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The main aim of this research was to find the mechanism for the failure of the CoCrMo porous nano-
composite by characterizing microstructural changes and fractured surface after compression test. For
this purpose, porous nano-composites were prepared with the addition of bioactive glass nano-powder
to Co-base alloy with 22.5% porosity by the combination of space-holder and powder metallurgy
techniques. The micrographs of samples showed that porous nano-composites had the micro and macro
pores including open and closed pores. The observed fracture surface in the triple conjunction of
sintered powders indicated a complex of intergranular and transgranular fracture mechanisms. The

Porosity brittle carbide phase related to the higher solute content (Cr and Mo) precipitated at grain boundaries,

Fracture Mechanism
Microstructure
Powder Metallurgy

leading to the intergranular fracture mechanism and transgranular mechanism that was due to the phase
transformation during compression test.

doi: 10.5829/ije.2018.31.01a.03

1. INTRODUCTION

Porous metals with a combination of metals and porous
materials properties have emerged as a new class of
materials. These materials exhibit unusual mechanical
and thermal properties, including energy absorption,
vibrational and acoustic damping, and thermal
insulation which lead to a wide range of applications in
heat exchanger, blast resistance, catalyst and so on [1-
3]. The porous metals productions are grouped into four
methods: (i) aqueous solutions of metal powder by
baking and sintering, (ii) liquid metallurgy, (iii) gas
injection in liquid metals, and (iv) solid state method
through powder metallurgy techniques [4-6]. Powder-
metallurgical (P/M) techniques enable the production of
base metal parts with finer grain structures and so
enhanced properties, especially strength, toughness and
ductility [7, 8]. Space-holder technique (a powder
metallurgy method) which is a production process that
can produce porous metal of greater porosity was first
employed by Zhao and Sun for producing porous
aluminum [9]. In this technique, the spacer particles
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make the space within the structure and therefore allow
accurate and simple control of pore morphology,
fraction and interconnectivity in the structure.

Cobalt and its alloys are widely used because of its
excellent corrosion and wear resistance and
biocompatibility. However, two main problems with
this alloy are the high elastic modulus and non-
bioactivity. In this respect, many attempts have been
made by researchers through applying heat treatment
and introducing porosity and bioactive materials to
improve the biological and mechanical properties of this
alloy [10-13].

One of the most appropriate bioactive materials is
58S bioglass (58S: 58% Si0,-38% Ca0-4% P,0s, all in
mol%). This material which can be synthesized by sol-
gel method, as shown by the TEM image in Figure 1,
has quasi-spherical morphology with a mean diameter
of about 90 nm [14].

Briefly, the aim of present study was to characterize
the microstructural and mechanical properties of
CoCrMo porous nano-composite and to find fracture
mechanism during compression test.
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Figure 1. TEM image of 58S bioglass nano-particles

2. MATERIALS AND METHODS

2. 1. Raw Materials Gas atomized Co-base
powder (Co-28 wt% Cr-5.3 wt% Mo) with about 130
pum in diameter according to the 1SO standard 58342-4
(E) (1SO-1996) was supplied by Carpenter Co.
(Sweden). As can be seen in Figure 2, these alloy
powder particles have a spherical shape with about 130
pm in diameter.

NH4HCO; (ammonium hydrogen carbonate) with
nearly cubic shapes and PVA (polyvinyl alcohol)
solution (5 wt% PVA + 95 wt% water) have been used
as space-holder and organic binder, respectively. Space-
holder particles purchased from Uni-Chem were sieved
using standard ASTM sieves to the range of 250-500
pm.

2. 2. Sample Preparation The flowchart of the
process to prepare specimens in this study is given in
Figure 3. The sample preparation process consists of
mixing, compacting, removing space-holder and
sintering stages. In this way, The Co-base alloy powder,
fifteen weight percent of bioglass nano-powder,
NH4HCO; and two weight percent of PVA solution
were mixed together for 15 min in a shaker-mixer to
ensure the homogeneous distribution of the components.
The obtained powder mixture was cold compacted in a
cylindrical die of 5 mm diameter with a pressure of
around 200 MPa and crosshead speed of 5 mm/min.
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Figure 2. SEM micrograph of gas-atomized Co—-Cr-Mo alloy
powder
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Figure 3. Flowchart of the process employed to prepare
CoCrMo Porous Nano-composite specimens

The space-holder removal and sintering stages were
done at 175°C and 1250°C, respectively each for 2 h
under high-purity argon gas.

2. 3. Characterization Compressive tests were
done by a universal testing machine (UTM) (Universal
Hounsfield, H25ks, England) according to ASTM E9-
09.

