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• Mechanical properties evolution under
thermal shocks was evaluated by nano-
indentation tests.

• Discussed the relations of the residual
stress and dislocations with the nanoin-
dentation results

• Residual stress was calculated by the
Suresh model.

• The carbide particles and precipitates
are the most probable locations where
the cracks initiate.
⁎ Corresponding author.

https://doi.org/10.1016/j.matdes.2019.108425
0264-1275/© 2018 Published by Elsevier Ltd. This is an op
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 October 2019
Received in revised form 8 December 2019
Accepted 12 December 2019
Available online 13 December 2019

Keywords:
Cobalt-based alloy
Thermal shocks
Nanoindentation test
A cobalt-base alloymanufactured byhot isostatic pressing sintering (HIP)was investigated in the presentwork. A
series of quenching thermal-shock experiments were carried out to study the effects of thermal-cycle shocks on
this new cobalt-based alloy. Scanning Electron Microscope (SEM) and Energy Dispersion Spectrum (EDS) were
employed to observe the evolution of microstructures under thermal-shock cycles. Results show that some
floccus Co3W3C precipitated around the WC particles after several thermal-shock cycles. These precipitates
and the carbide particles correspond to the locationswith the high-stress concentration. Themechanical proper-
ties evolution under thermal-shock cycleswas analyzedbyNanoindentation tests. The nanohardness presents no
noticeable change with thermal-shock cycles. However, the reduced modulus demonstrates a decreasing trend
with the thermal-shock cycles. The variation of the mechanical properties has an unestimated relationship
with the residual stress and densities of dislocations caused by thermal shocks. Furthermore, the present work
pointed out that the precipitates around the carbides are the places where the thermal fatigue crack initiated.
How to deal with the precipitates will be the optimized way for this material.
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1. Introduction

The cobalt-based alloy has a typical heterogeneousmicrostructure of
a ductile cobalt matrix and refractory carbide particles, resulting in su-
perior high-temperature mechanical performance [1]. Furthermore,
the cobalt-based alloy has excellent resistance of high temperature
and high hardness when alloyed with cemented carbides. This alloy is
widely used in material machining, mining machinery, aerospace, and
nuclear industry, which requires great hardness, high wear resistance,
and elevated-temperature resistance [2–6]. Thermal-fatigue cracking,
which is attributed to its working condition, is one of the main life-
limiting factors for the cobalt-based alloy [7]. This phenomenon is typi-
cally associated with cycles of heating and cooling.

The thermal-shock cycle, which is similar to the thermal-shock fa-
tigue behavior, is characterized by the rapid cycling of the temperatures.
During this process, the tremendous thermal stress is generated [8,9] in
the specimens since the rate of change in the temperatures far exceeds
that of the rate of the volume expansion. Consequently, significant dam-
age and failure will occur in the specimen after the number of thermal-
shock cycles reaches a threshold value [10].

Two types of strengtheningmechanisms are commonly in the cobalt-
based alloy strengthening. The first one is solution strengthening by
adding refractory elements, such as Mo and W solutes, to the Co matrix.
The second is precipitation strengthening by precipitating or adding
someofW-or Cr- carbides, e.g.,MC,M3C2,M23C6,M7C3, and so on [11,12].

Failure caused by cyclic loading or heating cycles during the applica-
tion of the cobalt-based alloy has become an important aspect in recent
years. Kübarsepp, Klaasen et al. [13–15] focused on the abrasive proper-
ties of carbide cements underwear conditions. They found that theWC-
based cermets (cemented with Co) have an advantage over other TiC-
carbide-based composites in terms of their abrasive and erosive behav-
ior [15]. However, during cyclic-loading conditions, as compared to the
TiC-based cermets in the metal forming performance, the WC-based
cermets have lower performance, which arises from the low adhesive
wear resistance and higher fatigue sensitivity [15]. Biro [16–18] studied
the cracks and the oxidation behavior of the Stellite 6 coating during the
thermal-fatigue test. Tang et al. [19] investigated the thermo-
mechanical fatigue (TMF) of the wrought Co–Cr–Mo alloy. The condi-
tions of the TMF test consisted of an out-of-phase program to simulate
the service condition. The out-of-phase program refers to that the
phase difference between the waves of temperature and mechanical
strain is 90°. The γ → ε martensitic transformation was observed and
thought to be responsible for the hardening effect of the Co–Cr–Mo
alloy during the TMF test. Tunthawiroon et al. [20] investigated the iso-
thermal fatigue (IF) behavior of a single ε-phase of Co–Cr–Mo alloys at
different temperatures and under various applied strain-controlled pro-
cesses. At 700 °C, oxidation-fatigue interactions are the main failure
modes in the Co–Cr–Mo alloy.

