On carbide dissolution in an as-cast ASTM F-75 alloy
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Abstract: The solution treatment of an as-cast ASTM F-75
alloy was investigated. Microstructural evolution was fol-
lowed during thermal processing, in particular with regard
to the content and type of carbides formed. To evidence any
probable carbide transformations occurring during the heat-
ing stage, as well as to clarify their effect on the carbide
dissolution kinetics, three heating rates were studied. Image
analysis and scanning electron microscopy techniques were
used for microstructural characterization. For the identifica-
tion of precipitates, these were electrolytically extracted
from the matrix and then analyzed by X-ray diffraction. It
was found that the precipitates in the as-cast alloy were
constituted by both a M,;Cy carbide and a o intermetallic
phase. The M,,C, carbide was the only phase identified in
solution-treated specimens, regardless of the heating rate
employed, which indicated that this carbide dissolved di-

rectly into the matrix without being transformed first into an
M,C carbide, as reported in the literature. It was found that
the kinetics of dissolution for the M,,C, carbide decreased
progressively during the solution treatment, and that it was
sensitive to the heating rate, decreasing whenever the latter
was decreased. Because the M,,C, carbide was not observed
to suffer a phase transformation prior to its dissolution into
the matrix, the effect of the heating rate was associated to the
morphological change occurred as the specimens were
heated. The occurrence of the observed phases was analyzed
with the aid of phase diagrams computed for the system
Co—Cr-Mo-C. © 2001 John Wiley & Sons, Inc. ] Biomed
Mater Res 59: 378-385, 2002
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INTRODUCTION

The Co-Cr-Mo—C alloy, complying with the ASTM
F-75 standard, is used in orthopedic implants."* The
investment cast components of this alloy exhibit a
typical microstructure consisting of a Co-based face
centered cubic (fcc) matrix showing interdendritic and
grain boundary precipitates. It is generally accepted
that these precipitates are constituted by a mixture of
M,;C, carbides, a o intermetallic phase and fcc phase.?
Frequently, a slow cooling during solidification of the
alloy or a posterior heat treatment given to the latter
promote the occurrence of a lamellar “perlite type”
carbide precipitate at the grain boundaries.*® Carbide
precipitation represents the main strengthening

Correspondence to: M. Herrera-Trejo; e-mail: mherrera@
saltillo.cinvestav.mx

Contract grant sponsor: CONACYyT; contract grant num-
ber: 3522-A

© 2001 John Wiley & Sons, Inc.

mechanism in the as-cast conditions; it is also mostly
responsible for the low ductility observed under such
conditions, which is frequently insufficient to satisfy
the aforementioned standard.>”® A posterior thermal
treatment given to the cast alloy constitutes the alter-
native method most commonly used to enhance duc-
tility; the usual operation consists of a solution treat-
ment carried out at temperatures around 1473 K for
periods ranging from 1 to 4 h. It has been shown that
the partial dissolution of carbides can improve not
only ductility but also other mechanical properties,
specifically yield and ultimate tensile strengths.”*°
Although the results reported in the literature indi-
cate that an adequate solution treatment improves the
mechanical properties of the as-cast alloy, a wide
variation still exists in the values of the resultant prop-
erties as well as in the variables involved, particularly
with regard to the chemical composition of the alloy,
its as-cast microstructure, and time and temperature
for the heat treatment.*”~'? The as-cast microstructural
characteristics of the alloy, namely type, size, and frac-
tion of carbides, depend on the solidification condi-
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tions as well as on the chemical composition. The con-
tent of carbide forming elements together with that of
carbon influence the chemical composition of the car-
bide precipitates. Moreover, it has been shown that
short treatment times improve the alloy’s mechanical
properties, however, prolonged treatment times lead
to a ductility gain at the expense of other mechanical
proper’ries.10 Regarding the treatment temperature,
this is limited by the melting point of the interden-
dritic carbide precipitates. It is worthwhile to empha-
size the remarkable differences existing among the
melting temperatures reported in the literature for the
interdendritic carbides. In solution heat treatments
conducted by Doobs et al.'’ at 1513 K as well as by
Taylor et al.'”® at 1523 K, the melting of the interden-
dritic carbides was not observed. In contrast, Clemow
and Daniell'* detected the melting of this type of car-
bides at temperatures as low as 1493 K. Furthermore,
Kilner et al.’ determined a melting temperature of
1508 K for the interdendritic carbides by using thermal
analysis techniques.

