proportion) on 125 

the phase transformation was studied using DSC. First of all, cobalt samples were 126 

annealed at a temperature set between 573 K and 1273 K for 1 h, and cooled down with 127 
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a cooling rate of 40 K/min. In a second step, DSC scanning was performed on four 128 

samples (as-received and annealed at 573, 673 and 773 K) with a heating path up to 773 K 129 

then down to 593 K (heating and cooling rate = 10 K/min) according to the methodology 130 

described by Ray and Smith [2], in order to measure the HCP → FCC and FCC → HCP 131 

transformation temperatures. Ray and Smith [2] showed that the austenitic transformation 132 

temperature increases with higher heating rates. A phase quantification was carried out at 133 

743 K with the same selected rate to ensure that the transformation was complete. 134 

2.3. Macroscopic dilatometric test 135 

Dilatometric tests have been performed using a homemade device on dog bone shaped 136 

tensile specimens [16,17]. The samples were machined by electroerosion along the rolling 137 

direction. The gage section is 5 mm in length, 5 mm in width and 0.5 mm in thickness. 138 

The sample is placed into a testing box under a low pressure of Argon and heated by Joule 139 

effect. A 2-color pyrometer (SensorTherm METIS M322) measures the temperature at 140 

the center of the specimen starting from 300° C, due to its intrinsic emissivity. Based on 141 

an alumina-based paint, a speckle pattern is deposited on the surface of the sample with 142 

a fine nozzle airbrush. During the test, a high-resolution camera (Prosilica GT6600 : 6576 143 

 4384 px2) records images of a 9  6 mm2 area. Macroscopic total strain field is then 144 

computed using Digital Image Correlation method (VIC software). The images and 145 

temperature values are recorded simultaneously, a establish the dilatometric curve (total 146 

strain versus temperature) can finally be obtained. 147 

 148 

2.4. In situ X-ray diffraction measurements 149 

2.4.1. Temperature 150 
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In situ experiments have been carried out in order to study the influence of the temperature 151 

on the phase transformation behavior. The variation of phase (FCC and HCP) ratio during 152 

heating and cooling was evaluated by XRD technique on Bruker D8 advance 153 

diffractometer operating at 40 kV and 40 mA, equipped with a primary germanium (111) 154 

Johansson monochromator (λKα1 = 1.5406 Å) and a Lynxeye detector. The XRD patterns 155 

were recorded in the 2 angular range 35 - 95° with a step size of 0.015° and a counting 156 

time of 0.9 s/step. The thermal cycle (with a rate of 0.5 K/s) was conducted between 303 157 

and 773 K. Despite the short counting time, the signal-to-noise ratios are only slightly 158 

affected and the quality of the fitting shows, on average over all the peaks, an error of 159 

0.0011° for the position and less than 5 % for the integrated intensities. The listed 160 

diffraction peaks presented in Table 1 were monitored for each temperature of the 161 

thermal cycle described in Table 2. The temperature ranges and the heating step have 162 

been chosen around the temperatures of austenitic and martensitic transformations. 163 

  164 
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Table 1: XRD reflections tracked for each experiment and the plane family couples used 165 

for the phase volume fraction calculations. 166 

 
Studies 

 Strain influence on 

phase transformation 

Texture 

analysis 

Thermal cycle influence on 

phase transformation 

HCP 

plane 

families 

{10.0}, {00.2}, {10.1} and {10.2} 
{10.0}, {00.2}, {10.1}, {10.3} 

and {10.2} 

FCC 

plane 

families 

{111} and {200} 

Planes 

family 

couples 

{10.0}HCP/{111}FCC, 

{10.0}HCP/{200}FCC, 

{00.2}HCP/{111}FCC, 

{00.2}HCP/{200}FCC, 

{10.1}HCP/{111}FCC, 

{10.1}HCP/{200}FCC, 

{10.2}HCP/{111}FCC, 

{10.2}HCP/{200}FCC 

{10.0}HCP/{111}FCC, 

{10.0}HCP/{200}FCC, 

{00.2}HCP/{111}FCC, 

{00.2}HCP/{200}FCC, 

{10.1}HCP/{111}FCC, 

{10.1}HCP/{200}FCC, 

{10.3}HCP/{111}FCC, 

{10.3}HCP/{200}FCC, 

{10.2}HCP/{111}FCC, 

{10.2}HCP/{200}FCC 

 167 

  168 
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Table 2: Applied temperatures for in situ XRD experiments during thermal cycle 169 

(heating rate 0.5 K/s between each temperature step – 1h acquisition duration for each 170 

temperature). 171 

 Temperature range (K) Temperature step (K) 

Initial At 303 - 

Heating From 373 to 673 100 

From 673 to 703 10 

From 703 to 733 5 

From 733 to 773 10 

Cooling From 773 to 673 100 

From 673 to 653 10 

From 653 to 623 5 

From 623 to 573 10 

Final At 303 - 

 172 

2.4.2. Tensile tests 173 

In situ uniaxial monotonic uniaxial tensile tests were carried out, at room temperature, to 174 

study the influence of elastoplastic strain on the allotropic transformation. These 175 

mechanical tests were performed on a DEBEN device, equipped with a load cell of 5 kN 176 

capacity, and controlled by the displacement between clamping jaws. The dog bone 177 

shaped tensile specimens were machined by electroerosion with a gage section of 26 mm 178 

in length, 7 mm in width and 0.5 mm in thickness in three different directions with respect 179 

to RD: 0°/RD, 45°/RD and 90°/RD, latter corresponding thus to the Transverse Direction 180 

