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Abstract The microstructure and tensile properties of a

metal injection molding 0.23%C Co–Cr–Mo alloy (F75

alloy) were investigated. The as-sintered microstructure

contains a significant amount of carbides, and is modified

by solution annealing, the main effect being to reduce the

amount of carbides. Ductility and ultimate tensile strength

increase significantly, but yield strength decreases with

solution annealing. Aging causes both intragranular and

intergranular precipitation, which increases hardness and

yield strength but decreases ductility excessively. In both

as-sintered and solution-annealed conditions, the material

displays noticeable work hardenability. By sintering at

1300 �C and solution annealing at 1220 �C, 440 MPa yield

strength and 25% elongation at fracture are obtained.

Introduction

The mechanical properties of the Co–Cr–Mo–C castings

depend on the carbon content, which promotes the precipitation

of carbides at the grain boundary and in the interdendritic

regions [1, 2]. Carbides increase hardness, yield stress, and

wear resistance, but reduce ductility. On the other hand, a

high carbon content increases the fluidity of the liquid alloy,

improving castability. To improve ductility, carbides are

dissolved in the metallic matrix by solution annealing [3, 4].

This treatment can be followed by aging to further modify the

microstructure, both precipitating carbides more uniformly

and modifying the matrix constitution through the transfor-

mation of austenite into martensite [5–7]. The effect of the

microstructure on the mechanical properties has been studied

by Vander Sande et al. [8].

As an alternative to casting, the Co–Cr–Mo-C alloys can

be produced by metal injection molding (MIM) of preal-

loyed powders. The powders are mixed with a binder

(around 50 vol%) to produce a feedstock having the proper

rheological properties to be injected at a moderate tem-

perature and pressure in a rigid die and to keep the shape

once the injection pressure has been removed [9]. After

debinding, parts are highly porous and are sintered at high

temperature (1300–1380 �C) to obtain a full density. The

carbon content of the commercially available powders

varies in a broad range (0.05–0.35%).

In some previous works, relevant to a maximum carbon

content of 0.15% [10–12], the effect of the sintering

atmosphere composition was investigated. The presence of

nitrogen enhances densification and strength, because of

some nitrogenization occurring at high temperature. The

mechanical properties are further improved by solution

annealing and hot isostatic pressure.

A higher carbon content (0.3–0.35% C) promotes the

formation of eutectic liquids which activate sintering;

therefore, sintering temperature is lower than in the case of

a low-carbon alloy [13]. The as-sintered microstructure is

very different from the as-cast one; it contains quite large
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(several tenths of micrometers) equiaxed grains, with large

eutectic cells and/or intergranular carbides, the amount of

which depends on the carbon content.

In a previous work, the microstructure and the tensile

properties of two alloys with extreme carbon contents

(0.05% and 0.35%) were investigated [13]. While the low-

carbon alloy has a good combination of strength and ductility

in the as-sintered condition, the high-carbon alloy has to be

solution annealed (SA) to obtain an acceptable ductility [13].

In this work, an alloy with an intermediate carbon

content (0.23%C) was studied. Again, the microstructure

was modified by heat treatment (solution annealing and

aging) to study the phase transformations and their effect

on mechanical properties. Tensile tests were carried out in

all the conditions investigated, and the results were inter-

preted on the basis of the microstructural characteristics

and on the deformation behavior deduced by the analysis of

the fracture surfaces.

Experimental procedures

A prealloyed, gas-atomized Co–29Cr–6Mo (F75) powder

with 0.23% carbon was used for the production of the

specimens.

The powder was mixed with a proprietary binder

(polyolefin based) to produce the feedstock. Test bars,

according to ASTM E 8M-03—Standard Flat Unmachined

Tension Test Specimen for Powder Metallurgy (P/M)

Products, were injection molded and debinded by a two-

step process (80% of the total binder content was dissolved

in water, while the remaining 20% was removed by ther-

mal decomposition). Thermal debinding was carried out in

nitrogen atmosphere. The samples were sintered in vacuum

furnace under the conditions reported in Table 1.

The sintered tensile bars were SA for 4 h at 1220 �C in a

vacuum furnace, with argon backfilling and gas quenching

in 8 bar nitrogen flux. Then, the samples were aged in a

tubular furnace at 750 �C with Ar atmosphere for 3 and

20 h, and then air quenched.

The carbon content was measured by LECO CS125 after

each heat treatment. Sintered density was determined by

Archimedes’ method on the as-sintered pieces.