Although the effect of the solution treatment on the
mechanical properties of the alloy is strongly related
to the carbide features, studies on the characterization
of carbides formed during the solution treatment are
really scarce in the literature. Clemow and Daniell'*
studied the reactions taking place during the solution
treatment as well as the carbide dissolution kinetics. In
their work, the carbide dissolution kinetics was rela-
tively elevated at the onset of the thermal treatment
and decreased progressively with the progress of the
latter. These authors stated that the M,,C, interden-
dritic carbide present initially in the as-cast condition
was transformed into a MyC carbide during the ther-
mal treatment. The presence of the latter carbide was
associated to the slowing down observed in the car-
bide dissolution kinetics. It was also observed that the
formation of the M C carbide was promoted by an
increase in the thermal treatment temperature. A se-
ries of phase diagrams were proposed to explain the
results obtained. It is worthy to note that for the com-
putation of such diagrams, the segregation of Mo was
considered nonexistent, and that the M,C carbide was
supposed to be a stable phase. However, posterior
studies'*"® reported a significant segregation of Mo,
and the presence of the MyC carbide in the solution-
treated alloy claimed by Clemow and Daniell'* has
caused controversy because the M,;Cy carbide has
been the only carbide found reported in other similar
works.' 3% Hence, the phase diagrams proposed by
these authors should be reconsidered.

Another study concerning the characterization of
the precipitates in an ASTM F-75 alloy is that con-
ducted by Kilner et al.> These authors identified a &
intermetallic phase, a M,;C4 carbide, and a fcc phase
to be the constituents of the interdendritic precipitates
in the as-cast conditions. Their results agreed well

with those of Koster and Sperner,'® which proposed
the existence of a ternary eutectic composed by the o
phase, M,;C, carbide, and fcc phase. However, the
melting temperature of 1508 K determined by Kilner
et al? for the interdendritic material differs remark-
ably from the eutectic precipitation temperature (1608
K) proposed by Koster and Sperner.'® Such difference
was associated to compositional variations in the em-
ployed alloys. Furthermore, in solution treated speci-
mens, the M,;Cy carbide was the only carbide ob-
served. In a synthetic specimen having a chemical
composition similar to that corresponding to the in-
terdendritic material, Kilner et al.® found a M,C; car-
bide, additionally to the ternary eutectic. In an attempt
to explain their findings, these authors suggested the
occurrence of an early precipitation of the M,C; car-
bide followed by formation of the ternary eutectic.

In view of the discrepancies evidenced above, a
study aiming to elucidate the mechanism of the car-
bide transformation taking place during the solution
treatment of an ASTM F-75 alloy was undertaken. The
carbide chemical composition was followed through-
out the solution treatment, which was conducted at a
temperature close to that corresponding to the carbide
melting temperature. The thermal cycle consisted of
two stages: (1) rapid heating of the samples up to a
temperature at which a transformation was not ob-
served in the carbides, followed by (2) heating up to a
preestablished solution treatment temperature. To evi-
dence a possible carbide transformation occurring
during the heating stage, three heating rates were
used for the second stage of the thermal cycle.

EXPERIMENTAL PROCEDURE

A Co—Cr-Mo-C alloy complying with the ASTM
F-75 standard'” was employed. By using an induction
furnace, the alloy was heated under a vacuum and
then melted and cast under argon atmosphere at 1873
Kin a ceramic mold preheated at 1223 K. The chemical
analysis of the resulting alloy is given in Table I, in
which the requirements of the standard are also in-
cluded. The ceramic mold consisted of six cylindrical
cavities of diameter 1.5 cm and depth 11 cm, designed
in such a way as to allow all cavities to attain the same
filling and cooling conditions to minimize any micro-
structural variations taking place among the solidified
bars. To eliminate the solidification chill zone from the
bars, these were machined to a final diameter of 0.5
cm. Specimens of length 0.6 cm were sectioned from
the machined pieces and then encapsulated inside
sealed evacuated quartz tubes to prevent oxidation
during following solution treatments.

The solution treatment temperature was deter-
mined based on the melting temperature of the inter-
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TABLE I
Chemical Composition of the Cast Alloy
Element (Weight Percent)
Cr Mo C Mn Ni Fe Co
ASTM F-75 27-30 5-7 0.35 max 1 max 1 max 1 max 0.75 max Balance
Alloy 27 6.01 0.22 0.94 0.36 0.73 0.49 Balance

dendritic precipitates, which was estimated by em-
ploying conventional thermal analysis to study the so-
lidification process of the alloy. For this, a procedure
similar to that described above was used, under the
same conditions, except for the fact that the alloy was
cast in a ceramic mold consisting of an arrangement of
three axially interconnected cylindrical cavities of
depth 2.5 cm and diameters 1.2, 1.6, and 2.4 cm. The
mold was instrumented with Pt-30%Rh and Pt-6%Rh
thermocouples linked to a computer to register the
cooling curves. The thermocouples were positioned at
the middle point of each cylinder’s height. This ar-
rangement allowed obtaining a reliable determination
of the interdendritic solidification temperature as a
function of cooling rate. The temperature selected for
the solution treatment was slightly inferior to that de-
termined for the interdendritic solidification.