Series studies indicated that both higher temperatures and larger
applied strain amplitudes could result in shorter fatigue lives. Wu,
et al. [7] performed a series of quenching thermal-fatigue tests and de-
tected the microstructural evolution and crack propagation in laser-
deposited Stellite 6 alloys by various methods. They found that thermal
cracks always propagate along with the net-like eutectic structures and
γ/ε interfaces. Based on these studies, it can be concluded that oxidation
and strain-induced or temperature-induced martensitic transformation
play an important role in the failure of the Co-based alloy under thermal
fatigue.What ismore, carbides are sensitive to fatigue and oxidation. All
of these factors are intrinsic properties of cobalt-base alloys. How to find
out themain factor and find the optimization under the assigned condi-
tion is becoming an important issue.

In the present work, a series of quenching thermal-shock experi-
ments were conducted firstly. Then the residualmechanical parameters
of the specimens were characterized by the nanoindentation experi-
ments to investigate the effects of thermal shocks on this cobalt-based
alloy.
2. Experimental methods

2.1. Material and specimens

The hot-isostatic-pressing process (HIP) was used to manufacture
this new cobalt-based alloy. The main composition is Co-30Cr-9W-
1.5C (weight percent, wt%). The diameters of the original powder sup-
plied are ranged from 2 to 20 μm.

Specimens were machined by electric-spark machining (ESM). The
specimen dimensions are 3 × 4 × 36 (mm), and 0.1 × 45° chamfers
were manufactured on the four long edges. All of the surfaces were
polished to ensure the uniform stress distribution on the edges and sur-
faces during testing. The polishing work was ground on the silicon car-
bide grinding paper gradually from 120-grit to 600-grit.

The nanoindentation experiments were carried out on mirror quali-
fied surfaces. The tested surfaces were firstly mechanically grounded by
240 grit, 400 grit, 800 grit, and 1200 grit silicon carbide papers sequen-
tially and then were additionally vibration-polished for 24 h using a
0.05 μm colloidal SiO2 suspension.

The microstructures before and after the thermal-shock tests were
investigated by scanning electron microscope (SEM, JSM-7001F/JEOL).
Phase identifications of the specimens before and after the thermal-
shock tests were analyzed by the X-ray diffraction (XRD) technique
using an X' Pert PRO X-ray diffractometer with a Cu-Kα1 radiation
source.

2.2. Thermal-shock test

The thermal-shock procedure is shown in Fig. 1. One group of spec-
imens was put into the furnace which has already been 800 °C. After
15 min holding at 800 °C, the specimens were put into water at room
temperature (RT) quickly and then dried up by ethanol and air dryer.
Every set of six specimens is one group that experienced the same cycles
of thermal shocks at the same temperature. The experiments involved
15, 45, 90, and 150 cycles of thermal shocks.

2.3. Nanoindentation test

The Hysitron Triboindenter (Hysitron, Inc., USA) was employed to
analyze the effects of thermal shocks on the mechanical properties of
different phases in this new cobalt-based alloy. Nanoindentation exper-
imentswere performed on the specimens that are virgin as received and
have been thermal-shocked 15, 45, 90, 150 cycles. A diamondBerkovich
tip was used, and its area function was calibrated with a fused silica
specimen. Nanoindentation tests were performed using a maximum
load of 2000 μN with a loading rate of 400 μN/s, and a holding time of
2 s at the peak load before unloading. The unloading rate was equal to
the loading rate. For each phase, at least five particles were randomly
picked out to do the nanoindentation test. Scanning probe microscopy
(SPM) integrated with the nanoindentation system was adopted to
characterize the indentation behavior. The obtained load-depth curves
were analyzed according to the Oliver & Pharr method [21,22].

