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The dissolution of M23C6 carbides in an ASTM F-75 alloy was experimentally followed, during a liquid-
phase homogenization treatment, in as-cast and pretreated for partial carbide dissolution (PTPCD)
specimens. The results revealed that before the fusion of the carbides, solid-state diffusion of the
elements forming the carbides occurred. After the fusion of the carbides, a serrated interface developed.
Treatment periods longer than 1000 seconds led to a liquid-carbide zone morphology showing the
presence of dendrites within the liquid phase. Energy dispersion spectrometry (EDS) analysis revealed
that the composition of such dendrites was very close to that of the a-phase matrix. The observed
microstructure features are explained in terms of a solutal diffusion-driven mechanism leading to the
growth of the matrix by consuming the liquid phase formed by the carbide fusion.

I. INTRODUCTION homogenization and decreasing, considerably, the carbide
dissolution kinetics.[9] Moreover, high-temperature condi-IN surgical implant materials, a metal powder coating is
tions employed in the application of the metal powder coat-commonly applied to enhance the implant fixation to bone
ing causes incipient fusion of M23C6 carbides, producingand muscle by tissue ingrowth.[1–5] In cobalt-based alloys,
materials of poor mechanical properties.such as ASTM F-75, the porous coating is formed through

In this work, the M23C6 carbide dissolution of ASTM F-a sintering process at temperatures higher than those applied
75 alloys was experimentally followed during a liquid-phasein conventional solution heat treatment (1300 8C vs 1220
homogenization treatment, in as-cast and pretreated for par-

8C).[2]

tial carbide dissolution (PTPCD) specimens. The microstruc-In addition, to improve wear[6] and mechanical properties,
tural features observed are explained in terms of a solutaland prevent fatigue failure of implant cast alloys, different
diffusion-driven mechanism leading to the growth of thetypes of treatments are applied. Table I highlights the three
matrix by consuming the liquid phase formed by the car-main kinds of treatments that are applied to these materials,
bide fusion.namely, conventional solution or homogenization treat-

ments,[7–10] hot-isostatic pressing (hipping),[11,12] and carbide
refining treatments.[13,14,15] Several authors[11,12] have re-

II. MATERIALS AND METHODSported that the best elongation values were obtained by
hipping treatments and carbides refining by melt additions. Specimens from investment casting alloys conforming to
Annealing generally produces undesired results, and conven- ASTM F-75 specification with different carbon contents of
tional solution treatments require very close control of the 0.25 (AlloyLC) and 0.32 (AlloyHC) wt pct, hence different
treatment conditions. Regarding costs and technological initial carbide fractions, were submitted to a liquid-phase
level required by different kinds of treatments, the most homogenization heat treatment at 1250 8C, 1290 8C, and
expensive and higher demanding technology are hipping 1325 8C. As-cast and PTPCD specimens with dimensions
treatments, while conventional solution treatments have the of 10-mm length by 10-mm diameter, were immersed into
lowest cost. a molten copper bath, previously stabilized at the treatment

Due to intrinsic characteristics of the alloys, all of the temperature, during periods of time of 1, 10, 100, 1000, and
aforementioned processes present technical difficulties that 10,000 seconds.
require a rigorous control of manufacturing processes in The PTPCD treatment, 1200 8C for 1 hour in a muffle-
order to achieve the quality demanded on implants to be type furnace, was applied to the specimens with the lower
used in the human body. In conventional solution heat treat- carbon content. The chemical composition of the alloys is
ments, the temperature range available to dissolve most of presented in Table II as determined by spark emission spec-
carbides is very narrow. At low temperatures, spheroidiza- trometry (Lab S*). Carbon content was determined by
tion and coarsening of carbides are observed, but they are left

*Lab S is a trademark of Spectro Analytical Instruments GmbH,out of the solution in the matrix of austenite.[16–19] Elevated
D-4190, Kleve, Germany.temperatures cause carbide fusion, whereas low tempera-

tures fall in a two-phase domain preventing complete
the LECO* fusion technique. The microstructures of the as-

*LECO is a trademark of LECO Corporation, St. Joseph, MI.
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Table I. Different Types of Treatments Applied to Co-Based Implant Alloys

Mechanical Properties

Microstructure Elongation
Treatment Type Treatment Sequence Response YS (MPa) UTS (MPa) (Pct) Reference

Conventional treatment cast 1 carbide microporosity 557 to 482 740 to 689 3.11 to 11.3 7
dissolution

cast 1 TTS 1 aging quasi-complete car- 440 to 745 715 to 835 2 to 13.5 8
bide dissolution

cast 1 TTS complete carbide NA NA NA 9
dissolution

cast 1 TTS partial carbide 520 to 590 630 to 858 14.5 10
dissolution

Hipping cast 1 HIP 1 TTS microporosity 461 to 496 741 to 926 6.25 to 16 11
1 aging elimination

cast 1 TTS 1 HIP microporosity 495 731 13 12
elimination

Carbide refining (1.5 pct Nb 1 1 pct carbide refining, MC NA NA NA 13
Ta) addition (TaC, NbC)