(TD). In the same way, as explained in 2.3, the samples were also speckled and images 181 

were recorded during the test. Digital Image Correlation have then been processed to 182 

obtain the macroscopic total strain fields.  183 

The samples were strained stepwise up to 7.8 % with a strain rate of 0.2 mm/min. At each 184 

straining step, and after a stress relaxation of about 20 minutes to obtain stable mechanical 185 

fields over the entire diffracting volume, the camera images were captured and the 186 

2 diffraction spectra were performed with an angle ranging from 60° to 106° with a step 187 
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size of 0.05° and a counting time of 126 s/step. The reflections listed in Table 1 were 188 

analyzed. The crystallographic texture was also determined after the in situ tensile 189 

experiment as described in 2.1. 190 

 191 

2.4.3. Analysis method 192 

Experimental XRD peak profiles were fitted by a Pseudo-Voigt function which takes into 193 

account the K1-K2 doublet [18]. For each diffraction peak, background was fitted 194 

through a 2nd order polynomial function. Before peak profile analysis, angular corrections 195 

(Lorentz, polarization and absorption factors) are also applied [19]. 196 

The FCC phase volume fraction (denoted fFCC) has been determined for each 197 

measurement point using the equation (1) as formulated by Bonarski et al. [20]:  198 

f FCC = (1 +
Ihkl

HCP

Ihkl
FCC

Rhkl
FCC

Rhkl
HCP)

−1

                                                                                                                     (1) 199 

where Ihkl is the integrated intensity of the corresponding {hkl} peak. Rhkl is the reflectivity 200 

of the lattice plane {hkl}, and is given by the following equation (2) introduced in the 201 

literature [20]:  202 

Rhkl =
1

v2
|Fhkl|

2 (
1 + cos2(2θ)

sin2(2θ)cos(θ)
) m

e−2M

μ
                                                                                     (2) 203 

where v is the volume of the unit cell (in Å3), Fhkl is the structure factor, 2 is the 204 

considered Bragg angle (in rad), m is the {hkl} planes multiplicity factor, µ is the linear 205 

absorption coefficient (in cm - 1) and e-2M is the Debye-Waller factor [21,22]. 206 
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The volume fraction of the phases was calculated from several groups of family planes, 207 

as presented in Table1, to obtain the average FCC phase distribution and evaluate the 208 

influence of the texture on the quantitative phase analysis. 209 

3. Results and discussion 210 

3.1. Allotropic transformation characterization during thermal cycle 211 

3.1.1. Phase proportion evolution and typical temperatures 212 

In order to characterize the HCP ↔ FCC transformation behavior, the evolution of the 213 

integrated diffraction peak intensity for each reflection corresponding to the HCP and 214 

FCC phases were recorded as a function of the temperature. An example is given in Fig. 215 

2 for {111}FCC and {00.2}HCP reflections during heating and cooling. The volume fraction 216 

of the phases can be determined according to the equations (1) and (2). 217 

 218 

Figure 2: Diffraction patterns for {111}FCC and {00.2}HCP reflections during heating and 219 

cooling. 220 
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 221 

Fig. 3 gives FCC phase proportion evolution during the thermal cycle described in 222 

Table 2. During heating, the HCP → FCC transformation begins at the austenitic start 223 

temperature denoted As = 673 K and ends at the austenitic finish temperature named 224 

Af = 743 K. During cooling, the reverse transformation FCC → HCP arises at the 225 

martensitic start temperature Ms = 673 K and comes back to its original state when the 226 

martensitic finish temperature of Mf = 593 K is reached. The two experimental curves 227 

can be fitted by sigmoidal laws which allow to define the transformation temperatures 228 

THCP-FCC and TFCC-HCP. These temperatures are determined when the FCC proportion has 229 

a relative variation of 50 % over the temperature cycle, knowing that the initial proportion 230 

is 26 % and that the transformation is complete during heating. With this methodology, 231 

THCP-FCC = 714 K and TFCC-HCP = 653 K are obtained, revealing a temperature hysteresis 232 

around 60 K. One can notice that the diffraction patterns have also enabled to identify 233 

CoO and Co3O4 oxides formation from 673 K that persist when cooling down to room 234 

temperature. It is important to point out that the presence of a thin oxide layer does not 235 

affect the quantification of the HCP and FCC phase proportions. Finally, it seems that the 236 

phase transformation is faster during heating than during cooling. This can be related to 237 

the phase transformation mechanism which is based on dislocation movements [23], 238 

themselves favored by an increase in temperature. 239 
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 240 

Figure 3: Volume fraction of FCC phase during heating (red circle) and cooling (blue 241 

square) of cobalt calculated from XRD data. Error bars are the standard deviation on the 242 

8 couples of family planes. 243 

 244 

3.1.2. Lattice strain measurements during the thermal cycle 245 

Lattice strain of each {hkl} plane family can be determined considering lattice spacing 246 

(dhkl) as an elastic strain gage using the following equation [24]:  247 

〈𝜀(ℎ𝑘𝑙)〉𝑉𝑑
= ln (

〈𝑑ℎ𝑘𝑙〉𝑉𝑑

𝑑0
ℎ𝑘𝑙 ) = ln (

sin 𝜃0(ℎ𝑘𝑙)