3. Experimental results

3.1. Microstructures and microcracks

The microstructures of the as-received material are the Cr7C3, WC,
and Co matrix, which appears as the black particles, white particles,
and greymatrix, respectively, marked inwhite lines in Fig. 2(a). Themi-
crostructures after different cycles of the thermal-shock test at temper-
atures ranging from 800 °C to RT are presented in Fig. 2(b), (c) and (d).
The red arrows correspond to the newly-formed Co3W3C phases around
theWC particles. The yellow lines are the microcracks generated in the
process of thermal shocks. Most of the microcracks are produced across



Fig. 1. Schematic illustration of one cycle of thermal shock.
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or around the white WC particles and the black Cr7C3 particles, very a
few microcracks appeared in the matrix.

3.2. XRD analysis of the phase before and after thermal shock

Fig. 3 presents the XRD analysis of the as-received cobalt-based alloy
material and the specimen after 150 cycles of thermal shocks at temper-
atures ranging from 800 °C to RT. As identified in Fig. 3, themain phases
in the cobalt-based alloy are ε-Co, Cr7C3, WC, Cr23C6, and Co3W3C, and
there is no obvious change after 150 cycles of thermal shocks. It is be-
cause of the increased intensity of the new phases in thermal-shock cy-
cles is comparatively too little to be detected.
Fig. 2. The microstructures of the as-received material and microstructure and microcracks af
received material, (b) 800 °C - 45 cycles, (c) 800 °C - 90 cycles, (d) 800 °C - 150 cycles. The re
yellow lines demonstrate themicrocracks in themicrostructure. (For interpretation of the refere
The EDS line-scanning across the interfaces were conducted to re-
veal the effect of the thermal shocks on the microstructure of this new
cobalt-based alloy. Here, the average diffusion distances for the different
elements in the cobalt-based alloy before and after 150 cycles of thermal
shocks were evaluated. Fig. 4(a) presents the line-scanning map of the
as-received material. Fig. 4(b) displays the line-scanning map of the
specimen after 150 thermal-shock cycles at temperatures ranging
from 800 °C to RT. The red arrow in Fig. 4(b) presents a platform in
the EDS line for the Co in theWC particle, which results from the forma-
tion of Co3W3C at the interface of the WC and Co matrix. Importantly,
Fig. 4(c) illustrates that the elements, W and Co, have the longest
inter-diffusion distance.
ter different cycles of thermal shocks at temperatures ranging from 800 °C to RT. (a) As-
d arrows correspond to the newly-formed Co3W3C phases around the WC particles. The
nces to colour in this figure legend, the reader is referred to theweb version of this article.)



Fig. 3. XRD analysis of the as-receivedmaterial and that after 150 cycles of thermal shocks
at temperatures ranging from 800 °C to RT.
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3.3. Evolution of mechanical properties of the Co matrix and carbides after
different cycles of thermal shocks

The effects of thermal shocks on different phases in the cobalt-based
alloy have been revealed by the nanoindentation test. Fig. 5 is the repre-
sentative SPM image of nano-indents on the cobalt-based alloy. In this
paper, indents located on phase boundaries (e.g., Indents 2 and 5 in
Fig. 5) were not taken into account. The white phases and black phases
are called as carbides for general because of their similar behaviors in
the nanoindentation tests.
Fig. 4. EDS line scanning and the diffusion distances between different phases before and aft
scanning across the Co/WC/Cr7C3/Co interfaces in the as-received material, (b) EDS line scan
thermal shocks at temperatures ranging from 800 °C to RT. The red arrow shows the platfor
before and after 150 cycles of thermal shock. (For interpretation of the references to colour in
Fig. 6 shows the load-depth curves of the cobalt matrix and the car-
bides before and after different cycles of thermal shocks at temperatures
ranging from 800 °C to RT. These curves belong to some randomly-
picked indentation points included in Figs. 7 and 8. From Fig. 6(a) and
(b), it can be seen that the load-depth curves of the Co matrix and the
carbides shift to greater depth values after 150 cycles of thermal shocks.
In general, the load-depth curves vacillate to the right with the increase
cycles of thermal shocks.