The microstructure was investigated by light optical

microscopy (LOM) and by environmental scanning elec-

tron microscopy (ESEM) before and after electrolytic

etching with 94 mL distilled water, 4.5 mL HNO3, and

1.5 mL H2O2 solution for 3 V and 4 s. The staining

method, a chemical color etching with 1 part (20%

KMnO4 ? 80% water) ? 1 part (8% NaOH ? 92% water)

was carried out after electrolytic etching to distinguish the

different types of carbides (Cr23C6 brown, Cr7C3 pale

yellow to light tan, M6C red, green, yellow, blue). Grain

size was measured according to ASTM E112-96 standard.

The constitution of the metallic matrix (fcc/hcp phases)

was investigated by X-ray diffractometry (XRD). The

diffraction patterns were collected using a Cu-Ka source,

and the experimental spectra were elaborated with the

Rietveld method using the MAUD software (Materials

Analysis Using Diffraction) [14, 15].

HV0.05 microhardness and HV30 hardness were mea-

sured. Tensile tests were carried out in an Instron machine

at a strain rate of 0.1 s-1 and measuring strain with an axial

extensometer with a gage length of 12.5 mm. Three spec-

imens were tested for each material and microstructural

condition. The fracture surfaces were investigated by

ESEM.

Results

As-sintered materials

Density of the high-temperature (HT) material (8.18 g/cm3,

98.7% of the theoretical density) is higher than that of the

low-temperature (LT) material (7.55 g/cm3, 91.1% of the

theoretical density).

Figure 1a and b shows the microstructure of the mate-

rials sintered at the two temperatures.

It comprises the metallic matrix with an extensive pre-

cipitation of carbides confined in the grain boundary

regions. On increasing the sintering temperature, the matrix

grain size increases from 75 ± 16 lm up to 193 ± 25 lm.

The LT material contains only lamellar ‘‘pearlite-type’’

eutectic carbides of the Cr23C6 type, as confirmed by the

color metallographic etching. The HT material contains a

second eutectic carbide, M6C, which appears more compact

in Fig. 1b. The Cr23C6 carbides are the product of the slow

eutectic solidification of a liquid phase [3]. M6C can both

precipitate directly from the fcc solid solution and form as a

product of the transformation on heating of M23C6 [2, 16].

The two types of eutectic carbides are better resolved at

the ESEM, as shown by Fig. 2a and b, relevant to the low-

and high-temperature sintered materials, respectively.

Moreover, the ESEM micrographs show the grain bound-

ary precipitation of sigma phase. The formation of this

Table 1 Sintering conditions

Carbon content (wt%) Sintering conditions

F75 with 0.23%C (LT) Sintering at 1300 �C, holding 1 h with N2

backfilling, free cooling

F75 with 0.23%C (HT) Sintering at 1350 �C, holding 1 h with N2

backfilling, free cooling
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constituent was detected by Signorelli, in conjunction with,

or subsequent to, M23C6 precipitation [2]. According to

Shortsleeve and Nicholson [17], the precipitation of car-

bides promotes the formation of sigma phase, and then a

large quantity of carbides enhances the probability of the

precipitation of sigma phase.

Solution-annealed materials

Figure 3 shows the microstructure of the SA materials.

All the carbides and sigma phase are fully solubilized in

the metallic matrix of the LT material, while some small

spheroidized Cr23C6 particles are still present at the grain

boundary of the HT alloy. These particles are shown in

Fig. 4, and are the product of breaking-up and spheroidi-

zation of the lamellar ‘‘pearlite-like’’ eutectic carbides [2].

Grain size increases up to 90 ± 13 lm in the material

sintered at lower temperature, while it remains almost

unchanged in the other one, because of the grain boundary

pinning exerted by the residual carbides.

Aged materials

Figures 5 and 6 show the microstructure of the aged

materials.

Aging promotes an intragranular star-shape (Wid-

manstätten type) precipitation and the formation of a fine

constituent (very closely packed lamellae), which nucleates

at the grain boundary and grows inside grains. The amount

of these precipitates increases with the aging time.

The Widmanstätten precipitates are M23C6 particles [2,

7, 18, 19]. Solution annealing and aging are then effective

in promoting the formation of a homogeneous dispersion of

carbides in the metallic matrix from the highly segregated

microstructure of the as-sintered materials. The fine

lamellar constituent is described by Rajan [18, 19]. For

short aging time, an hcp phase containing some carbides

nucleates at the grain boundary (hcp1). On increasing aging

time, it evolves to the hcp2, which differs from hcp1 for the

lack of any crystallographic relationships with the parent

phases and for the lower fault density. This evolution is

coupled to an abundant precipitation of carbides.

