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A B S T R A C T

Biomedical cobalt-chromium-molybdenum (Co-Cr-Mo) alloys have been used in the cast or wrought form as
prosthetic implant materials for more than five decades. Recently, additive manufacturing techniques are em-
ployed to produce parts directly from metal precursor powder with a composition suitable for biomedical ap-
plications. In the work present, we examine both mechanical behaviour and γ→ε phase transformation in the
heat treated Co-Cr-Mo alloy fabricated via additive manufacturing route. Results suggest, that selection of ap-
propriate heat treatment and control of martensitic transformation can significantly influence mechanical
properties. The studied Co-Cr-Mo alloy can be considered as a potential material for biomedical applications.

1. Introduction

The use of metal-on-metal bearings in total hip arthroplasties allows
deployment of large diameter femoral head (> 32 mm) components
[1,2]. Such design offers greater range of motion, reduces risk of
component-to-component impingement [3,4], while providing reduced
articular wear. For several decades, biomedical cobalt-chrome-mo-
lybdenum (Co-Cr-Mo) alloys are employed for this application due to
their favourable properties including high strength combined with ex-
cellent corrosion and wear resistance [5–7]. The wear resistance of
these alloys is usually attributed to increased strain hardening and
formation of carbide or nitride precipitates [8,9]. Recently it was re-
ported, that the wear resistance and strength can be altered through
control of martensitic transformation [10,11]. Cobalt-base alloys un-
dergoes an allotropic transformation at around 970 °C [12] from a high
temperature face-centered cubic (fcc) γ phase to a room temperature
hexagonal close-packed (hcp) ε phase. The hcp phase can be obtained
by slow cooling; through an isothermal transformation – usually
maintaining the sample at around 800 °C [13], or through strain. The

fcc phase can be easily stabilised at low temperatures through fast
cooling, so is common to have a metastable γ fcc phase at room tem-
perature which can transform to a thermodynamically stable ε hcp
martensitic phase [14] by strain induced martensitic transformation
mechanism (SIMT). In this alloy system, the SIMT occurs if the atomic
stacking sequence of ABC-type in the γ phase is altered to the hexagonal
ABA-type by introducing of stacking fault on every second {111}γ plane
[15]. This transition is caused by {111}<11-2> type shear of fcc
lattice via motion of a/6<11-2> Shockley partial dislocations and
strongly depends on stacking fault energy (SFE) [10]. With the de-
creasing SFE, the width of stacking faults between Shockley partial
dislocations increases. Consequently, wide stacking faults are formed in
alloys with a low SFE. Remy and Pineau [16] reported that in Co-base
alloys the SIMT occurred with SFE below 15 mJ m−2. Deformation
twinning and dislocation slip is commonly observed at higher values of
SFE [17].

Co-Cr-Mo alloys are conventionally produced via casting followed
by thermomechanical treatment in addition to powder metallurgy route
[8]. These production processes may suffer some limitations because
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components with complex shapes and satisfactorily mechanical prop-
erties are difficult to achieve. Recently, additive manufacturing tech-
niques such as electron beam melting or direct metal laser sintering
(DMLS) [18–22], being employed to fabricate near-net-shape

components for both aerospace [23] and biomedical applications
[24–30] directly from metal powder. The DMLS technique is a com-
puter assisted process where laser fuses metal powder in layer-by-layer
manner. Depends on local solidification conditions during the additive
manufacturing process, columnar and/or equiaxed grains can develop
throughout the volume of the build [23]. The formation of columnar
grains can lead to anisotropic materials properties [31–34]. In case of
fcc alloys, the solidification texture depends on the local heat flow di-
rections and competitive grain growth in one of the six< 100>
preferred growth directions [35]. It is obvious, that control of micro-
structure, texture and phase transformation is crucial when designing
well-functioning implant alloy. Although both texture and the SIMT
have been systematically studied in conventionally produced Co base
alloys [36], the γ→ε phase transformation of material fabricated by
additive manufacturing techniques has not yet been examined thor-
oughly.

In the work present, we analyse γ→ε phase transformation before
and after straining of the heat treated Co-Cr-Mo samples that were
produced via DMLS route employing both electron backscattered dif-
fraction and X-Ray diffraction techniques. In addition, mechanical be-
haviour of the heat treated material was examined.