〈sin 𝜃(ℎ𝑘𝑙)〉𝑉𝑑

)                                                                          (3) 248 

〈𝜀(ℎ𝑘𝑙)〉𝑉𝑑
 is the elastic lattice strain. 〈 〉𝑉𝑑

 indicates an averaging over diffracting grains 249 

for the considered {hkl} reflection. For a given {hkl} reflection, 𝑑0
ℎ𝑘𝑙 and 𝜃0(ℎ𝑘𝑙) are the 250 

interplanar spacing and the diffraction angle (Bragg angle), respectively, in the 251 
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undeformed sample i.e. prior to any thermal or mechanical loading. Fig. 4(a) gives the 252 

evolution of the lattice strains observed for different {hkl} reflection of the two phases 253 

during the applied thermal cycle. This evolution is linear for both heating and cooling, 254 

enabling to estimate the Coefficients of Thermal Expansion (CTE) αhkl for each plane 255 

family within the analyzed polycrystal. The obtained values are represented in Fig. 4(b) 256 

and are in agreement with the literature [21]. Matsumoto [4] has also shown that the CTE 257 

of HCP single crystal is substantially affected by the orientation of the c-axis within the 258 

sample coordinate system. Thermal cycle induces a large strain, the largest one actually 259 

reaches more than 8000 µ-strain (× 10-6 mm/mm) for the {00.2}HCP set of grains. The 260 

main thermal dilatation occurs then along the [00.2]HCP direction. During cooling, plastic 261 

deformations are induced and can be explained by the presence of residual lattice strains. 262 

These results agree with prior investigations on high-purity cobalt showing slipping lines 263 

due to plastic deformation during the thermal cycle [23,25]. 264 

Fig. 4(c) shows the residual lattice strains present after the thermal cycle for each 265 

analyzed reflection. Initially, residual strains can be considered negligible due to the 266 

annealed character of the as-received materials. This allows considering the initial state 267 

of samples as a strain-free reference. After the thermal cycle, residual lattice strains have 268 

slightly increased, especially for {00.2}HCP, {10.2}HCP and {200}FCC reflections. 269 

Regarding uncertainties, only {00.2}HCP planes present an unambiguous residual strain of 270 

a few hundred of µ-strains in tension. As shown in Fig. 4, these residual strains measured 271 

after a thermal cycle are related to the phase transformation and its associated volume 272 

variation as well as the accommodation related to the thermal and plastic anisotropies.  273 
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 274 

Figure 4: Mechanical state during thermal cycle considering the different tracked plane 275 

families. (a) Lattice strain evolution during heating (red) and cooling (blue). (b) Thermal 276 

expansion coefficients during heating (red open circle) and cooling (blue open circle) 277 

obtained from XRD results. (c) Measured residual lattice strains after (black solid circle) 278 

the thermal cycle. 279 

 280 

3.1.3. Macroscopic thermal dilatation 281 

The post-treatment of image correlation results enables to access to xx (parallel to RD), 282 

yy (parallel to the transverse direction (TD)) and xy strain components. Fig. 5 shows the 283 

dilatometric curves obtained by coupling the temperatures measured by pyrometer (at the 284 

center of the sample) and the strain fields obtained by image correlation method. The 285 

phase transformation induces a change of volume, due to the change of the lattice 286 

structures, of about 0.3 % in the case of high-purity polycrystalline cobalt, as reported in 287 

the literature [12,25,26]. Hence, in the temperature range between 573 K and 773 K, the 288 
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dilatometric curve is the consequence of the competition between thermal expansion and 289 

volumetric change. As it can be seen, both dilatometric curves along x and y display a 290 

temperature hysteresis caused by the phase transformation, which is not observed on the 291 

lattice strains during the thermal cycle (see Fig. 4(a)). The difference in the scale of 292 

analysis may be the reason for these observations. XRD results exhibit the combination 293 

of macroscopic (or Type-I) and intergranular strains (or Type-II) whereas dilatometry 294 

only gives access to macroscopic strains. The hysteresis of xx dilatometric curve is 295 

qualitatively slightly broader than the one of yy dilatometric curve and could be explained 296 

by a slight anisotropy or texture effect. Moreover, hysteresis occurs systematically 297 

between the temperatures Mf = 593 K and Af = 743 K. Beyond austenitic finish 298 

temperature, Af, the dilatometric curve displays a linear evolution (for both of xx and yy) 299 

with temperature that matches a pure thermal expansion or contraction during heating or 300 

cooling, respectively. xx and yy strain components exhibit a quasi equibiaxial strain state 301 

with an order of magnitude similar to the measured lattice strains induced by the thermal 302 

cycle (see Fig. 4). Finally, the dilatometric curve of xy clearly highlights the absence of 303 

macroscopic planar shearing during the thermal cycle.  304 
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 305 

Figure 5: Dilatometric curves according to xx, yy and xy during the thermal cycle. (x 306 

corresponds for this experiment to the rolling direction). 307 

 308 

3.1.4. Influence of initial microstructure on the allotropic transformation 309 

Fig. 6 shows the influence of annealing temperature on the grain size and on the volume 310 

fraction of the retained FCC phase. In the present work, an annealing duration of one hour 311 

has been chosen in order to have a limited granular growth so that grain size evolution 312 

remains a minor contribution to the microstructure changes no matter the selected 313 

annealing temperature. These results are then compared with previous works for a 1373 K 314 

annealing temperature with durations ranging from 1 to 96 hours [27]. The grain size, 315 

deduced from metallographic observations, slightly increases with annealing temperature 316 

but does not seem very significant as compared to the power type increase appearing from 317 

