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Abstract Microstructural characterization of a cast ace-
tabulum of ASTM F-75 alloy has been carried out in order
to clarify conflicting reports from the literature. The pres-
ent investigation revealed that although sigma (o) and
M,;Cg carbide were the only secondary phases formed in
the face centered cubic cobalt-base alpha matrix (Co-«), as
identified by X-ray diffraction, the observed microstructure
was quite complex. Scanning and transmission electron
microscopy indicated the presence of coarse and fine
lamellar cellular colonies, grain boundary film carbide, and
different types of coarse blocky particles, including single-
phase g, dual-phase 6/M,;Cs, a binary eutectic comprised
of ¢ and Co-u phases, and a three-phase feature comprising
the binary eutectic and solid state formed M,3C¢. The
carbide has probably formed during cooling from casting
due to ¢ metastability. While it is proposed that the some
lamellar cellular colonies were formed by discontinuous
precipitation, it is not clear whether all lamellar structures
present in the as-cast alloy occurred due to the same
mechanism. The results obtained for the tensile properties
are discussed in view of the observed microstructure.
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Introduction

Cobalt alloy investment casts are still widely exploited in
the manufacturing of orthopedic implants, even with the
advent of lighter titanium alloys, mainly when good wear
properties are required, such as for hip joints [1, 2]. Hard
blocky particles embedded in a high toughness matrix [2]
provide superior wear properties in the as-cast material in
comparison with the wrought condition. However, ductility
of the as-cast alloy often failed to achieve the minimum
requirement. Conflicting reports still exist concerning the
microstructure of as-cast cobalt F-75 alloy [3] and its
effects on the alloy properties [4].

The main reported secondary phases present in the
dendrites of face centered cubic (fcc) Co-a matrix of the
F-75 alloy are M,3C¢ carbide and ¢ phase. Most authors
referred to the presence of large blocky particles in inter-
dendritic regions, but while several works identified or
mentioned such particles as carbides [4-11], mostly
M;3Cq, others pointed to the sole presence of blocky o
phase particles [12], or to both carbide and o [3, 13, 14]
particles. Lamellar carbides [3, 9, 11-13] of reported
eutectic [4] or eutectoid origin [5, 15] and grain boundary
film carbide [5, 8, 13] have been observed at grain
boundaries. It should be noted, however, that some of the
phase characterization work reported in the literature relied
mainly on stain etching, without the employment of dif-
fraction or chemical microanalysis techniques.

It has been verified that the amount of blocky and
lamellar carbides varied with the casting parameters
(pouring and mold temperatures) [4, 5]. Ramirez et al. [3],
using the technique of quenching during the directional
solidification (QDS) of a F-75 alloy (0.26 wt% C),
observed that ¢ phase formed at the end of the solidifica-
tion range (around 1,200 °C), both as individual blocky
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particles and as a binary eutectic with Co-a phase; further
cooling led metastable ¢ to transform into M,3Cg carbide at
a temperature below 1,150 °C. Other QDS experiments
conducted on F-75 alloys with carbon contents varying
from 0.26 to 0.45 wt% indicated that only for the alloys
with high carbon content (0.36 and 0.45 wt%), could a
thermal peak at the cooling rate curves be associated with
M,3C¢ carbide formation from ¢ [15]. The formation of
lamellar “eutectoid” carbides occurred for cooling rates
varying from 8 to 16 °C/min, in fair agreement with pre-
vious results [3] that verified that the maximum cooling
rate for the formation of lamellar cellular colonies as
35 °C/min. The lamellar structure formed during cooling at
temperatures under 990 °C [3], thus after solidification was
complete. The amount of both blocky [15] and lamellar
[11, 15] carbides was found to increase with carbon
content.