2. Experimental

2.1. Fabrication of samples and heat treatment

Samples for microstructural characterisation and tensile tests were
fabricated using EOSINT 280 DMLS machine (EOS GmbH, Germany)
with MP1 Co-Cr-Mo metallic powder feedstock [37] being supplied by
EOS GmbH, Germany. Using the MP1 prescribed parameter set, powder
was sintered layer by layer with Yb-fibre laser with nominal power of
200 W and laser spot diameter of 100 µm. The building platform was
heated to 80 °C and the oxygen content in the process chamber was
maintained below 0.1%. A continuous laser beam-scanning mode was
employed with a meander scan strategy (67° rotation for each layer).
The laser sintered samples were solution treated at 1150 °C for 1 h
followed by water quenching. Then, one batch of the samples was ad-
ditionally isothermally heat treated at 800 °C for 4 h and quenched in
water. The specimens were prepared and examined parallel to the build
direction plane.

2.2. Mechanical testing

Tensile tests samples with cross section 6 × 2 mm2 were prepared
following ASTM E8 standard. Tensile tests were conducted on an MTS
810 - FlexTest 40 tension/compression servohydraulic testing machine
fitted with 100 kN load cell. The tests were performed with crosshead
displacement rate of 2 mm/min at room temperature. The average
strain over a 25 mm gauge length was recorded with a MTS 632.24C-50
extensometer. Sections in the proximity to the fractured surface were
used for electron backscattered diffraction (EBSD) analysis.

2.3. Microstructural characterisation

Samples for both microstructural characterisation and diffraction
studies were polished electrolytically using solution of 5 vol% con-
centrated perchloric acid in an acetic acid base electrolyte under ap-
plied voltage of 21 V at temperature of 15 °C. The electropolished
samples were examined by backscattered electron imaging. In addition,
microstructural characterisation was carried out on miniature tensile
test specimens with cross section 1 × 1 mm2. On these samples, EBSD

Table 1
Chemical composition of studied laser sintered sample (wt%).

Co Cr Mo Si Mn Fe Ni

63.45 28.14 6.91 0.65 0.72 0.08 0.05

Fig. 1. a) and b) SEM BSE micrograph of the laser sintered sample showing cellular
dendritic microstructure. Energy dispersive spectroscopy (EDS) scan across dendrites
revealing presence of microsegregation in interdendritic regions, c).
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maps were acquired from the identical region at 0% and 2% plastic
deformation. To ensure that maps are collected from the same region,
micro hardness indents as fiducial mark points were made at the sam-
ple's gauge centre. In addition, EBSD maps were obtained from regions
in the vicinity of the fractured surface of the tensile tests specimens
parallel to the load axis. Samples for the EBSD analysis were prepared
by electrolytical polishing and further polishing on Buehler VibroMet™
2 Vibratory Polisher using colloidal silica for duration of several hours.
Microstructural characterisation was carried out on a FEI Quanta 450
and FEI Quanta 650 scanning electron microscopes (SEM), both fitted
with HKL Nordlys orientation imaging system (Oxford Instruments,
Oxford, UK). EBSD maps were acquired using AZtecHKL software. The
HKL Channel 5 software package (Oxford Instruments, Oxford, UK) was
used to process the EBSD data.

2.4. X-ray diffraction (XRD)

XRD measurements in the angular range 2θ = 35–85° were carried
out using a Philips® X′Pert Pro diffractometer equipped with Co Kα
radiation source applying voltage and current of 40 kV and 45 mA,
respectively. The obtained diffraction patterns were compared with
data from the ICSD database in order to identify phases present.

3. Results and discussion

The chemical composition of the CoCrMo of laser sintered sample
obtained by x-ray fluorescence is detailed in Table 1.

Fig. 1a) and b) shows SEM backscattered electron micrographs after
electropolishing of the laser sintered sample. The microstructure con-
sists of fine cellular dendrites in addition to laser tracks. The inter-
dendritic spacing is approximately 1 µm. The cellular dendrites are not
confined by the weld pool and in general intersect the weld pool
boundaries. A presence of cellular dendrites is caused by fast cooling
rate during solidification of the molten metal during the build process
and is consistent with observations in refs. [32,35]. Such micro-
structural features can lead to anisotropic properties [32] which is of
concern for materials to be used in biomedical applications. Fig. 1c)
shows energy dispersive spectroscopy (EDS) scan across dendrites re-
vealing presence of microsegregation, in particular Co in interdendritic
regions which can enhance crack propensity.