Fig. 7 is the maximum displacement, hmax, of the Co matrix and the
carbides. They are important parameters acquired from the load-
depth curves and are used to calculate the residual stress [23]. hmax on
the as-received material is marked by 0 cycle in Fig. 7. Overall, the
hmax values of the carbide increase with the increase of thermal-shock
cycles. The hmax values of the Co matrix show no noticeable change
with the increase thermal-shock cycles after a sharp increase after 15 cy-
cles of thermal shocks.

Fig. 8 presents the variation of the reduced modulus(Er) and
nanohardness(H), of the Co-matrix and carbides before and after differ-
ent cycles of thermal shocks at temperatures ranging from 800 °C to RT.
The variations of the reduced modulus of carbides have a similar trend
to that of the Comatrix. The reducedmodulus of the Comatrix and car-
bides declinesmarkedly after 150 cycles of thermal shocks but showsno
noticeable change before 90 cycles, as shown in Fig. 8(a). However, the
nanohardness of the Co matrix has no noticeable change with the
growth of thermal-shock cycles after 15 thermal-shock cycles, the
nanohardness of the carbides shows a slightly decreasing trend with
the increase of thermal shocks, as presented in Fig. 8(b).

4. Discussion

4.1. Precipitates and diffusion at the interfaces

New carbideswould precipitatewhenWC is coated on the surface of
other alloys, especially at high temperatures [24–29]. One typical pre-
cipitate in the cobalt-based alloy is M6C [24]. Huang et al. [25] demon-
strated two ways in which Fe3W3C precipitates in the composite
material of the WC/Steel at the interface of the WC particle and the Fe
matrix. The first way involves W and C atoms that have decomposed
er 150 cycles of thermal shocks at temperatures ranging from 800 °C to RT. (a) EDS line
ning across different interfaces in the specimen that has been subjected to 150 cycles of
m in the Co EDS line in the WC particle. (c) Statistic of diffusion distances at interfaces
this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Representative SPM image showing the indents on the cobalt-based alloy.

Fig. 7. hmax values of specimens before and after different cycles of thermal shocks at
temperatures ranging from 800 °C to RT.
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from the WC particle and subsequently combine with the highly con-
centrated Fe atoms to form the Fe3W3C phase. The second way consists
of W2C particles that are inherent in theWC particle, which reacts with
the Fe that has diffused into the WC particle to form the Fe3W3C phase.
The hard phase Fe3W3C is one type of M6C. It can be inferred that there
Fig. 6. Load-depth curves of theComatrix and the carbides before and after different cycles
of thermal shocks at temperatures ranging from 800 °C to RT. (a) Load - depth curves of
the cobalt matrix. (b) Load - depth curves of the carbides.

Fig. 8. Reduced modulus and nanohardness before and after different cycles of thermal
shocks at temperatures ranging from 800 °C to RT. (a) Reduced modulus – thermal-
shock cycles. (b) Nanohardness – thermal-shock cycles.



Fig. 9. Residual stress before and after different cycles of thermal shocks calculated by
Suresh model [47].

Table 1
The mechanical properties of materials.

Materials Shear modulus GVRH

(GPa)
Bulk modulus BVRH

(GPa)
B/G
ratio

WC [52] 231 358 1.55
fcc-Co (calculated) 182 61 3.0
Cr7C3 [53] 144 312 2.16
Co3W3C [54] 158 352 2.22
Cr23C6 [55] 138 291 2.11

Themechanical properties of fcc-Cowere calculated following themethodprovided in ref-
erence [56]. The elastic constants Cij used to calculate the mechanical properties of fcc-Co
were from reference [57].
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are two similar ways in which Co3W3C precipitates in the WC-Co alloy
at the interface of the WC particle and Co matrix.