The tensile properties requirements, as specified by the
ASTM F-75 standard, are 655 MPa ultimate tensile limit
(UTS), 450 MPa yield strength (YS), and 8% elongation
(€). Strengthening of as-cast Co-Cr—Mo-C alloys is
mainly due to solid solution strengthening [16] and by
dislocation interactions with stacking fault intersections
[17]. The coarse blocky carbides also play an important
role, acting both as excellent sources of dislocations and
stacking faults under the influence of stresses [14, 16] and
as elastic inclusions to reinforce the matrix, thus increasing
the YS in proportion to the volume fraction of particles
[18]. For strains higher than 0.01-0.02, extensive cracking
of carbide particles would lead to flow stress control by
dislocation—dislocation or dislocation—solute interactions
[18].

Concerning ductility, there are only few reports where
the minimum elongation requirement was achieved for the
as-cast alloy. Asgar and Peyton [5] obtained elongation
values up to 12%, but it has been suggested [4] that errors
could have been introduced due to the use of non-standard
gauge length specimens. While Cohen et al. [14] reported
values as high as 15% elongation, no microstructural
evaluation was presented in order to explain their results.
Zhuang and Langer [19] obtained 11.8% elongation, plus
superior YS and UTS values, when a metallic mold cou-
pled with water cooling was used for achieving a fast
cooling rate, which resulted in fine equiaxed grain struc-
ture. Also, as a result of cooling conditions, the interden-
dritic coarse blocky carbide structure was replaced by a
grain boundary necklace precipitation of fine particles; the
effect of such microstructure on wear properties had not
been examined by the authors.

The often reported failure of the as-cast alloy to achieve
the required minimum ductility has been attributed to the
combined effect of microporosity and unsuitable micro-
structure, such as lamellar carbides [4, 5] and continuous
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carbide films [5] at grain boundaries. However, despite
minimizing the amount of lamellar colonies in porosity-
free alloys by controlling the casting parameters [4, 5]
or by lowering the carbon content [11], the ductility
improvement was not significant. A satisfactory value
could only be achieved after a solution heat treatment was
applied to a porosity-free medium carbon alloy, drastically
reducing the total amount of carbides [4, 11]. The UTS
level had not been impaired by the reduction in the carbide
fraction, as the increased amount of carbon in solution
enhanced the contribution of intrinsic stacking faults to the
alloy strengthening [11].

Information concerning the effect of blocky ¢ phase on
the mechanical properties of o-forming alloys is scarce in
literature. If present in a plate-like or angular morphology,
brittle ¢ phase particles are usually believed to decrease
ductility as they provide preferential sites for crack initia-
tion and growth [20]. It has been suggested that the massive
blocky morphology might not be particularly detrimental to
properties [16]. Intragranular blocky o particles, similar to
the carbide particles, generate stacking faults during
quenching [14] and thereby contribute to strengthening in
the cobalt alloy. However, it has been otherwise reported
[21] that blocky-type o particles, together with Mj3Cq
carbides, were associated with the reduction in room
temperature tensile elongation for a o¢-containing alloy.
Furthermore, for AISI type 316 stainless steel containing
both ¢ and M,;Cq4 blocky particles, crack formation and
propagation clearly occurred at a lower deformation level
in ¢ phase [22]. The presence of an interdendritic a/fcc
cobalt-rich/M,3Cg eutectic was associated to a reduction in
ductility to fracture in F-75 alloy [18].

The present work was carried out as an attempt to
improve the phase characterization of an as-cast Co—Cr—
Mo—-C alloy and contribute to the achievement of a better
understanding of the effect of microstructure on mechani-
cal properties.

Experimental procedure

This investigation was carried out on both a cast acetabu-
lum and on cast-to-size test pieces for tensile tests, supplied
by the manufacturer, with nominal composition (wt%)
Co-28Cr-6Mo-0.25C. Casting parameters were 1,620 °C
for the metal pouring temperature, and 1,000 °C for the
mold temperature. Hot isostatic pressing (HIP) processing
was not applied. Tensile tests were performed in accor-
dance with ASTM E-8 procedures on specimens of 6 mm
diameter at the gauge region.