Fig. 1 Optical micrographs of as-sintered materials. a LT. b HT Fig. 2 ESEM micrographs of as-sintered materials. a LT. b HT
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Grain size does not change with aging. The LT material

presents a higher quantity of grain boundary hcp constit-

uents than the other one, likely because of the smaller grain

size (larger grain boundary surface area which enhances

nucleation) and the partial solubilization of the as-sintered

carbides in the HT material. It also shows a less amount of

Widmanstätten carbides, because of the concurrent carbide

precipitation coupled to hcp phases.

Fig. 3 Optical micrographs of SA materials. a LT. b HT

Fig. 4 ESEM micrographs of SA HT material

Fig. 5 Optical micrographs of LT material aged 3 h

Fig. 6 Optical micrographs of LT (a) and HT (b) materials aged 20 h
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XRD analyses

Figure 7 shows the XRD spectra of the two materials in the

as-sintered and SA conditions. In Table 2, the results of the

quantitative XRD analyses are reported.

The matrix of the two as-sintered materials consists of

both fcc and hcp phases, with the latter prevailing. Despite

the different amounts of carbides, the percentage of fcc and

hcp phases is the same. In the LT material, fcc phase is

stabilized by the residual interstitial carbon. The HT

material contains the Mo-rich M6C carbide (which is

absent in LT), and has a significantly larger grain size. The

precipitation of M6C depletes the matrix in Mo; since this

element stabilizes hcp phase [20], the reduction of its

content as substitutional element in fcc phase effectively

increases its stability, in comparison to LT material. Grain

growth, on the other side, promotes the fcc to hcp trans-

formation [20]. The two effects are then balanced, and the

amount of hcp in the as-sintered materials does not change

with the sintering temperature. After solution annealing,

the quantity of fcc phase increases in the LT material. This

is due to the complete solubilization of carbides, which

increases the amount of interstitial carbon. The fcc phase is

then stabilized against the transformation in hcp on

quenching. In HT material, solution annealing dissolves

preferentially the M6C particles, leading to an increase in

the Mo content of the fcc phase. Consequently, the trans-

formation in hcp in quenching is enhanced, and the amount

of fcc phase decreases with heat treatment.

XRD analyses were not carried out on aged materials

because of their less interest for mechanical properties as

described in the next section.

Mechanical properties

The results of hardness and microhardness measurements,

as well as tensile tests, are presented in Table 3.

Hardness of the LT materials decreases with solution

annealing because of grain growth and dissolution of car-

bides. These two effects prevail on the solution hardening

of the metallic matrix (indicated by microhardness) pro-

vided by the enrichment in alloy elements. Contrarily,

solution hardening of the matrix causes a slight increase in

hardness of the HT material, since solution annealing does

not eliminate all carbides and does not cause grain growth.

On aging, hardness increases because of the intragranular

precipitation of the Widmanstätten carbides (as demon-

strated by the matrix microhardness) and of the grain

boundary lamellar constituent. The lower density of the LT

material accounts for the lower hardness, with respect to

that sintered at higher temperature. The differences in

microhardness between the two materials in the same

treatment conditions are quite small (within the scatterFig. 7 XRD spectra of LT (a) and HT (b) materials

Table 2 XRD analyses

Samples Constitution of the metallic matrix

% fcc % hcp

LT

As sintered 42 ± 1.2 58 ± 1.2

Sintered ? SA 61 ± 1.2 39 ± 1.2

HT

As sintered 43 ± 1.5 57 ± 1.5

Sintered ? SA 33 ± 1.5 67 ± 1.5
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band), apart after 20 h aging, because of the different

amount of Widmanstätten carbides.

As far as tensile properties of as-sintered materials are

concerned, both strength and ductility of that LT material

are surprisingly better than those of the HT material,

despite the lower density. The higher yield stress may be

correlated to the smaller grain size, according to the Hall–

Petch relation. Figure 8 shows the fracture surface of the

two as-sintered materials.

Fracture is fully intergranular and associated with the

presence of carbides and sigma phase which cause strain

localization and favor the nucleation and propagation of

cracks [4].