In order to eliminate the dendritic microstructure and micro-
segregation of the laser sintered sample, a solution annealing treatment
was carried out. This consisted of heating of samples to 1150 °C fol-
lowed by water quenching. Some solution treated samples were sub-
jected to isothermal heat treatment at 800 °C for 4 h and quenched in
water. This treatment aimed to increase both tensile strength and yield
stress by diffusionaly formed hcp ε phase finely distributed in the fcc γ
matrix.

Fig. 2 shows XRD profiles of solution treated sample (black line)
where fcc γ phase (ICSD card # 52934) was identified. In the specimen
subjected to solution annealing + isothermal treatment at 800 °C for
4 h (grey line), in addition to the fcc γ phase a hcp ε phase (ICSD card #
53806) was detected. The formation of isothermal ε martensite in this
temperature range is in good agreement with results reported in refs.
[38,39] for forged alloy. It is to be noted that from the diffraction peaks
it was not possible to distinguish between isothermal and athermal (not
shown here) martensitic phase. This was possible however by means of
EBSD analysis which is presented in sections below.

Fig. 3 shows engineering stress-strain curves of solution treated (ST)
specimen in addition to sample subjected to ST + isothermal treatment
at 800 °C for 4 h. The measured yield stress of the ST specimen was
below that of ST + isothermaly treated sample (612 vs. 765 MPa).

Saldívar Garcia et al. (1999) and Kurosu et al. (2010) have described a
50% increase in hardness and yield strength of a sample transforming
from a total cubic structure to a total hexagonal one [12,40]. The higher
yield stress of the isothermally treated specimen can be attributed to the
formation of finely distributed hcp phase in the fcc {111} planes which
can restrict dislocation slip in the fcc lattice [39]. The formation of the
hcp phase during isothermal heat treatment, Fig. 2, may also be the
reason for both the lower ductility and inferior ultimate tensile
strength. Isothermally formed hcp phase is known to decrease ductility
due to the localised stress concentration at interfaces [41]. Indeed, in
the ST + isothermally treated specimen a premature failure with small
plastic deformation ~2.3% occurred and this sample fractured prior to
the onset of plastic instability. Since less work hardening could take
place in this condition, the achieved ultimate tensile strength was
982 MPa. Evaluating the initial microstructure of the ST specimen prior
to deformation, it essentially consists of fcc phase, Fig. 2. As noted

Fig. 2. XRD patterns obtain in both solution treated (ST) specimen and sample subjected
to ST + isothermal treatment at 800 °C for 4 h.

Fig. 3. Engineering stress-strain curves of solution treated (ST) specimen and sample
subjected to ST + isothermal treatment at 800 °C for 4 h. In the insert table, mechanical
properties obtained are shown.
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previously, analysis of engineering stress-strain curve for this condition
revealed that the plastic deformation initiate at 612 MPa. However,
during further straining, the sample experiences a significant
strengthening in the plastic deformation regime reaching ultimate
tensile strength of 1030 MPa which is higher than in the other sample.
Several factors may be associated with this increment of strength. The
formation of deformation twins and phase transformation can be re-
sponsible for accommodation of stresses in the early stage of de-
formation [42]. Twin boundaries serves as barriers for dislocation slip

which enhances work hardening [43,44]. Deformation twin boundaries
play an important role in increase of strength of fcc alloys, acting as
barriers for dislocation slip which enhances work hardening
[12,45,46]. Moreover, the ST specimen shows fracture elongation of
20% which is more than 8 times higher in comparison to the other
sample. The greater ductility in the ST specimen may be associated with
more slip systems available in fcc matrix which facilitates dislocation
glide in addition to twin induced plasticity.

SEM EBSD micrograph of alloy after solution heat treatment and

Fig. 4. EBSD orientation maps in longitudinal section view of specimen subjected to solution treatment and isothermal dwell at 800 °C for 4 h at 0% deformation and corresponding map
after 2% plastic strain showing evidence of strain-induced transformation. The colours in the inverse pole figure (IPF) map indicate the orientation of grains with respect to the crystal
reference frame according to the IPF triangle shown below the map. In these maps, thick black lines represent high angle grain boundaries (misorientation greater than 10 degrees),
whereas thin black lines represent low angle grain boundaries (misorientation less than 2 degrees). In the phase map, the fcc phase is coloured in yellow, the hcp phase in red and
annealing twins are highlighted in dark blue. The Kernel Average Misorientation (KAM) map shows average misorientation angle of a given point and the average orientation of the
neighbour's grains. The scale bar of 25 µm is the same for all maps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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isothermal dwell at 800 °C for 4 h is shown in Fig. 4, upper part. Grains
with annealing twins are visible in band contrast map at 0% plastic
deformation. The average grain size determined by intercept method is
45 µm. The solution treatment successfully eliminated dendritic mi-
crostructure. Precipitates such as carbides (i.e. type M23C6 and M6C)
that are commonly reported in cast Co-Cr-Mo alloys [47] could not be
identified from this map. The inverse pole figure (IPF) map does not
show preferential orientation of grains. The phase map revealed fcc
matrix (yellow) with traces of granular grains of hcp crystal structure
(red). It could be confirmed that the hcp ε grains are formed by diffu-
sion (isothermal martensite) during isothermal treatment at 800 °C,
except of that induced by deformation (athermal martensite) in the
vicinity of the indentation point. The coincidence site lattice (CSL) map
revealed presence of coherent Σ3 twins – highlighted in dark blue. The