Heat treatments were performed in an electric resis-
tance chamber furnace. The thermal cycle consisted of
a rapid heating up to a temperature that was high but
low enough to preserve the as-cast microstructure,
then heating up to a predetermined solution treatment
temperature and holding at that temperature for pe-
riods of 0, 15, 30, 45, 60, and 120 min. This was fol-
lowed by quenching in water. The maximum tempera-
ture allowable during the rapid heating stage was de-
termined by means of metallographic analysis of
specimens, which had been rapidly heated up to sev-
eral high temperatures and then water quenched.
Three different heating rates were used in the subse-
quent heating stage.

To carry out microstructural observations on the op-
tical and scanning electron microscopes (SEM), the
specimens were conventionally prepared by grinding
and polishing, followed by electrolytic etching em-
ploying a chromic acid solution."® An optical micro-
scope coupled to an image analyzer was used for the
quantitative determination of the carbide content,
which was carried out by measuring 20 fields per
sample at 200x. This accounted for a total analyzed
area of about 3 mm?” per specimen. The as-cast and
solution treated specimens were then subjected to an
electrolytic particle extraction procedure described by
Weeton and Signorelli.* The particles extracted in this
way were analyzed by means of X-ray diffraction.

RESULTS AND DISCUSSION

Interdendritic solidification temperature and
thermal cycle

Figure 1 shows the cooling and the cooling rate
curves obtained from the thermal analysis of the alloy.
The latter curve was obtained from a derivative analy-
sis of the former curve. The cooling rate curve exhib-
ited a peak corresponding to a visible small arrest in
the cooling curve, which was associated to the solidi-
fication of the interdendritic material. All the solidifi-
cation temperatures obtained from the studied cylin-
ders were very similar: 1497, 1499, and 1498 K for
cylinders with diameters of 12, 16, and 24 mm, respec-
tively. These temperatures agree relatively well with
both the temperature of 1508 K determined by Kilner
et al.,®> who used the same technique, and the tempera-
ture of 1503 K detected by Clemow and Daniell* for
solution-treated specimens. The differences observed
between the temperatures obtained by both groups of
researchers and those determined in the present work
may be attributed to compositional variations in the
studied alloys. Based on the values determined for the
interdendritic solidification temperature, the tempera-
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Figure 1. Determination of interdendritic solidification
temperature by thermal analysis.
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ture selected for the subsequent solution treatments
was 1493 K.

In the first heating stage, the metallographic obser-
vation of specimens rapidly heated to 1423 K and then
water quenched did not indicate the presence of any
carbide transformations. In contrast, the presence of
cavities was detected along the edges of the carbide
particles in specimens rapidly heated to temperatures
higher than 1423 K, which were associated to the pres-
ence of the o phase. It is very likely that the cavities
were originated from the pull out of the o phase in-
terdendritic particles during the metallographic
preparation of the samples. Therefore, the tempera-
ture of 1423 K was chosen as the maximum tempera-
ture allowable during the first heating stage, with an
average heating rate estimated to be around 345
K/min. For subsequent heating from 1423 to 1493 K,
the selected heating rates were 3.3, 10.1, and 16.6
K/min, which gave heating times of 21, 7, and 4 min,
respectivley, in this temperature range.

As-cast microstructure

The typical as-cast microstructure observed in this
study consisted in Co-rich fcc matrix dendrites and
interdendritic and grain boundary precipitates (Fig.
2). The latter precipitates presented film and lamellar
morphologies (showing a gray and a dark tone, re-
spectively). The presence of lamellar carbides arises
from the thermal conditions used during casting of the
alloy, i.e., high mold and metal temperatures.” The
X-ray diffraction pattern of the electrolytically ex-
tracted material (Fig. 3), revealed the presence of a
M,;Cy carbide and o phase. It is noteworthy to em-
phasize that some of the diffraction peaks belonging to
both phases are very similar to each other; hence, it is
expected that some lines of the diffraction pattern

Figure 2. Typical as-cast microstructure.
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Figure 3. X-ray diffraction pattern of electrolytically ex-
tracted precipitates.

could be the result of the conjunct diffraction of both
structures.