The microstructural investigation included optical micros-
copy (OM), scanning electron microscopy (SEM) coupled
with energy dispersive spectrometry (EDS) microanalysis
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of both bulk metallic pieces and electrolytically extracted
particles, X-ray diffraction (XRD) of extracted particles
and electron diffraction (ED) of thin-foil specimens in the
transmission electron microscope (TEM). For OM and
SEM examination, the sample surface received final pol-
ishing with 0.1 um size alumina prior to electrolytic
etching with a citric acid—ammonium sulfate based solu-
tion that preferentially dissolved the cobalt-base matrix.
Particle extraction for XRD, SEM, and EDS examination
was performed using an HCl-methanol electrolyte. Elec-
tron-transparent thin-foil specimens for TEM examination
were prepared by jet polishing in a perchloric acid—ethanol
solution.

Results and discussion

Microstructural examination by optical microscopy showed
a dendritic solidification pattern (Fig. 1) and the presence
of grain boundary and interdendritic features. The casting
parameters led to the formation of microporosity despite
the high pouring temperature. The identification of the
secondary phases present in the matrix was initially carried
out using XRD analysis of extracted particles (Fig. 2),
which revealed the presence of (CrCoMo),3Cq carbide (in
agreement with Youdelis and Kwon [7]) and prominent
diffraction lines confirming the presence of ¢ phase. The
lattice parameter of the carbide as obtained from XRD
analysis is 10.81 Ao phase was identified after compari-
son of the present XRD results with data available for
(CrCo) ¢. Some observed differences in peak intensity,
when comparing both data, may be attributed to the veri-
fied Mo content (approximately 20 wt%) in the o compo-
sition for the F-75 alloy. The lattice parameters obtained

Fig. 1 As-cast microstructure showing features at grain boundaries
and interdendritic regions (optical micrograph)
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Fig. 2 X-ray diffraction analysis of extracted particles of the as-cast
material

Fig. 3 Intersecting stacking fault bands (TEM micrograph) and [100]
zone axis selected area electron diffraction pattern for Co-a matrix

from XRD analysis for the tetragonal structure are 8.84 and
4.53 A.

TEM examination of the fcc Co-o matrix revealed the
presence of numerous stacking faults (Fig. 3), as expected;
the lattice parameter for the matrix, as obtained from the
[100] oriented ED pattern, is 3.66 A.

The SEM examination of the secondary phases revealed
the presence of a complex microstructure at the interden-
dritic regions, including blocky particles, lamellar cellular
colonies, a quasi-continuous grain boundary film and a
dispersion of silicon-rich spherical inclusions.
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Fig. 4 Lamellar cellular colonies at grain boundaries: a coarse lamellae and blocky particles, b fine lamellae (SEM micrographs)

In Fig. 4, coarse and fine lamellae comprising cellular
colonies formed at grain boundaries are shown, respec-
tively. Some lamellae are curved in accordance with vari-
ations in their growth direction following changes in the
migration direction of the moving front. The overall mor-
phology of the lamellar colonies for both cases suggests a
possible growth by grain boundary movement, as occurs
for discontinuous (cellular) reactions, whereby the coupled
lamellae growth is controlled by grain boundary diffusion
[23]. There are previous reports of discontinuous phase
formation during cooling from casting for other alloy
systems [24]. This mechanism has not been previously
proposed to explain the lamellar formation in as-cast F-75
alloy. The only reported presence of discontinuous lamellar
cellular colonies in a Co—Cr-Mo-C alloy referred to the
alloy aged in the range of 650 to 900 °C [25]. Based on
TEM and microprobe analysis, Kilner et al. [12] have
reported that the cellular colonies they observed consisted
of alternate lamellae of M,3C¢ and fcc cobalt-rich matrix.
Their result is consistent with the reported lamellar carbide
formation during continuous cooling at around 990 °C [3,
15] after solidification was complete. This is also a tem-
perature at which o is metastable in F-75 alloy [3, 15], thus

favoring preferential M,3C¢ formation. However, for some
of the fine lamellae cellular colonies that were observed
both at grain boundaries and at adjacent regions (Fig. 5),
further investigation is required in order to establish their
formation mechanism, since there is no clear evidence at
the present work to suggest that they have grown by a
discontinuous reaction. These colonies may have otherwise
originated from eutectoid precipitation, a mechanism that
has already been proposed [5, 15] to explain the lamellar
formation in F-75 alloy.