coherent annealing twins are formed during solution annealing and
were reported previously in a conventional alloy and similar heat
treatment condition [15]. The Kernel Average Misorientation (KAM)
map shows homogenous distribution with grain to grain misorientation
lower than 1°. The microstructural features observed are in good
agreement with those reported previously [48] for wrought Co-Cr-Mo
alloy.

EBSD analysis was carried out in the same region after 2% plastic
deformation and the results are presented in Fig. 4, bottom part. One
can observe formation of hcp phase formed by SIMT mechanism, co-
loured in red in the phase map. The hcp phase is formed in both interior
of grains and at annealing twin boundaries. Thus, even in small quan-
tities, the hcp phases formed during plastic deformation will contribute
to an increase of tensile strength by pinning dislocation slip. The KAM
map shows an increase in grain to grain misorientation up to 4° at the
interfaces fcc/hcp phases in the strained sample. Although the hcp
phase formed by SIMT mechanism contributes to an increase of both
the strength and wear resistance, it can be detrimental to the cold de-
formation [15]. This is due fact that the initiation and propagation of
cracks occur at and/or along hcp phase [15].

Fig. 5 shows magnified EBSD maps from depicted region in Fig. 4 at
0% deformation and corresponding map after 2% plastic strain. In the
phase map at 0% deformation it is possible to observe hcp ε phase that
was formed through diffusional mechanism. In the phase map acquired
after 2% plastic strain, one can observe that the hcp ε phase is gener-
ated at the annealing twin boundaries through SIMT mechanism.

Fig. 6 shows EBSD maps collected in distance of approximately
between 0 and 5 µm from the fractured plane of the tensile test spe-
cimen that was subjected to solution heat treatment and isothermal
dwell at 800 °C for 4 h. In the vicinity of the fracture one can expect
largest strain. Therefore, a large (~44 vol%) volumetric fraction of the
hcp ε phase formed by SIMT mechanism was identified in Fig. 6c. One
can observe that almost entire fracture surface is decorated with the ε
hcp phase, indicating that the initiation and propagation of cracks occur
at the hcp phase. In addition, a high grain-to-grain misorientation is
present as revealed in Kernel average misorientation map, Fig. 6d,
causing development of high intergranular strain. This can contribute
to a premature fracture. These findings are in good agreement with
those reported previously by conventionally produced Co-Cr-Mo alloy
[10,15]. When considering mechanical properties and phase transfor-
mation behaviour, the laser sintered Co-Cr-Mo alloy behaves in a si-
milar manner as a conventionally produced cast and/or forged alloy
and can be considered as a potential material for biomedical applica-
tions. Prior to this however, a comprehensive materials characterisation
including fatigue, wear and corrosion resistance tests in addition to
both in vivo and in vitro studies are required.

4. Conclusions

Mechanical properties and strain induced martensitic transforma-
tion were analysed in biomedical Co-Cr-Mo alloy produced by direct
metal laser sintering additive manufacturing method.

• In the laser sintered material a dendritic microstructure with mi-
crosegregation is formed which can be eliminated by appropriate
heat treatment.

• A good combination of mechanical properties was achieved in the
solution treated material.

• The γ→ε martensitic transformation significantly influences me-
chanical properties.

• Crack initiation and propagation occurs preferentially at the ε
martensite.

Fig. 5. EBSD maps from depicted region in Fig. 4 at 0% deformation and corresponding
map after 2% plastic strain. Left hand side inverse pole figure (IPF) map, right hand side a
composition of phase map with coincidence-site lattice (CSL) map revealing formation of
hcp ε phase at coherent Σ3 twins – highlighted in dark blue. The scale bar of 5 µm is the
same for all maps. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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