Carbide dissolution

The variation of the carbide content with the solu-
tion treatment time is shown in Figure 4. The initial
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Figure 4. Evolution of carbide content during solution
treatment.
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values correspond to specimens heated up to 1493 K
and then water quenched. As a result of the heating,
the carbide content decreased by about 2.5% with re-
spect to that corresponding to the as-cast alloy. This
was associated to the dissolution of lamellar precipi-
tates, as expected from the precipitation temperatures
previously determined for these precipitates, which
was known to be lower than 1493 K.*° Furthermore, it
was observed that the kinetics of the carbide dissolu-
tion was accelerated by an increase in the heating rate.
Figure 5 shows a typical SEM micrograph of the pre-
cipitates after 120 min of solution treatment. In all
cases, after the heat treatment the precipitates showed
a very similar morphology, independently of the heat-
ing rate employed, which was characterized by the
presence of agglomerates whose size decreased with
increasing heating rate.

The X-ray diffraction analysis of the material elec-
trolytically extracted from solution-treated specimens
showed that, regardless of the treatment time and
heating rate, the constituent of the interdendritic pre-
cipitates was a M,;C, carbide. These results agree with
those reported by Kilner et al.” but differ from those of
Clemow and Daniell."* The latter authors found the
presence of McC and M,;Cy carbides in solution-
treated specimens. To analyze the stability conditions
for different carbides, the Thermo-Calc software® was
used to compute two phase diagrams for the Co—Cr-
Mo—-C system at the solution treatment temperature
employed in the present work (refer to Figs. 6 and 7).
These computations required the determination of the
chemical composition of the interdendritic precipi-
tates, which represent the phases with maximum con-
tent of the carbide forming elements present in the
alloy. However, the EDS chemical analysis performed
on these precipitates did not produce reliable data,
and an effort to employ information given in the lit-
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Figure 5. Interdendritic material after 120 min of solution
treatment.
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Figure 6. Phase diagram for the system Co—Cr-6% Mo-C
at 1493 K.

erature was unsuccessful due to a remarkable dis-
agreement found among different authors. For in-
stance, Clemow and Daniell'* reported Mo, C, and Cr
contents of 6, 1, and 35%, respectively, in the interden-
dritic precipitates, while Devine and Wulff*' deter-
mined Mo and Cr contents up to 20 and 35%, respec-
tively. Kilner et al.’ found a Mo content similar to that

4
- M7C3
+
fee
3 -
+
= lig
3 .
R
= fee
g 2f
a
o
Q -
O My3Cg + lig
1
fee + lig
1 1 1

20 30 40 50 60 70 80
Cr content (wpt)

Figure 7. Phase diagram for the system Co—Cr-15% Mo-C
at 1493 K.
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given by Devine and Wulff,* but reported Cr and C
contents of 49 and 3.5%, respectively, which are higher
than those reported by the authors previously cited. In
view of the discrepancies evidenced here, a quantita-
tive description of the stable interdendritic phase,
based on published data, was not conceivable. Thus, a
qualitative approach was developed to analyze the ef-
fect of chemical composition on the stability phase
fields. In this way, the phase diagrams of Figures 6
and 7 were computed for 6 and 15% Mo, respectively.
The different phases reported in the literature, i.e.,
M,;Ce, M;,C5, M(C, 0, fcc phase and liquid phase, were
considered to be the probable stable phases. By com-
paring Figures 6 and 7, it is clear that Mo modifies
appreciably the relative sizes of the equilibrium phase
fields. The absence of a MC carbide in both diagrams
must be highlighted. This is particularly significant for
the diagram of Figure 6, because it is comparable, in
terms of chemical composition, to that proposed by
Clemow and Daniell,'* in which the M,C carbide ap-
pears as a stable phase. However, the phase diagram
given by the latter authors and that of Figure 6 do
agree in that the o phase is not present, and the M,,Cg
carbide can be formed. As observed in Figures 6 and 7,
the presence of the latter carbide is possible in a wide
compositional range. From both figures it can be seen
that the M,;C carbide is found within the M,;C, + fcc
field. It is worthy to note that an increase in the Mo
content shifts the maximum C content for the latter
field toward higher values. Thus, assuming a Mo con-
tent higher than 15%, the 3.6% C content proposed by
Kilner et al.> may be explained.