20 hours of heat treatment at 1373 K. Concerning the proportion of retained FCC phase, 318 

it exponentially decreases from 28 % (as-received) down to almost 10 % for 873 K 319 

annealing, in accordance with Sanderson [7]. For annealing temperatures greater than 320 

873 K or longer annealing durations, this proportion remains constant.  321 
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Overall, these results allow to explain the final FCC phase proportion met after the 322 

thermal cycle. In fact, the thermal cycle applied during the previous in situ analysis was 323 

including a heating stage until 773 K. This treatment has induced a complete 324 

transformation of the HCP phase and significantly reduced the proportion of residual FCC 325 

phase at room temperature.  326 

The results of Fig. 6 clearly show that annealing treatments at moderate temperature 327 

(Tannealing < THCP-FCC) enable to homogenize the microstructure with a reduction of the 328 

retained FCC proportion combined with a limited grain growth. The energy required for 329 

phase transformation is much lower than the one for grain growth, showing to some extent 330 

the independence of these two phenomena. 331 

 332 

 333 

Figure 6: Influence of annealing conditions (temperature for a time of 1h (a) and time for 334 

a temperature of 1373°K (b)) on grain size and retained FCC phase proportion evolution. 335 

 336 
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The influence of initial microstructure (i.e. retained FCC phase ratio and grain size to a 337 

lesser extent) on the phase transformation, performed using DSC, is plotted in Fig. 7. 338 

Austenitic and martensitic transformation peaks are tracked during the DSC thermal 339 

cycle, on the as-received Co specimen as well as on the 573 K, 673 K and 773 K annealed 340 

samples with 40 K/min cooling rate. The temperature of the HCP → FCC transformation 341 

increases with annealing temperature. The results show that the temperature to initially 342 

transform the HCP phase is directly related to the initial proportion of the retained FCC 343 

phase: the higher the annealing temperature, the lower the retained FCC volume fraction 344 

and the higher the HCP → FCC phase transformation temperature. Indeed, austenitic 345 

transformation needs more thermal energy to enable phase transformation as HCP volume 346 

fraction to be transformed increases. In return, since the reverse transformation (i.e., FCC 347 

→ HCP) takes place during cooling with 100 % FCC phase (austenitic transformation is 348 

completely finished at 773 K), the martensitic transformation temperature is then 349 

unchanged during cooling. 350 

 351 
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Figure 7: Thermal loading paths in DSC performed for as-received (a), 573 K (b), 673 K 352 

(c) and 773 K (d) annealed samples with corresponding austenitic (red) and martensitic 353 

(blue) transformation peak tracking.   354 

 355 

Despite a microstructure that appears to be stable, when subjected to thermal cycles 356 

around the transformation hysteresis (593 K – 773 K), the sample annealed at 773 K 357 

during one hour shows (see Fig. 8) an austenitic temperature which only becomes stable 358 

after about 15 cycles. It could be noted that the austenitization temperatures of the as-359 

received sample and the two other annealed samples stabilize at the same value ( 721 K). 360 

This observation shows that it is necessary to transform the material about fifteen times 361 

in order to homogenize it and to make its temperature THCP-FCC independent of the 362 

following heat treatments. As displayed in Fig. 8, the martensitic transformation 363 

temperature does not depend on the initial microstructure and therefore on annealing 364 

temperature. This is convenient with the fact that it transforms the same FCC phase 365 

proportion (i.e. 100 %). In the same way, this transformation is insensitive to the number 366 

of thermal cycles as the TFCC-HCP temperature varies less than 2 K.  367 
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 368 

Figure 8: Temperatures of HCP → FCC and FCC → HCP transformations as a function 369 

of the number of applied DSC cycles (up to 30 cycles) of as-received sample superposed 370 

with the result of 573 K, 673 K and 773 K annealed samples.  371 

Bauer et al. [23] showed a grain growth of 15 to 80 µm with 60 DSC cycles, which does 372 

not influence the stabilized transformation temperature after 15 cycles. An additional 373 

study was carried out on samples with different grain sizes and the same FCC proportion 374 

(d = 100 µm, fFCC = 0.1 for an annealed sample during 48 hours at 1373 K and d = 25 µm 375 

fFCC = 0.1 for an annealed sample during 1 hour at 1373 K). The stabilized transformation 376 

temperature after 30 cycles is clearly independent of the initial grain size.  377 

3.2. Allotropic transformation during mechanical deformation 378 

3.2.1. Phase proportion evolution and work-hardening during tensile test 379 
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The mechanical behavior in tension can be divided in three distinct stages. The first one 380 

is the elastic part. Zhou et al. [28,29] have shown that this stage is characterized by a 381 

kinking nonlinear elasticity resulting in fully reversible hysteresis induced by nucleated 382 

dislocation loops in the slipping favored plane (the basal plane in the present case). 383 