Scanning electron microscope (SEM, Philips XL 30)
and optical microscope (OM, Nikon, Epiphot, Japan)
were used in order to investigate pores and
microstructural features of the samples. In addition, in
order to investigate the failure mode and fracture
patterns after compression tests, the fractured surfaces
were subjected to SEM analysis. For observation of the
changes in the microstructure arisen in the samples
during sintering process, samples before and after
sintering were mounted in epoxy resin and were then
ground and polished to a mirror-like surface. Finally,
samples were etched with 6:1 HCI to H,O, solution and
investigated by optical microscope.

The phase analysis of the as-received metal powder
and sintered samples before and after compression test
was characterized by means of a Philips X pert-MPD X-
ray diffraction instrument with Cu k, radiation in the
range of 30 <20< 100 ° (Ac, ko= 0.154186 nm, radiation
at 30 mA and 40 kV).

3. RESULTS AND DISCUSSION

SEM micrograph of sample containing 22.5% porosity
is shown in Figure 4. Also, Figure 5a and b show OM
micrographs of polished cross-section of the Co-base
alloy powder in the as-received condition and the
sample sintered at 1250°C for 2 h after etching
treatment, respectively. From Figure 4, it is evident that
even after sintering process powder particles retained
their original shapes, leading to the interstitial sites
around particles in the sample.
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Figure 4. SEM micrograph of sample with 22.5% prosity

Indeed, due to spherical nature and smooth surface of
Co-base alloy particles, relatively less extent of
connectivity among the powder particles is expected.
Thus, under the present condition of sintering, there is a
possibility of having reasonably large amount of micro-
pores due to the interstitial locations around Co-base
alloy particles in the samples even after sintering.
Remaining spherical shapes of powder particles as a
result of partial sintering can lead to the rough inner
surface of pores and sharp radius of curvature, as shown
in Figure 5b. As will be discussed later, sharp radius of
curvatures results in the high stress concentration areas,
fracture in neck between the particles during
compression test. In addition to micro-pores there is
also other type of pores with sizes larger than about 250
pum. These pores, called macro-pores, are due to the
decomposition of ammonium hydrogen carbonate
particles in the first stage of heat treatment. In other
words, the elongated shapes of macro-pores distributed
uniformly replicate the initial shape of the ammonium
hydrogen carbonate particles.

In agreement with previous reports, as can be seen in
Figure 5a, the alloy in the as-cast condition presents a
microstructure  consisting of irregular, dendritic
metastable matrix (y phase) and precipitates composed
mainly of the MyCq carbide (M=Cr, Mo and Co)
“eutectic” with blocky morphology which appear in
interdendritic regions and grain boundaries [15, 16].
This metastable structure refinement with random
dendritic directions is caused by rapid solidification
from the liquid state. However, as it is clear from Figure
5b, the dendritic structure changes its morphology from
a directional dendritic structure to a homogeneous
equiaxial grain structure. Furthermore, the morphology
of carbide phase changed from blocky shape into
globular that exists non-continuously at the grain
boundaries. This brittle phase related to the higher
solute content (Cr, Mo) at grain boundaries causes a
stress concentration, leading to the fracture during
compression test.

Figure 6a indicates X-ray diffraction pattern of Co-
base alloy in the as-received condition.
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Figure 5. Optical micrographs of (a) the Co-base alloy
powder in the as-received condition, showing dendrite
microstructure and (b) the sample sintered at 1250 °C for 2 h,
showing Precipitation of carbides at the grains boundaries.

It is evident from this pattern that there are strong peaks
related to the FCC phase (PDF # 15-0806, Fm-3m,c),
only. The pattern shown in Figure 6b is related to the
sample sintered at 1250°C for 2 h. The comparison of
these patterns demonstrates that except for 58S bioglass
peaks there is no new phase formation detectable on the
sintered sample. Furthermore, a shift of the diffraction
peaks to lower values of 20 is observed, which is
reflected in an increase in the lattice parameter. As will
be discussed later, this fact could be related to the
microstructural change which occurred during sintering
process. It is worth mentioning that pure cobalt
undergoes an allotropic transformation from the
hexagonal close-packed structure (HCP, g-phase) to a
face centered cubic structure (FCC, y-phase) above
417°C [17-20]. Some elements such as Cr and Mo
stabilize y phase and increase this transformation
temperature (T¢). For instance, T¢ is increased toward
about 970°C in Co-27Cr-5M0-0.05C wrought alloys
[21]. As the y phase has more slip systems compared to
the ¢ phase, in this respect achievement of y phase is
important. Therefore, the crystal structure in the matrix
phase is controlled to be the y phase to attain higher
ductility.

