Rare Metal Materials and Engineering
Volume 50, Issue 11, November 2021
Available online at www.rmme.ac.cn

({111 .
éa Science Press

Cite this article as: Wu Zhuangzhi, Chen Hao, Cai Zhenyang, et al. Finite Element Simulation of Stress | {~5 e/l =
Distribution and Crack Propagation of MoSi,/Mo Coating During Thermal Shock Cycles[J]. Rare Metal

Materials and Engineering, 2021, 50(11): 3934-3941.

Finite Element Simulation of Stress Distribution and Crack
Propagation of MoSi,/Mo Coating During Thermal Shock

Cycles

Wu Zhuangzhi, Chen Hao, Cai Zhenyang,

Liu Xinli,

Wang Dezhi

School of Materials Science and Engineering, Central South University, Changsha 410083, China

Abstract: The thermal shock behavior of molybdenum disilicide (MoSi,)/molybdenum (Mo) coating and the crack propagation were

evaluated by heating the coating to 1000 °C, and then cooling it down to room temperature under the protection atmosphere of

hydrogen during the thermal shock cycle. Meanwhile the thermal stress distribution of MoSi,/Mo coating during thermal shock was

calculated by Abaqus software. The development process of crack during thermal shock cycles was discussed. The results show that

there is a high thermal shock stress between the Mo substrate and MoSi, coating, which can lead to the crack initiation and

propagation. According to the extended finite element simulation results, the cracks appear perpendicular to the interface during the

first ten thermal shock cycles, while the coating is still well bonded with the substrate and shows no signs of crack along the interface.

The interfacial crack appears in the subsequent thermal shock cycles. The interfacial crack begins at the end zone of the vertical crack.

When the vertical crack and the interfacial crack converge, the coating peels off and the coating failure occurs.
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Refractory molybdenum alloys are considered as one of the
most promising structural material due to their superior pro-
perties at high temperature, such as high melting point of
2620 °C, good electrical conductivity, excellent thermal con-
ductivity, great mechanical properties, and fine corrosion
resistance’”. Molybdenum and its alloys are widely applied in
electronics, metallurgy, and nuclear industry fields. They have
also been used as the emitter of space thermionic reactor,
missile nozzle, satellite rocket booster, aero engine blade, and

high-temperature electrode™"

. However, molybdenum has a
poor oxidation resistance in air when the surrounding temper-
ature is 600 °C. The molybdenum after oxidation can easily form
several oxides, such as MoO, and MoO,"". Therefore, the
development of oxidation-resistant coatings is helpful to im-
prove the oxidation resistance of molybdenum and its alloys'.
Among many anti-oxidation coatings, MoSi, is the most
suitable for the Mo alloys because it has favorable high tem-
perature stability, such as the high melting point of 2030 °C
and low density of 6.24 g/cm’. In addition, it can form a
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protective self-healing glass to fill the cracks and pores on the
surface, which further prevents the contact between oxygen
and the substrate at high temperature*'?. However, the cracks
are usually formed along the grain boundaries of the MoSi,
%1 The physical damage
mechanism can be described as follows: the thermal shock

coating during cooling stage

generates the residual stress, which then induces the initiation
and propagation of the cracks. The cracks occur with
interfacial debonding or sliding. Many studies focused on the
interfacial crack and vertical crack of the coating system.
Hutchinson et al"¥ described the mixed cracking mode in
lamellar materials, and showed that the competition between
interfacial crack propagation and interfacial kink depends on
the relative toughness of the interface and the adjacent
material. Zhou et al™ investigated the effect of crack
morphology on the interface fracture, and found that the
shorter the crack length, the greater the crack density and the
better the fracture resistance of the coating interface. Michlik
et al'” adopted the extended finite element method (XFEM) to
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simulate the crack appearance and calculate the equivalent
Young’s modulus of coating and the heat conductivity para-

meters of real cracks. Yan et al!'”

studied the cracking and
propagation mechanism of cracks among different layers in
thermal barrier coating system. Mao et al"® used the analytical
method to study the change of residual stress in thermal
barrier coating system under thermal shock cycles. Gilbert et
al' conducted a numerical study on the damage of the
coating under thermal shock in coating system. In fact, when
the MoSi,/Mo coating is served at high temperature, the
difference in the elastic modulus and the thermal expansion
coefficient between the layers may result in stress due to
thermal mismatch, which is obvious during the heating and
cooling stages. Although a great deal of research has been
made on the interfacial crack and surface crack in the thermal
barrier coating system, there are little research on the analysis
of stress and crack of MoSi,/Mo coating under thermal shock
cycles. In this research, the thermal stress distribution was
analyzed. XFEM and cohesive zone model (CZM) were used
to simulate the MoSi, coating and the crack propagation
during thermal shock, respectively. CZM is one of the most
common methods for interface failure simulation®. Through
XFEM, the crack propagation path does not need to preset.
The crack can propagate freely under the stress instead of
propagating along the mesh boundaries by forcing, and in fact
the cracks can penetrate the mesh during the propagation
process. Moreover, the sparse mesh can obtain high-precision
numerical results. These advantages of XFEM are the reasons
why this method is so active in the field of computing science