The second one, named stage A, characterizes the first work-hardening stage and appears 384 

from a strain of 0.0045 up to 0.018 (Fig. 9). This stage is associated with a large reduction 385 

of the work-hardening rate and is controlled by planar and single glide of basal 386 

dislocations [9]. However the combination of basal slip and volume change during 387 

transformation [26] does not satisfy von Mises criterion which requires, for a polycrystal, 388 

five independent shear systems to undergo homogeneous strain without changes in 389 

volume. In order to accommodate the plastic deformation and since the FCC to HCP 390 

phase transformation is a low energy transformation requiring only simple shear, the 391 

formation of martensitic phase can be considered as equivalent to the formation of twins.  392 

Above a strain level of 0.018, the slope of the work-hardening rate is lowered to an almost 393 

constant value corresponding to stage B. This stage is described by twinning nucleation 394 

and growth. Martinez et al. have shown that compression {10.1}HCP and tensile {10.2}HCP 395 

twins are the main twinning modes representing respectively 16 % and 66 % of total 396 

observed twin planes [9].  397 

Fig. 9 highlights the effect of these deformation mechanisms on the allotropic 398 

transformation, for tensile sample strained along the rolling direction. The fast track FCC 399 

phase proportion, determined from  - 2 spectra achieved at ( = 0 °, φ = 0 °), is plotted 400 

(open triangles) versus the macroscopic applied true strain. This figure shows a 401 

transformation of the initial residual FCC phase into HCP phase initiated by plasticity. 402 
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From the beginning of stage A to the end of stage B, this transformation is done gradually 403 

and linearly with the logarithm of the applied strain. In order to ensure reliability and 404 

reproducibility of the experimental data, the tests were repeated three times by three 405 

different investigators. The FCC phase proportion evolution during tensile loading can be 406 

expressed by the following proposed straightforward equation: 407 

FCC proportion =  a ∗ log(ε) + b,              (4) 408 

where coefficients are a = -0.089 ± 0.006, and b = 0.017 ± 0.01, with a linear regression 409 

coefficient R² = 0.93. In comparison, Sanderson found a = -0.1 and b = 0.019 for 410 

polycrystalline samples with 10 µm grain size [6]. The experimental slope is similar in 411 

stage A and in stage B, leading to the conclusion that the phase transformation does not 412 

seem to be affected by the activation of twinning during stage B. 413 

In order to take into account a doubtless evolution of the texture with the mechanical 414 

loading and to study the anisotropy of the phase transformation, FCC phase proportion is 415 

determined for each of the (, φ) couples covering a quarter of a pole figure (0 ° <  < 416 

55 °, 0 ° < φ < 90 °) using the 8 plane family couples detailed in Table 1. Values are then 417 

averaged and results are plotted (red solid circles named ¼ PF) in Fig 9. Phase ratio 418 

evolution shows the same tendency as the one determined at ( = 0 °, φ = 0 °) for the two 419 

plasticity stages, with the same slope but a b- coefficient equal to 0.117±0.007. However, 420 

these averaged values are higher due to the influence of the texture on the phase 421 

proportion quantitative determination. Calculations of the phase proportion taking into 422 

account the ODF (red open lozenges in Fig. 9) from complete recalculated PFs have been 423 

performed on the as-received material and on a specimen strained at 0.078 in order to 424 

confirm the relevance of the results obtained over a quarter of experimental PF under 425 
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loading. As regard to the experimental complexity to carry out ODF and since the texture 426 

does not fundamentally change the results, the choice is made to simplify the 427 

quantification of phase proportions at a single position (i.e.  = 0°, φ = 0°). 428 

 429 

Figure 9: FCC → HCP transformation evolution as macroscopic strain increases. 430 

Relationship between FCC phase proportion (red open triangle) and the deformation 431 

stages illustrated by work-hardening (black open square). Monitoring of the phase 432 

transformation anisotropy for various (φ, ) orientations (maps) during tensile straining 433 

with the corresponding average values (red solid circle). 434 

 435 

3.2.2. Crystallographic analysis of the strain-induced phase transformation and the 436 

deformation mechanisms. 437 

Deformation mechanisms and phase transformations can be explained by a 438 

crystallographic analysis, comparing the different texture components observed on the 439 
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recalculated PFs obtained thanks to XRD on a sample before and after straining. Fig. 10 440 

shows {10.0}HCP, {00.2}HCP, {10.1}HCP, {10.2}HCP, {111}FCC and {200}FCC recalculated 441 

PFs of the as-received sample and of a sample strained at 7.8 % along RD. Except for the 442 

habit plane between HCP and the retained FCC, it can be assumed that the initial state of 443 

the HCP phase is not textured as compared to the deformed state that exhibits distinctive 444 

poles which can be seen on the majority of PFs [30].  445 

 446 

Figure 10: {10.0}HCP, {00.2}HCP, {10.1}HCP, {10.2}HCP, {111}FCC and {200}FCC 447 

recalculated PFs of the as-received sample and of a sample strained at 7.8 % along RD. 448 

 449 

If the sample shows an isotropic orientation distribution in the initial state, three specific 450 

orientation cases of the HCP lattice with respect to the loading direction are assumed to 451 

be sufficient to study the orientation dependence of deformation mechanisms and phase 452 

transformation: c-axis parallel, normal or inclined with respect to the loading direction, 453 

as shown in Table 3.   454 
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Table 3: {00.2} and {10.0} PF reorientations peculiar to twinning systems and phase 455 

transformation according to the 3 studied configurations. 456 

 
Twinning system 

[31] 

Twinning shear 

[32–34]  