As mentioned before, in the XRD pattern presented
in Figure 6b, a shift of the diffraction peaks to lower
values of 20 is observed which shows an increase in the
lattice parameter. According to the popular hard-sphere
assumption, the atomic radius f Co in the pure state is
Rco = 1.67 A while that of Cr in the pure state is R =
1.25 A This suggests that if the Cr precipitates from the
Co matrix, the Co matrix lattice parameter will be
increased.
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Figure 6. X-ray diffraction patterns of (a) the Co-base alloy in
the as-received condition and (b) the sample sintered at 1250
‘Cfor2h

Figures 7a and b show digital camera images of the
samples before and after compression test. Visual
examination of the samples before compression test
displays a good integrity for compression test. As can be
seen in Figure 7b, the sample shows cracking along the
plane angle of 45 degree with respect to the axis of the
applied load that has maximum shear stress after
compression test.

In order to determine the mechanism for the failure
of the present samples after compression test, the
fractured surfaces were subjected to SEM analysis.
Figure 8a shows micrograph of the fracture surfaces in
the triple conjunction. The observed fracture surfaces in
the triple conjunction may be attributed to the
aforementioned specific orientation and arrangement of
the powder particles in the green samples and after
sintering. At the primary stage of sintering, the
geometric order of the particles, and their specific shape
as determined by local radius of curvatures among
particles, restrict the rate of sintering and necking
phenomenon between the particles, which in turn
specify the characteristics of the sintered samples [22,
23]. Generally, particles with a large radius of curvature
do not provide a driving force for necking during
sintering process as high as those of particles with a
smaller radius of curvature.
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Figure 7. Digital camera image of the samples (a) before and
(b) after compression test

The degree of sintering will be higher for smaller
radius of curvature contacts resulting from higher atom
transfer [22]. It is well known that cracks are originated
in high-stress sites (stress concentration regions) [24].
The presence of pores and the geometry of sinter neck
regions within the samples provide stress concentration
sites where crack initiation readily occurs.
Subsequently, the cracks will propagate along paths
with the least resistance to crack progress. In addition,
according to SEM photographs observed in Figures 8b
and c, there are two distinct fracture mechanisms in
neck region that leads to the crack propagation and
separation between sintered particles. Based on the
optical micrograph shown in Figure 5b, the grain
boundaries are found to contain large globular carbides
which promotes a rapid crack propagation path along
the grain boundaries. The EDS spectra of the globular
particles on the fractured bonded surface and SEM
micrograph shown in Figure 8b confirms induced
fracture along the grain boundaries. Indeed, propagating
the cracks through these grain boundary carbides results
in intergranular fracture. Figure 8c shows another one of
surface fracture morphology. This micrograph indicates
that transgranular cleavage fracture is formed from the
initial intergranular mode in the surrounding neck
region. But, cleavage facets form in body-centered cubic
(BCC) and HCP metals when the crack path follows a
well-defined transgranular crystallographic plane [25]
that seems to be in contrast with FCC structure
indicated by XRD pattern in Figure 6b. To clarify this
ambiguity, the X-ray diffraction pattern was taken from
fractured surface as shown in Figure 9. From this
pattern it is observed that in addition to sharp peaks
corresponding to the FCC phase there are also some
peaks related to the HCP phase (PDF # 05-0727,
P63/mmc, ¢€). This means that FCC—HCP phase
transformation takes place during compression test
leading to the cleavage fracture mechanism. Previous
investigations show that the FCC phase is predominant
at room temperature, but the FCC—HCP phase
transformation could be isothermally or strain- induced
[26-29]. For instance, Taghian et al. [28] have shown
that strain-induced FCC—HCP phase transformation
occurs during milling of Co-base alloy powder. In
another work Balagna et al. [29] have shown that the
HCP phase was induced during the wear tests through a
strain induced mechanism of phase transformation, due
to the applied load.

At the end, it is important to mention that the main
goal of the use of 58S bioglass was the bioactivity
property giving to the bio-inert Co-base alloy. However
the effect of these particles on the grain growth during
the sintering process and mechanical properties should
be investigated in future.
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Figure 8. SEM mi rogras of (a) the fracture surfaces in the

c
triple conjunction produced by (b) intergranular fracture due
to carbides particles and (c) transgranular fracture cleavage
mechanism
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Figure 9. X-ray diffraction pattern of the fracture surface

4. CONCLUSIONS

Co-base porous nano-composites having 22.5% porosity
were fabricated wusing space-holder and powder
metallurgy techniques. Fabricated porous nano-
composites have the micro and macro pores including
open and closed pores. Microstructure changes after
sintering process indicate that the dendritic structure
changes its morphology from a directional dendritic
structure to a homogeneous equiaxial grain structure
with globular carbide phase at the grain boundaries.
This brittle phase related to the higher solute content
(Cr, Mo) at grain boundaries causes a stress
concentration, leading to the fracture during

compression test. The observed fracture surfaces in the
triple conjunction of sintered powders caused by partial
sintering and large radius of curvature among particles,
show a complex of intergranular and transgranular
fracture mechanisms. These fracture mechanisms are
due to the carbide precipitates concentrated at grain
boundaries during sintering process and FCC—HCP
phase transformation during compression test.
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