Based on the experimental results, the diffusion is inter-diffusion be-
tween the carbides and the matrix. According to the line scanning data
presented in Fig. 2(b), and the diffusion distance increase with the in-
crease of the thermal-shock cycles. The diffusion distance between the
WC and Comatrix is longer than that between the Cr7C3 and Comatrix.

The cobalt-based alloy in this research consists of two kinds of car-
bides (WC and Cr7C3). The W atoms in the WC particles and Cr in the
Cr7C3 particles will diffuse into the Co matrix, while the Co atoms
would diffuse into the WC and Cr7C3 particles. New carbides, such as
ConWnC, would form at the interfaces of the WC particles and the Co
matrix [30–32], which coincides with Fig. 2. Carbides, M23C6, would
form at the interface of the Cr7C3 particles and the Co matrix [33].

It is reported that Co inclines to form M6C in the cobalt-based alloy,
and will form Co3W3C in the W-rich cobalt-based alloy [34]. In the
W\\C binary alloy system, WC would precipitate at the eutectic point.
However, in the M(Fe, Co, Ni)-W-C ternary alloy system, it tends to
form the carbide of M6C [35] with the increased content of W. This
has been evidenced by Zhong et al. [36]. They illustrated the in situ
solid-phase diffusion-controlled formations of M6C in their research
work of the WC reinforced Fe-matrix surface composite. Because the
formation energy of M3Co3C is lower than that of M6W6C [37], the
most possible precipitation around the WC particle in this new Cobalt-
based alloy is Co3W3C.

4.2. The evolution of Er and H

Many factors will affect the results gained from nanoindentation
tests. The first factor for the above trends in Fig. 8 is the residual stress
caused by the repeated quenching process. The maximum depth, hmax,
which is thought to be related to the residual stress [23]. Generally,
the value of hmax will be large when there is tensile residual stress and
small when there is compressive residual stress [38,39]. Similarly,
some researchers insisted that the tensile residual stress diminishes
hardness while trend in compressive residual stress gives rise to hard-
ness [40–43]. However, some research [44–46], which focused on ana-
lyzing the residual stresses employing instrumental indentation
techniques, suggested that applied (residual) stresses will cause a deg-
radation of the reduced modulus, while the nanohardness is not signif-
icantly affected by applied (residual) stresses.

The residual stress in Fig. 9 is calculated by Suresh model [47]. Ten-
sile residual stress is calculated by Eq. (1) and compressive residual
stress is calculated by Eq. (2).

σ ¼ H 1−
h20
h2

 !
ð1Þ

σ ¼ H
sinα

h20
h2

−1

 !
ð2Þ

where H is the nanohardness. h0 is the maximum displacement ob-
tained by Nanoindentation on the no residual stress specimen. How-
ever, it is too hard to obtain the no residual stress sample. Here, h0 is
calculated by the average value of hmax on the as-received material. α
is the angle between the indenter tip and the tested surface, for
Berkovich indenter, α is 24.7°.

Comparing to the as-received material, most of the calculated resid-
ual stress in theComatrix and carbides after different thermal-shock cy-
cles are tensile stress. The residual stresses in the carbides present a
large scatter in Fig. 9. The residual stresses in the carbides show an in-
creasing trend with the increase cycles of thermal shocks and reach
the maximum value at 150 cycles of thermal shocks.

The second factor is the density of dislocations. Similar results were
obtained in the research work of Damadam et al. [48]. They pointed out
that the increased density of dislocations will decrease the modulus of
the tested material. The decreased modulus was also observed on the
pre-existing dislocations materials in the research work of Barnoush's
[49,50]. At the same time, the loading-depth curve moved left on the
tested material with pre-existing dislocations, compared to the low-
density dislocations material in Barnoush's work. Accordingly, the
values of hmax decreased with the pre-existing dislocations. This feature
coincides with the results in the present work.

4.3. Microcrack initiation and propagation

The B/G ratio is a criterion [51], which determines whether a given
material is brittle or ductile. A higher B/G ratio indicates that a material
is more ductile and vice-versa. The B/G ratios of the possible phases in
this Stellite 12 alloy are shown in Table 1. As can be observed in
Table 1, all of the carbides dispersed in the Co matrix have a lower B/G
ratio, indicating that they are relatively less ductile (or more brittle).
WC is always the most brittle phase in this cobalt-based alloy.