-angle 

reorientation on 

{00.2} PF 

-angle 

reorientation on 

{10.0} PF 

(a) Tension twin 

σ//c-axis 

{10.2} < 10.1 > 0.13 5° 85° 

(b) Compression 

twin 

σ⊥c-axis 

{10.1} < 10.2 > 0.14 56° 34° 

(c) FCC-HCP 

transformation 

σ//(10.2) 

  
43° (111) 

66° (111̅) 

 

 457 

As described in the 3.2.1 subsection, the plastic behavior of high-purity polycrystalline 458 

cobalt exhibits two distinctive stages which correspond to the activity of basal slip (stage 459 

A) and twinning deformation modes (stage B). The determination of Schmid’s factor of 460 

the basal plane for the three specific orientation cases (σ//c-axis (a), σ⊥c-axis (b) and 461 

σ//(10.2) (c)) shows that the unique configuration enabling such a slipping activity is (c): 462 

(10.2) plane parallel to the specimen surface with a Schmid's factor close to 0.5 (most 463 

suitable configuration for basal slip). Configurations (a) and (b) will then be the most 464 

likely to show twin activity. Two types of twins have been frequently observed in 465 

deformed high-purity polycrystalline cobalt [9,33]. The first one is the tensile twin 466 

{10.2}<10.1>, which activates when the HCP lattice undergoes a tensile strain along the 467 

c-axis, because of the ratio c/a < √3 [32]. It represents 66% of the observed twinning 468 

modes in deformed cobalt and leads to a crystal rotation of 85°. The second one is the 469 
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compression twin {10.1}<10.2>, observed at a level of 16% and associated with a crystal 470 

rotation of 56°.  471 

In addition to the deformation mechanisms, strained cobalt also presents also a phase 472 

transformation FCC → HCP, which is diffusionless and occurs by dislocation gliding on 473 

the habit plane {111}//{00.2}, causing shear along the [112̅]FCC direction (equivalent to 474 

the HCP direction [11.0]). The phase transformation is called multi-variant due to its 475 

capability to occur on several {111}FCC planes, which display rotation angles of 70.53° 476 

between them [12] (illustrated in Fig. 11). However, due to the compactness difference 477 

between the two phases, the resulting rotational angle after the phase transformation FCC 478 

→ HCP becomes 71.4° according to the orientation relationship established by Shoji-479 

Nishiyama [35]. Hence, the resulting crystal undergoes a theoretical volume change of 480 

about -0.3 %, which corresponds to a slight contraction along the c-axis [26,36]. This 481 

phase transformation is more likely to be initiated when the habit plane {111}//{00.2} 482 

shows an intermediary inclination as regard to the loading direction [13,14] 483 

corresponding to (c) configuration in Table 3. The crystallographic mechanism of FCC 484 

→ HCP phase transformation is illustrated in Fig. 11, showing the FCC lattice atoms 485 

displacement along the [112̅] direction and the formation of the HCP lattice from three 486 

{111} FCC planes. 487 

 488 
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 489 

Figure 11: Schematic representation of the orientation relationship between the FCC 490 

structure (in blue) and the HCP structure (in red) once shear has been achieved along the 491 

[112̅] FCC direction. 492 

 493 

The crystallographic analysis carried out on the PFs of the deformed sample highlights 494 

the activated twin modes as well as the FCC → HCP phase transformation induced by 495 

mechanical loading. It should be underlined that only two twin systems ({10.2}<10.1> 496 

for configuration (a) and {10.1}<10.2> for configuration (b)) have been clearly identified 497 

using the PFs of the sample loaded up to 7.8 % strain. Those actually match the lowest 498 

shear twinning values [32–34]. 499 

In the first configuration considered (a), the tensile twin mode {10.2}<10.1> induces a 500 

crystal reorientation of 85°. This configuration concerns the reorientation of 85° of the c-501 

axis, which were initially parallel to the loading direction (displayed by the orange solid 502 
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line lattice projection in Fig. 12 b) and become misaligned by 5° as compared to the 503 

normal of the sheet plane (ND) (displayed by orange dashed line lattice projection in Fig. 504 

12 b). For the twinned part, it results in an angle of 85° between ND and the normal of 505 

the twinned prismatic plane (10.0) and an angle of 5° between ND and the normal of the 506 

twinned basal plane (00.2). These crystallographic reorientations of the twinned region 507 

as compared to the parent crystal is depicted by intensity reinforcement arcs on {00.2} 508 

and {10.0} PFs at 5° and 85° (identified by dashed orange rings in Fig. 12 a), respectively. 509 

On the {10.0} PF, the orientation reinforcement is preferably done at 90° from the loading 510 

direction in the sheet plane (TD). 511 

In the second configuration considered (b), the compression twin mode {10.1}<10.2> 512 

causes a crystal reorientation of 56°. Therefore, the resulting orientations of the twinned 513 

basal plane (00.2) and twinned prismatic plane (10.0) to the sample surface are 56° and 514 

34°, respectively (displayed by pink dashed line lattice projection in Fig. 12 b). These 515 

crystallographic reorientations are highlighted by intensity reinforcement rings (dashed 516 

pink rings in Fig. 12 a) that can be observed on {00.2} and {10.0} PFs at 56° and 34°, 517 

respectively. 518 
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 519 

Figure 12: Identification of {10.2}<10.1> tensile twinning system, {10.1}<10.2> 520 

compression twinning system and phase transformation on {00.2} and {10.0} PFs for the 521 

sample loaded up to 7.8 % strain (a). Schematic representation of reorientations caused 522 

by the two twin systems (b). 523 

 524 

In the third configuration considered (c): the FCC → HCP phase transformation induced 525 

by tensile straining can be observed on {10.2}, {00.2}, {111} and {200} PFs (dashed 526 

black circle in Fig. 12 a and Fig. 13 a). Because of the intermediate inclination of the 527 