(Al, B, Cb, Ta, Ti, carbonitride formation 498 1149 25 14
Zr) addition

(Cu, Ti, Nb, V, Zr, B) NA 565 to 725 733 to 1010 8.2 to 14.6 15
addition

Table II. Chemical Composition of the Alloys Used in located in interdendritic regions; and lamellar structure car-
This Work bides, mainly located at grain boundaries. Figure 2 presents

micrographs showing the evolution of the microstructureElements (Wt Pct)
during liquid-phase dissolution treatment of PTPCD samples

Alloy Cr Mo C Si Mn Ni Fe Co treated at 1250 8C. Figure 2(b) reveals that the carbide fusion
AlloyLC 27 5.3 0.25 0.51 0.7 0.42 1.4 bal started after 10 seconds of treatment, and Figure 2(c) shows
AlloyHC 27 5.5 0.32 0.48 0.75 0.38 1 bal that the carbides were completely melted after 100 seconds.

Before the fusion of the carbides, solid-state diffusion of
the elements forming the carbides occurred, as shown in
Figure 2(a). Following the fusion, a serrated interface devel-
oped, as observed in Figure 2(c). In the case of specimens
treated for periods longer than 1000 seconds, the morphology
of the liquid-carbide zone showed the presence of solid-
phase internal regions. The EDS semiquantitative analysis,
performed on a PTPCD specimen treated at 1325 8C for
1000 seconds, revealed that chemical composition of these
solid regions, apparently dendrites, was close to that of the
a matrix. Table III presents the average values of five point
analyses performed on the matrix, dendrites, and the liquid
region. It can be noted that the composition of the liquid
region is different from those of the matrix and the dendrites.
The dendrites have the same chemical nature as that of the
matrix. Carbide fusion occurred earlier at 1290 8C and 1325
8C, as can be observed in Figure 3, which shows that carbides
were already melted after 10 seconds at 1290 8C and 1
second at 1325 8C, whereas at 1250 8C, carbides were still

Fig. 1—As-cast microstructure of the ASTM F-75 implant alloys. Magnifi- solid (Figure 2(b)).
cation 100 times.

The change of carbide area fraction as a function of time,
at the three treatment temperatures, is presented in Figure
4. It appears that the kinetics of carbide dissolution wasmatrix were determined using energy dispersion spectrome-
similar regardless of the treatment temperature. However,try (EDS).
from the shape of the curves, it seems there are at least two
sequential stages in the change of the liquid fraction. The

III. RESULTS first stage, which lasts approximately 100 seconds, showed
a fast decrease of the liquid-phase fraction, whereas in theThe as-cast microstructure, presented in Figure 1, showed

two types of M23C6 carbide morphology: blocky carbides, second stage, the liquid fraction decreased at a slow rate.
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Table III. Results of Chemical Microanalysis of the
Matrix, the Closed Internal Zones, and the Liquid Region

(Bracketed Values Represent Standard Deviation)

Element (Wt Pct)

Zone Co Cr Mo Fe Si

Dendrite 62.2 (0.5) 29.6 (0.3) 5.8 (0.6) 1.2 (0.3) 1.1 (0.1)
Carbide 44.6 (0.8) 38.3 (0.6) 15.0 (0.5) 0.9 (0.3) 1.1 (0.1)
Matrix 65.4 (0.3) 27.6 (0.4) 4.6 (0.3) 1.3 (0.5) 1.1 (0.6)

(a)

(a)

(b)

(b)

Fig. 3—Microstructures obtained at 1 s of treatment at (a) 1290 8C, magnifi-
cation 500 times; and (b) 1325 8C, magnification 500 times, from the
PTPCD specimens.

The microstructure evolution of as-cast samples was simi-
lar to that described above for the PTPCD specimens. How-
ever, in the as-cast specimens treated at 1325 8C, the initial(c)
stage of carbide dissolution occurred in a shorter period, as

Fig. 2—Evolution of the microstructure during liquid-phase solution treat- shown in Figure 5.
ment of samples processed at 1250 8C, pretreated for partial dissolution of
carbides: (a) magnification 500 times, 1 s; (b) magnification 500 times, IV. DISCUSSION100 s; and (c) magnification 500 times, 10,000 s.

A. Driving Force for Microstructure Evolution
The solidification microstructure of the ASTM F-75

alloys, which is formed by grains composed of interdendritic
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Fig. 4—Variations of the carbide fraction (area) with time for the PTPCD
Fig. 6—Backscattered electron image showing the serrated interface.specimens at the three treatment temperatures.

phenomena occurred: a solid-state reaction of carbide disso-
lution before carbide fusion takes place, the melting of car-
bides with the development of a serrated boundary, and the
growth of a-phase dendrites at the liquid expense.