There are significant differences between the shear and the elastic
moduli of the Comatrix andWC phase. For instance, the stiffness tensor
of the WC [52] is very large, while the stiffness tensor of the Co [58] is
very small. The shear strength of WC [52] is minimal, while that of Co
[58] is very high. The significant difference between theWC and Coma-
trix will induce the initiation and propagation of cracks at their
interface.

As discussed in Section 4.1, Co3W3C would precipitate around the
WC particle due to the accelerated diffusion between the WC particles
and the Comatrix. The B/G ratios of the Co3W3C are 2.22, and it has brit-
tle nature. Li et al. [59] investigated the thermal-fatigue mechanism of
the WC-particles reinforced composite at different thermal-shock
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temperatures. The results showed that the fatigue failure of theWC par-
ticle was influenced by thermal stress and oxidation. Under the low-
temperature (500 °C), thermal stress is the major factor. However, oxi-
dation is the primary factor at elevated temperatures (800 °C). Liu et al.
[60] demonstrated the plastic deformation and crack initiation in the
WC particle under the high-stress state. The various inhibitors, such as
VC, Cr3C2, TiC, TaC, and NbC, inhibit the WC grain growth effectively.
Wu et al. [7] conducted a quenching thermal-fatigue test on a laser-
deposited Stellite 6 coated alloy to reveal the mechanism of the micro-
structural evolution and crack propagation in the coated layer. The re-
sults showed that the newly- formed γ/ε interfaces acted as paths for
thermal-crack propagation because the γ → ε martensitic transforma-
tion had been activated due to fast cooling rate and thermal stress. A
stress concentration is generated via the tip effect induced by the irreg-
ular shape ofWC,whichwill be acceleratedwith the increasing number
of thermal-shock cycles [61]. Hence, the interface between theWC and
Co matrix is a location with the high-stress concentration and might be
susceptible to the thermal-crack initiation.

Fig. 10 displays a schematic map of the microcrack initiation and
propagation during the thermal-shock process. After several
thermal-shock cycles, there is a little residual tensile stress gener-
ated in the Co matrix, Fig. 10(a). The thermal stress caused by the
sharp temperature variation will accumulate at sharp corners
around the carbide particles with increasing the number of
thermal-shock cycles. As the number of cycles increases, the residual
stress around the carbide particles will continually increase. At the
same time, carbide particles will impede the propagation of stress
Fig. 10. Crack initiation and propagating during the thermal-shock process. (a) Dislocations decr
at the tips of the carbide particle. (c) Crack initiation at the interface of carbide/Co. (d) Throug
and induce dislocations, resulting in piling up of dislocations around
the carbide particles, Fig. 10(b).

The diffusion distance increases with the increase of thermal-shock
cycles, and stress concentration will be aggravated by this newly-
formed precipitates at the interface of the carbide particles and Comatrix,
especially at the interface of theWC and Comatrix. The precipitates com-
poundhas a lowshear strength, leading to a decrease of the reducedmod-
ulus and acting as the stress-concentration sits. The aggravation effectwill
beworsewhen the precipitate appears in the shape of thinfilms at the in-
terfaces. The interface of the carbide particles and the Comatrix, as shown
in Fig. 10(c), will be a primary contributing factor for the initiation of
microcracks. As the number of thermal-shock cycles increases, these
microcrackswill grow into through-wall cracks, as exhibited in Fig. 10(d).

5. Conclusion

In this paper, the mechanical properties evolution of one cobalt-
based alloy under thermal shocks was investigated by Nanoindentation
tests.

1. Results from the nanoindentation tests show that the reduced mod-
ulus decreases significantly after 150 cycles of thermal shocks at tem-
peratures ranging from 800 °C to RT.

2. This mechanical properties evolution was affected by the residual
stress and the density of dislocations caused by thermal shocks.

3. Regions close and adjacent to the carbide particles are themost prob-
able location that cracks initiate.
ease at the initial stage of thermal fatigue. (b)Dislocations pile-up and stress concentration
h-wall crack in the carbide particle.
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