Figure 6 is an SEM micrograph showing an interden-
dritic light-gray blocky phase and a silicon-rich spherical
inclusion, as determined using EDS microanalysis. The
light-gray phase was also characterized using TEM, as
shown in Fig. 7 (region on the left side of the photo-
graph). The electron diffraction pattern obtained is in
accordance with a [213] zone axis for the tetragonal ¢
phase. In the SEM micrograph of Fig. 8, cavities (dark-
gray regions) are observed in a light-gray blocky particle;
these cavities resulted from preferential phase dissolution
during the selective etching procedure. A similar etching
effect also occurred in the Co-o matrix, thus suggesting
the presence of Co-o phase in the interior of some o

Fig. 5 Fine lamellae cellular colonies: a location at grain boundary, b location away from the grain boundary (SEM micrographs)
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Fig. 6 Blocky o particle and spherical silicon-rich inclusion (SEM
microgragh)

Fig. 7 TEM micrograph and [213] zone axis selected area electron
diffraction pattern for ¢ phase

particles. A previous proposition based on the QDS
experiment [3] stated that ¢ phase was observed both as
individual particles and as part of a binary eutectic with
Co-o phase. Thus, Fig. 8 is consistent with that proposed
a/Co-u eutectic.

In Fig. 9 (SEM micrograph), a fine submicron structure
can also be observed in a ¢/Co-a “eutectic” particle,
indicating that a third phase is present. This phase had also
been observed in some of the blocky o particles in the
absence of Co-o phase. TEM characterization revealed that
the additional phase was Mj,3Cq (Fig. 10). The corre-
sponding electron diffraction pattern is oriented according
to the [111] direction. The lattice parameter obtained from
the analysis of the diffraction pattern is 11.15 A, thus
in fair agreement with the value obtained from XRD

Semr

Fig. 8 Particle of apparent eutectic origin comprised blocky ¢ and
Co-ua globules and rods at the inside (SEM micrograph)

Fig. 9 Three-phase particle consisting of blocky o, Co-a globules,
and very fine M,3Cg carbides (SEM micrograph)

(10.81 A). The observed interference fringes in Fig. 10 are
due to the overlapping of nano-size M,3C¢ carbides. As
reported in the QDS experiment [3, 15], the M»3Cq¢ car-
bides formed from metastable ¢ phase during cooling
following the alloy solidification.

The examination of electrolytically extracted particles in
the SEM brought a further understanding of carbide for-
mation from blocky o particles. In Fig. 11, two distinct
regions of the particle can be observed, viz., a sponge-like
shell and an inner, massive core. This feature appears
to consist of a ¢ phase core and an outer layer com-
prised M,3C¢ carbides, and would result from a partial
g + C = M,3C¢ reaction during cooling. For small o
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Fig. 10 TEM micrograph showing nano-size grain structure and
[111] zone axis selected area electron diffraction pattern for M»3Cq

Fig. 11 Extracted blocky particle revealing an inner core and an
spongy external shell, identified as ¢ phase and M,3Cg, respectively
(SEM micrograph)

particles full transformation into M»3C¢ may have occur-
red. Digital EDS compositional maps obtained from
extracted particles (Fig. 12) indicated that the core of the
particle (¢ region) is richer in Mo and has less Co than
the carbide shell. Spot EDS analysis has shown that the
approximate metal content (wt%) at the core and shell
regions are 43Cr-38Co-19Mo and 34Cr-56Co-10Mo,
respectively. The presence of molybdenum in the o phase
in o-prone Mo-containing alloys is not unusual, and

@ Springer

probably explains the small differences in the XRD pattern
obtained from o phase for the F-75 alloy (Fig. 2) when
comparing it with standard data from (CoCr) o.