HCP lattice, the (10.2) HCP plane is parallel to the sheet plane. Thus, the ND matches the 528 

central pole (at  = 0°) observed on the {10.2} PF. As described above, the FCC → HCP 529 

phase transformation is multi-variant, and may occur on several {111} FCC planes. For 530 

this configuration and considering the Shoji-Nishiyama’s relationship, the habit plane 531 

(111)//(00.2) is at an angle of 43.1° to the sample surface and the (111̅) one at an angle 532 

of 66°, as illustrated on {00.2}HCP and {111}FCC PFs (dashed black circle in Fig. 12 a and 533 

Fig. 13 a). Finally, the (200) FCC plane is oriented at 79° to the ND and depicted by an 534 

intensity reinforcement located at this  value on the {200}FCC PF.        535 



- 32 - 

 536 

Figure 13: Identification of the phase transformation from {10.2}HCP, {111}FCC and 537 

{200}FCC PFs for the sample loaded up to 7.8 % (a). Schematic representation of 538 

misorientations caused by the phase transformation (b). 539 

 540 

Another way to analyze the evolution of the FCC → HCP phase transformation with the 541 

mechanical loading as well as the evolution of the main tensile twin deformation mode 542 

({10.2}<10.1>) is to follow the integrated intensities of the peaks reflecting these two 543 

phenomena. Fig. 14 shows the tracking of the integrated intensities of {00.2} and {10.2} 544 

peaks during straining (for  respectively close to 5° and 0°) which correspond, 545 

respectively, to the activity of the twinning mode {10.2}<10.1> and the FCC → HCP 546 

phase transformation. It can be seen that the integrated intensity of the peak {00.2} 547 

remains unchanged during straining until the beginning of stage B for which plasticity is 548 

governed by twinning. Thereafter, the integrated intensity of the {00.2} reflection linearly 549 

increases with the macroscopic strain. The monitoring of the integrated intensity of the 550 

{10.2} peak shows that the phase transformation, initiated by basal slip, starts at the 551 

beginning of the plasticity, in agreement to the results obtained for the FCC volume 552 

fraction evolution (see Fig. 9). Subsequently, the integrated intensity of the {10.2} peak 553 

increases with macroscopic strain until the end of stage A. At this strain level, the 554 
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twinning mechanism is activated and becomes the main deformation mode, which causes 555 

a lattice reorientation and a possible stress relaxation. Therefore, the slope of the 556 

integrated intensity evolution of {10.2} reflection tends towards 0, and remains 557 

unchanged with increasing macroscopic strain. Thus, at stage B, the evolution of the 558 

integrated intensity of the {10.2} reflection seems to reflect a competition between the 559 

phase transformation and the twinning process. 560 

 561 

Figure 14: Evolution of the integrated peak intensity at  = 0° for the {10.2} reflection 562 

and around  = 5° for the {00.2} reflection during a tensile test along the rolling direction.  563 

 564 
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The monitoring of internal lattice strains (determined using the eq. (3)) of some {hkl} 565 

plane families of HCP and FCC phases during tensile tests is illustrated on Fig. 15. In 566 

order to compare these results with those obtained during the cooling of the thermal cycle 567 

(subsection 3.1.2), the internal lattice strains related to the two loading types (thermal and 568 

mechanical) are thus superimposed while adapting the temperature range of the thermal 569 

loading to the FCC → HCP phase transformation window so that it suits the stage A of 570 

the tensile test, for which only the FCC → HCP phase transformation is occurring. As 571 

can be seen in Fig. 15, this means that the slope of the curves macroscopic stress vs. 572 

lattice strains (in grey) during the tensile loading in stage A is similar to the slope of the 573 

curves temperature vs. lattice strains (in blue) obtained during cooling, except for the case 574 

of the {10.2} reflection, which exhibits a higher slope in stage A. For reminder the {00.2} 575 

basal slip is the only deformation mode in this stage. It comes along with a phase 576 

transformation which occurs in a plane shared by the two FCC and HCP crystallographic 577 

structures (i.e. the habit plane). From the beginning of stage B, a deviation from this 578 

linearity appears, leading to a lower evolution of the internal lattice strains with the 579 

macroscopic stress. The main deformation mode in stage B is twinning (mostly {10.2} 580 

type) which induces reorientations of the crystal lattice. Thus, a stress relaxation can be 581 

generated within twinned grains and causes a lattice strain decrease. In this stage a 582 

competition between twinning and phase transformation can therefore be highlighted. 583 

The comparison between the internal lattice strain values at the beginning of stage B 584 

shows that the {10.2} family plane deforms elastically less than the others before 585 

twinning. This result is consistent with the fact that, in the configuration (10.2) plane 586 

parallel to the sheet plane (c), the deformation can be accommodated by basal slip before 587 

that plasticity is controlled by twinning.  588 
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 589 