Solution annealing causes a slight decrease (LT) and a

slight increase (HT) in yield strength (YS), according to the

effect on hardness. Because of the increased plasticity of

the materials, ductility and ultimate tensile strength (UTS)

increase. Again, the material sintered at lower temperature

has better mechanical properties than the high temperature

one. The different grain size and the residual grain

boundary carbides are responsible for this difference. After

solution annealing, the mechanical properties of the two

materials exceed the requirements of ASTM F75 and the

values of MIM CoCrMo alloys with less than 0.1%C and

SA. The requirements for ASTM F1537 were not achieved.

The fracture surface of the SA materials (Fig. 9) gives

evidence of the improved ductility in respect to the as-

sintered ones. Fracture involves the cobalt matrix, which

shows striations similar to deformation bands in the regions

between the zones of intense shear. Only in the material

sintered at the higher temperature (Fig. 9b), a brittle mor-

phology is visible, attributable to residual grain boundary

carbides. The low amount of carbides and the absence in

the LT material allow deformation to propagate through the

metallic matrix.

In aged specimens, strength increases, but ductility

strongly decreases (Table 3), because of the extensive

Table 3 Hardness, microhardness, and tensile properties of the investigated materials

Samples Microhardness

(HV0.05)

Hardness

(HV30)

Tensile test

YS (MPa) UTS (MPa) Elongation %

LT

As sintered 344 ± 26 246 ± 8 482 ± 11 789 ± 25 13 ± 3

Sintered ? SA 369 ± 16 215 ± 4 442 ± 20 811 ± 29 25 ± 1

Sintered ? SA ? Ag3 389 ± 26 243 ± 2 511 ± 13 765 ± 3 10 ± 1

Sintered ? SA ? Ag20 401 ± 37 304 ± 7 730 ± 25 913 ± 1 2 ± 0.5

HT

As sintered 365 ± 12 282 ± 8 426 ± 2 695 ± 8 10 ± 1

Sintered ? SA 375 ± 19 313 ± 16 440 ± 9 763 ± 6 18 ± 1

Sintered ? SA ? Ag3 402 ± 13 389 ± 14 602 ± 27 780 ± 6 4 ± 1

Sintered ? SA ? Ag20 521 ± 38 480 ± 8 820 ± 3.0 962 ± 7 2 ± 0.5

Co–28Cr–6Mo SA (\0.1%C—MIM) [11] [350 [600 [16

ASTM F75 (Cast) [450 [655 [8

ASTM F1537 (Wrought) [520 [900 [20

Fig. 8 Fracture surface for as-sintered materials. a LT. b HT
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precipitation. Fracture is fully intergranular, as shown in

Fig. 10.

Because of the more intense precipitation, the materials

sintered at higher temperature present a higher YS and

UTS than the LT materials, but the ductility is still lower

(Table 3).

Tensile properties of the as-sintered and of the solution-

annealed materials are characterized by a large difference

between YS and UTS, which is representative of a high

strain hardenability. Figure 11 shows the true stress–true

strain plots. There is an evident deviation from the linear

behavior described by the Ludwik–Hollomon equation

[21], and the upward curvature is significant of the

increasing strain hardenability with plastic strain [13].

It is well known that austenite is metastable in cobalt

alloys and transforms into hcp martensite on straining,

providing an additional contribution to strain hardenability

by the well-known transformation-induced plasticity

(TRIP) phenomenon [13, 22]. Kim and Lin [23] proposed a

three-parameter model to determine the strain hardening

coefficient for a metastable austenite in steel. The corre-

lation between true stress and true strain, assumed to be

quadratic, is

ln r ¼ aðln eÞ2 þ bðln eÞ þ c ð1Þ

where a, b, and c are constants to be determined by

interpolation of experimental data; experimental data show

that a linear relationships can be assumed between strain

hardening coefficient n and true strain, then the following

equation is proposed by Kim and Lim [23]:

n ¼ d ln r=d ln e ¼ Meþ N ð2Þ

where M and N are temperature-dependent constants. Upon

integration of Eq. 2, the following flow equation is

obtained:

r ¼ KeN expðMeÞ ð3Þ

where K is a constant depending on the material, while M

describes how the flow stress increases with the plastic

strain because of the strain-induced transformation of

austenite.

Figure 12 shows the results of fitting of Eq. 2, and

Table 4 lists K, M, and N parameters. The correlation

parameter is also included to evaluate the goodness of the

model.

Fig. 9 Fracture surface for the SA materials. a LT. b HT

Fig. 10 Fracture surface for the aged materials. a LT. b HT
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N, which represents the initial work hardening coeffi-

cient, is quite low in all the materials. The increase in strain

hardening with strain is represented by M; it is similar

between the two as-sintered materials, and is larger in HT

than in LT after solution annealing, suggesting a correla-

tion with the amount of martensite.