B. Carbide Dissolution by Solid-State Elements
Diffusion

In micrographs (a) and (b), presented in Figure 2, it is
observed that during the first stage described for Figure
4, carbide decomposition took place through a solid-state
reaction mechanism. In this figure, it is noted that the lamel-
lar structure carbides dissolve more rapidly than the blocky
carbides. This could be expected given that the a-phase/
M23C6-carbide alternating lamellar structure of such particles
allows a faster diffusion of the elements forming the carbides
into the a phase. The carbide decomposition is considered
to be associated with the thermodynamic instability of the
carbides at the treatment temperatures, i.e., the carbide form-Fig. 5—Variations of the carbide fraction (area) with time for the as-cast

specimens at the three treatment temperatures. ing elements have a greater chemical potential in the carbide
than in the matrix.

C. Melting of Carbides and Serrated BoundariesM23C6 carbides 1 a phase dendrites, has inherently a great
Developmentcompositional variation. Isothermal treatments at tempera-

tures higher than the melting point of the M23C6 carbides A solid-liquid interface with a low curvature is thermody-
tend to take the system to thermodynamic equilibrium. namically nonstable. Subsequent to the carbide fusion, this
According to the second law of thermodynamics, the system situation pushes the system toward a change in the interface
tends to a more energetically homogeneous state, where the curvature by developing a serrated shape. In this direction,
driving force would be the composition gradients. Diffusion once the carbides are melted, the solid-liquid interface
of elements eliminates the composition gradients to achieve moves, penetrating the liquid and producing the formation
global chemical homogeneity. If the system reaches chemical of a serrated interface, as shown in Figure 6. This, in turn,
equilibrium before the liquid is consumed by solid growth, causes a decrease of the liquid fraction, an increase of the
a liquid fraction will remain. After elimination of concentra- interface length, and a concurrent decrease in energy within
tion gradients, the system tends to homogeneously distribute the system. As a consequence, the interface takes positive

and negative values of curvature.the liquid throughout the solid a phase to attain thermody-
namic equilibrium by entropy maximization. On the other
hand, if the liquid is completely consumed before equilib-

D. Growth of Solid a Phaserium is reached, the resulting system would comprise a single
homogenous a phase. The results presented here show that The transfer of the elements constituting the liquid-carbide

leads to different situations as a result of the serrated-shapeduring evolution of the microstructure the following three
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Fig. 8—Backscattered electron image of the a-phase dendritic structure
observed inside the liquid region.

Hence, in order to attain chemical homogeneity, the diffusion
process drives the growth of the solid a phase, leading to
a complex morphology of the solid phase, as observed in
Figure 2(c). The morphology of the two-phase zones, shown
in Figure 2, became more complex with processing time as
a result of the dendrite growth. Figure 8 presents a scanning
electron micrograph showing the a phase dendritic micro-
structure observed inside the liquid region.

E. Processing Temperature Effect

From Figure 4, it can be remarked that during the first
stage, the liquid-carbide dissolution rate in the PTPCD speci-
mens was similar for all temperatures. Conversely, for speci-Fig. 7—(a) through (c) Schematic representation of the solute flux direction

according to the interface curvature value. mens processed in the as-cast condition, the carbide fraction
area at 10 seconds was very different for each temperature,
increasing the fraction dissolved with temperature, as can
be noted in Figure 5. However, from Figure 5, it seems thatof the interface. In the zones where the interface penetrates

the solid, K takes values lower than zero. On the other all the curves converged at 100 seconds of processing time
when the solid-phase growth became the mechanism thathand, in the zones where the solid penetrated the liquid, the

curvature of the solid-phase interface was positive (K . 0), predominantly controlled the rate of carbide dissolution,
which decreased considerably beyond this point at all tem-which means that liquid surrounded the solid phase. This

phenomenon is illustrated in Figure 7(a). In the K . 0 zones, peratures. The time consumed by the first stage for these
specimens processed in the as-cast conditions was shorterbecause of the convex shape of the solid-liquid interface,

the solute concentration in solid increases more rapidly than than that required by the PTPCD specimens. This observa-
tion can be understood in terms of the compositional gradi-in the K , 0 zones. Thus, in the former zones (K . 0), the

chemical equilibrium is attained and the transfer of solute ents, which were lower for the PTPCD specimens due to
the previous treatment. As a consequence, the as-cast speci-stops, while in the latter zones, where K , 0, the transfer

of solute to solid continues (Figure 7(b)). The solute transfer mens had a greater driving force for solute diffusion. On
the other hand, the time consumed by the first stage wasfrom liquid to solid continues with time and the content in

the liquid phase reaches values lower than those of equilib- only a small fraction of the total time required for the second
stage. This indicates that increasing the temperature to accel-rium, i.e., CS . kCL. As this state is attained, the solute

begins to be transferred back to the liquid at the K . 0 erate the homogenization process does not bring any
advantage.zones, as illustrated in Figure 7(c).

Under the conditions described in Figure 7(c), the ele- The first stage observed in Figure 4, where the liquid-
carbide fraction decreases rapidly, can be attributed to thements that leave the solid phase create concentration gradi-

ents. Assuming thermal homogeneity in the specimen, the diffusion process before chemical equilibrium is reached in
regions with K . 0. The second stage can be attributed toaccumulation of solute ahead of the solid-liquid interface

produces an undercooled liquid region, which favors the a dendritic growth process occurring once the CS . kCL

condition is reached.dendritic growth of the solid a phase in the liquid region.
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