Figure 15: Example of lattice strains for {00.2}HCP and {10.2}HCP (a) and {111}FCC (b) 590 

reflections during a tensile test along the rolling direction (grey symbol) with those 591 

measured during a cooling stage after a heating at 773 K (blue symbol). 592 

 593 
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 594 

4. Conclusions 595 

In the present work, new experimental results refresh and reinforce a scarce and dated to 596 

1960’s literature on phase transformations and strengthening mechanisms of 597 

polycrystalline cobalt. The specific in situ temperature experiments have showed that the 598 

FCC ↔ HCP phase transformation displays a temperature hysteresis between heating and 599 

cooling coupled to a macroscopic dilatometric hysteresis. However, the analysis of elastic 600 

lattice strains during the transformation does not exhibit this phenomenon. 601 

Complementary XRD studies of the phase transformation have highlighted the influence 602 

of the initial microstructure. In this work, a new and original in situ XRD study under 603 

mechanical loading has been performed revealing that the martensitic transformation of 604 

the initial FCC residual phase can be induced by the plasticity and coupled with the strain-605 

hardening mechanisms. FCC to HCP transformation is activated by basal slip during the 606 

work-hardening stage A and continues during stage B with a competition with the twin 607 

mode.  608 

  609 
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Figures captions: 665 

 666 

Graphical abstract: Evolution of metastable cobalt FCC volume proportion during 667 

thermal cycle and mechanical loadings. 668 

 669 

Figure 1: EBSD Image Quality (IQ) map and phase cartography of as-received cobalt 670 

microstructure. 671 

 672 

Figure 2: Diffraction patterns for {111}FCC and {00.2}HCP reflections during heating and 673 

cooling. 674 

 675 

Figure 3: Volume fraction of FCC phase during heating (red circle) and cooling (blue 676 

square) of cobalt calculated from XRD data. Error bars are the standard deviation on the 677 

8 couples of family planes. 678 

 679 

Figure 4: Mechanical state during thermal cycle considering the different tracked plane 680 

families. (a) Lattice strain evolution during heating (red) and cooling (blue). (b) 681 

Thermal expansion coefficients during heating (red open circle) and cooling (blue open 682 

circle) obtained from XRD results. (c) Measured residual lattice strains after (black 683 

solid circle) the thermal cycle. 684 

 685 

Figure 5: Dilatometric curves according to xx, yy and xy during the thermal cycle. (x 686 

corresponds for this experiment to the rolling direction). 687 

 688 

Figure 6: Influence of annealing conditions (temperature for a time of 1h (a) and time for 689 

a temperature of 1373°K (b)) on grain size and retained FCC phase proportion evolution. 690 

 691 

Figure 7: Thermal loading paths in DSC performed for as-received (a), 573 K (b), 692 

673 K (c) and 773 K (d) annealed samples with corresponding austenitic (red) and 693 

martensitic (blue) transformation peak tracking. 694 

 695 

Figure 8: Temperatures of HCP → FCC and FCC → HCP transformations as a function 696 

of the number of applied DSC cycles (up to 30 cycles) of as-received sample superposed 697 

with the result of 573 K, 673 K and 773 K annealed samples.  698 

 699 

Figure 9: FCC → HCP transformation evolution as macroscopic strain increases. 700 

Relationship between FCC phase proportion (red open triangle) and the deformation 701 

stages illustrated by work-hardening (black open square). Monitoring of the phase 702 

transformation anisotropy for various (φ, ) orientations (maps) during tensile straining 703 

with the corresponding average values (red solid circle). 704 

 705 

Figure 10: {10.0}HCP, {00.2}HCP, {10.1}HCP, {10.2}HCP, {111}FCC and {200}FCC 706 

recalculated PFs of the as-received sample and of a sample strained at 7.8 % along RD. 707 

 708 



- 40 - 

Figure 11: Schematic representation of the orientation relationship between the FCC 709 

structure (in blue) and the HCP structure (in red) once shear has been achieved along 710 

the [112̅] FCC direction. 711 

 712 

Figure 12: Identification of {10.2}<10.1> tensile twinning system, {10.1}<10.2> 713 

compression twinning system and phase transformation on {00.2} and {10.0} PFs for 714 

the sample loaded up to 7.8 % strain (a). Schematic representation of reorientations 715 

caused by the two twin systems (b). 716 

 717 

Figure 13: Identification of the phase transformation from {10.2}HCP, {111}FCC and 718 

{200}FCC PFs for the sample loaded up to 7.8 % (a). Schematic representation of 719 

misorientations caused by the phase transformation (b). 720 

 721 

Figure 14: Evolution of the integrated peak intensity at  = 0° for the {10.2} reflection 722 

and around  = 5° for the {00.2} reflection during a tensile test along the rolling direction.  723 

 724 

Figure 15: Example of lattice strains for {00.2}HCP and {10.2}HCP (a) and {111}FCC (b) 725 

reflections during a tensile test along the rolling direction (grey symbol) with those 726 

measured during a cooling stage after a heating at 773 K (blue symbol). 727 

 728 

  729 
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Tables captions: 730 

 731 

Table 1: XRD reflections tracked for each experiment and the plane family couples used 732 

for the phase volume fraction calculations. 733 

 734 

Table 2: Applied temperatures for in situ XRD experiments during thermal cycle 735 

(heating rate 0.5 K/s between each temperature step – 1h acquisition duration for each 736 

temperature). 737 

 738 

Table 3: {00.2} and {10.0} PF reorientations peculiar to twinning systems and phase 739 

transformation according to the 3 studied configurations.  740 