Discussion

The mechanical properties of the investigated alloys depend

mostly on carbides and sigma phase precipitated on sin-

tering at the grain boundaries and within the eutectic cells.

These precipitates have a negative effect on ductility since

they promote a brittle fracture along the matrix grain

boundaries and within the eutectic cells. Mechanical prop-

erties are improved by solution annealing, the effectiveness

of which depends on the as-sintered microstructure.

The increase in the sintering temperature has a twofold

effect: (a) the amount of carbides increases and both tensile

strength and ductility decrease consequently and (b) some

residual carbides remain at the grain boundary after solu-

tion annealing, and the mechanical properties of the LT

sintered alloy are still better. The effect of these micro-

structural characteristics is so strong that it prevails on that

density. Indeed, density of the LT-sintered alloy is only

91% of the theoretical one, while that of the HT material

approaches 100%.

Aging causes an extensive intragranular carbide pre-

cipitation but, at the same time, a grain boundary precipi-

tation of an hcp phase decreases ductility below that of the

as-sintered materials.

The presence of secondary precipitates plays a funda-

mental role in determining tensile properties. Nevertheless,

the characteristics of the metallic matrix influence the

deformation behavior of the material, which is character-

ized by a great work hardenability. This characteristic

provides some plasticity even in the presence of an inter-

granular fracture (which, usually, results in a purely brittle

behavior).

Plasticity is given by both the inherent defectiveness of

the two matrix constituents (fcc austenite and hcp mar-

tensite) and the strain-induced martensitic transformations

of the fcc austenite.

Fig. 11 True stress–true strain plot of the as-sintered and solution-

annealed materials

Fig. 12 Strain hardening coefficient versus plastic strain for

as-sintered and SA materials

Table 4 Parameters of the fitting of plastic field

Material K M N R2

LT

As sintered 1080.29 0.82 0.14 0.9991

Sintered ? SA 839.43 1.69 0.12 0.9992

HT

As sintered 1012.34 0.88 0.15 0.9993

Sintered ? SA 775.29 2.16 0.11 0.9992
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The cobalt alloy has a low stacking fault energy, which

promotes stacking faults formation and twinning [4, 7, 18,

19]. Interaction of dislocations of limited mobility with

other sessile dislocations, and with stacking faults and

twins, can lead to very high strain hardening rates that

produce intensive localized stresses which need to be

relieved to allow the material to resist higher loads [4].

This effect gives rise to quite an extensive plasticity even

in the presence of a grain boundary surface embrittled by

precipitates, as in as-sintered and to some extent in the

SA materials. However, in the presence of the additional

intragranular Widmanstätten precipitation, as in aged

material, strain results mainly localized at the grain

boundaries [8] and fracture is preceded by a slight plastic

deformation.

The effect of the strain-induced martensitic transfor-

mation of austenite was studied by using the model pro-

posed for metastable austenite in stainless steels to

determine the strain hardening coefficient and its depen-

dence on plastic strain, as a result of the plastic deforma-

tion of austenite and martensite and of the phase

transformation. The strain hardening coefficient increases

after solution annealing, in particular in the material sin-

tered at high temperature. This material differs from the

low temperature one for both presence of some residual

carbides at the grain boundary and the higher amount of

martensite. Because of the large density of stacking faults

which accompany its formation on heat treatment [8],

martensite provides an additional contribution to work

hardenability.

Conclusions

The microstructure and tensile properties of a 0.23%C

Co–Cr–Mo alloy produced by MIM were investigated. The

as-sintered microstructures have quite large grain size and

contain a significant amount of carbides; the type and

quantity of carbides depend on the sintering temperature.

The effect of carbides on mechanical properties is so strong

that the material with the less amount of carbides has better

strength and ductility than that having a higher amount,

despite the lower density.

The amount of carbides was almost completely reduced

by solution annealing. This leads to an increase in ductility

and a decrease of YS. UTS increases with solution

annealing, because of the extended ductility. Aging causes

the precipitation of both intragranular carbides and grain

boundary hcp1 and hcp2. The consequence on mechanical

properties is negative, since the increase in hardness and

YS is accompanied by an excessive reduction of ductility.

In both as-sintered and SA conditions, the material

displays a noticeable strain hardenability, which is due to

the inherent structural properties of fcc and, more, of hcp

phases, and to the TRIP effect.
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