As previously mentioned, Kilner et al.® identified
the M,;C; as the only carbide present in a solution-
treated alloy. Furthermore, these authors found M,C,
and M,;Cy carbides in a synthetic material whose
chemical composition was claimed to be similar to that
corresponding to the interdendritic precipitates. The
phase diagram of Figure 7 shows that both carbides
can coexist with a fcc phase within a field adjacent to
the M,;Cq + fec field. This suggests that the occurrence
of the M,C, carbide can be associated to differences in
chemical composition between the interdendritic and
the synthesized material. For instance, from Figure 7 it
is deduced that for a given Cr content the formation of
M,C; carbide is promoted by an increase in the C
content.

As can be observed in Figure 4, a lower heating rate
retarded appreciably the dissolution kinetics of car-
bides. This effect was attributed to morphological
changes induced in the interdendritic precipitates dur-
ing the heating stage. Specimens heated up to the tem-
perature treatment, using heating rates of 3.3 and 16.6
K/min, and then water quenched, were analyzed on
the SEM. Figure 9(a) and 9(b) shows the effect of the
heating rate on the morphology of the precipitates.
These were observed to consist of a network of ag-

glomerates that got coarser when the heating rate was
decreased. Evidently, the employment of lower heat-
ing rates caused that the specimens had to be hold at
high temperatures during a longer period of time be-
fore the treatment temperature was achieved, and this
caused coarsening of the agglomerates. The occur-
rence of this phenomenon reduced the matrix/
precipitate interfacial area and, consequently, the dis-
solution kinetics was affected. The effect of the heating
rate can also be explained considering the effect of
temperature on the driving force available for the car-
bide dissolution. Figure 8 depicts a portion of the
phase diagram of Figure 5, which was constructed at
1493 K for a Mo content corresponding to that of the
studied alloy. In the same figure, an analogous phase
diagram constructed at 1423 K was superimposed to
the depicted portion of the phase diagram of Figure 5,
indicating the chemical composition of the alloy. It can
be observed that both diagrams are similar in shape,
except for the fact that a decrease in temperature
causes a shift toward lower C and Cr contents. From
Figure 8 it is inferred that the driving force for the
carbide dissolution is increased when a temperature
rise displaces the alloy chemical composition toward
the fcc phase field. Thus, a rapid increase in the driv-
ing force for the carbide dissolution, associated to a
high heating rate, promoted the carbide dissolution
process.

From the analysis of the kinetic curves shown in
Figure 4, it is observed that for all three heating rates
studied the carbide dissolution was relatively fast at
the onset of the solution treatment, but then it slowed
down as the heat treatment progressed. It is known
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Figure 8. Phase diagram for the system Co—Cr-6% Mo-C
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Figure 9. Interdendritic material after heating stage by us-
ing (a) 3.3 and (b) 16.6 K/min as heating rate.

that the driving force for the dissolution process is
given by a concentration gradient of a carbide forming
element at the matrix/carbide interface.'* Conse-
quently, the driving force tends to decrease as the car-
bide dissolution progresses due to the migration of
solute atoms out of the carbide. Therefore, the carbide
dissolution kinetics is retarded by the redistribution of
solute atoms moving away from the carbide/matrix
interface. This contrasts with the explanation given by
Clemow and Daniell,** who attributed the slowness of
the carbide dissolution kinetics to the formation of an
M(C carbide.

CAUDILLO ET AL.

CONCLUSIONS

The microstructural evolution of an ASTM F-75 al-
loy during solution heat treatment was studied. The
solution treatment was conducted at a temperature
close to the carbide melting temperature. The effect of
the heating rate on the carbide dissolution was also
studied. The obtained results allow for the following
conclusions to be drawn.

Thermal analysis during cooling of the studied alloy
indicated that the interdendritic precipitates solidified
at 1498 K. In the as-cast condition, the precipitates
were constituted by an M,;C, carbide, a o intermetal-
lic phase, and a fcc phase. In specimens subjected to
solution treatment for different times, an M,;Cy car-
bide was the only phase found in the precipitates. This
indicated that the M,;C, carbide present in the as-cast
alloy dissolves directly into the matrix without suffer-
ing any previous phase transformation. Computed
phase diagrams showed that the M,;Cy carbide is
stable in a wide compositional range, and the o phase
is not a stable phase at the solution treatment tempera-
ture. Contrasting with data reported in the literature,
an MC carbide was not identified to be a stable phase
within the compositional range and temperature of
interest. It was also found that the carbide dissolution
kinetics was sensitive to the heating rate. This effect
was attributed to morphological changes induced in
the interdendritic precipitates during the heating
stage. A slower heating rate decreased the matrix/
precipitate interfacial area due to a coarsening of the
agglomerates that constitute the interdendritic pre-
cipitates.
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