Based on the XRD data for the as-cast condition, the
amount of ¢ phase for the present alloy is significantly
higher than reported for other studies in the literature where
o has formed in the F-75 alloy [3]. Minor variations in the
alloy composition and differences in the casting parameters
might explain the different reports about the alloy micro-
structure concerning the formation of sigma phase.

The results obtained for the tensile properties were
680 MPa UTS, 284 MPa YS, and 4.9 % €; thus, neither
yield strength nor elongation achieved the minimum
requirement. The work hardening rate depends mainly on
the volume fraction and elastic modulus of the coarse
carbide particles that reinforce the matrix [18], provided
that the particles do not crack. As blocky ¢ was reported
[22] to favor crack formation, the presence of single-phase
a, 0/M»3Cs, 0/Co-a, and a/Co-0/M5»3Cg blocky particles in
the present alloy might explain the low yield strength as
compared to an F-75 alloy containing only blocky carbide
particles. For high strains, extensive carbide crack forma-
tion occurs then interlocking stacking faults present in the
fcc matrix control work hardening and flow stress [18],
resulting in a satisfactory UTS value for the present alloy,
as both M,3C¢ and o can act as sources of stacking faults
[14, 16]. The low value obtained for elongation is not
unexpected due to the presence of microporosity. Fur-
thermore, from previous results [18, 22], it should also be
expected that a microstructure containing a distribution of
blocky M»3Cg and ¢ phase containing particles, rather than
just My3Cg carbides, would result in inferior ductility.
However, the present elongation data, although below the
required value, are slightly above several results reported in
the literature, even some that were obtained from porosity-
free alloys [4, 11]. This indicates that other microstructural
characteristics such as grain size, the formation of contin-
uous film carbide at grain boundaries as opposed to a chain
of particles, and the volume fraction of the lamellar cellular
colonies and blocky particles have also to be considered in
order to explain the elongation behavior of alloys cast
under different conditions.

Conclusions

The characterization of the F-75 acetabulum by X-ray
diffraction revealed that the amount of ¢ phase formed in
the as-cast alloy was quite significant. Different types of
blocky particles formed in the interdendritic regions of
the fcc Co-o matrix included single-phase o, two-phase
0/M»;3Cq, a/Co-ua eutectic, and three-phase a/Co-a/M»3Cq
particles. The carbide formed due to ¢ metastability during
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Fig. 12 EDS X-ray maps of an extracted blocky particle, showing a ¢ core richer in Mo and poorer in Co

cooling from casting, giving rise to a nano-scale grain
structure forming a shell around a ¢ core, as the ¢ =
M,;Cg reaction was only partial for large ¢ particles. For
small ¢ particles, full transformation into M,3C¢ may have
occurred. A quasi-continuous film carbide was present at
grain boundaries. Coarse and fine cellular colonies of
lamellar carbide also formed at grain boundaries or adja-
cent regions. A discontinuous reaction mechanism is pro-
posed for the formation of coarse and some of the fine
cellular colonies.

As for the mechanical properties, the formation of sin-
gle-phase ¢ and o-containing blocky particles might
explain the low level achieved for the yield strength.
A satisfactory value was obtained for UTS, as it is likely
that all blocky particles would contribute to the formation
of stacking faults, which are responsible for the strength-
ening at high strains. As for the low observed ductility, the
presence of porosity and the formation of ¢ phase would
have reduced the elongation. However, the volume fraction
of the lamellar cellular colonies and blocky particles, grain
size, and the formation of a continuous carbide film at grain
boundaries are also expected to play a role, which should
be considered in any attempts to improve ductility in the
F-75 alloy. Optimization of carbon content and casting
parameters can probably provide such improvement for the
as-cast alloy.
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