2 Therefore, the thermal stress

over the past decade!
distribution and crack initiation and propagation during
thermal shock cycles were analyzed by XFEM, and the results

were also confirmed by the experiment.
1 Experiment

The MoSi, coating was prepared by slurry sintering
method™. Pure molybdenum plate was used as the substrate
for coating experiments. Before coating, the plate was
polished, ultrasonically cleaned, dried, and finally
sandblasted. Then, the binder powder of Mo, Si, and polyvinyl
butyral (PVB) with the mass ratio of 30: 69.5: 0.5 was
prepared. The ethanol was used as the solvent and mixed with
the binder powder by high-energy ball milling. Then the
obtained slurry was sprayed uniformly onto the Mo plate.
After sintering in a high-purity Ar atmosphere at 1450 °C for
60 min, the Si-Mo coating was prepared. Scanning electron
microscopy (SEM, FEL Quanta 250 FEG) was used to
observe the cross-sectional microstructure of the specimens
and the crack initiation and propagation process. Fig. 1
presents the SEM image and the X-ray diffraction (XRD)
patterns of the Mo substrate and the coating. The coating
consists of MoSi, phase (Fig.1b), and its thickness is about 40
um. The thermal shock cycles of the MoSi,/Si coating were
conducted in a tube furnace heated by electrical resistance and
protected by hydrogen to prevent oxidation. The specimens
were heated to 1000 °C in 10 min, and then cooled down to

the room temperature. The above process was regarded as one
cycle. The coating specimens were taken out from the tube
furnace after thermal shock of 10 and 30 cycles.

The simulation procedure was consistent with the practical
procedure. The commercially available Abaqus software was
used to simulate the thermal shock cycles. The model based
on the structure of MoSi,/Mo coating was established, and the
thickness of the substrate and coating were set as 5 and 0.04
mm, respectively. The XFEM was applied to simulate the
arbitrary crack propagation in MoSi, coating®™, and the CZM
was applied to investigate the degradation of interface
debonding™. In order to save the computation time, a
simplified asymmetrical model was adopted, as shown in
Fig. 2. The CZM was inserted between the substrate and
coating, and the initial cracks in the coating were
prefabricated on the coating surface.

Displacement boundary conditions were used to restrict the
displacement along X and Y directions on the left and bottom
of the coating system, respectively. The mesh in the important
part was fine enough. The denser the mesh, the more accurate
the simulation result. However, when the mesh was too dense,
the computation time would be extremely long. Temperature
was selected as the driving force of the crack propagation, and
the initial temperature was set as 20 ° C. The elements of
coating and substrate are CPE4R with the mesh size of 0.008
and 0.1 mm, respectively, and the interface was meshed by a
single layer of cohesive elements of COH2D4. There were
13 753 elements in total after meshing.

The thermal physical parameters of Mo substrate and MoSi,
coating involved in the simulation are shown in Table
1~6%* In this research, all the work was based on the
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Fig.1 SEM image (a) and XRD patterns (b) of Mo substrate and
MoSi, coating
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Fig.2 Simplified asymmetrical model used in XFEM simulation™”

following assumptions: (1) the properties of the MoSi,/Mo
coating were considered to be linear elastic; (2) the effect of
the oxidation and creep behavior was not considered in the
simulation process.

2 Results and Discussion

2.1 Stress development and distribution in MoSi,/Mo
coating during thermal shock cycles
Fig.3 presents the stress distribution of MoSi,/Mo coating
after 10 and 30 thermal shock cycles. It shows that after 10
thermal shock cycles, the maximum radial tensile stress is
located at the left of the top coating, because the left edge is
constrained and lacks displacement degrees of freedom.

Table 1 Coefficient of thermal conductivity of Mo substrate and
MoSi, coating (W-K:m™)

Temperature/°C Mo MoSi,

20 142.00 25
25 135.29 -
200 116.27 -
400 114.95 -
600 110.43 -
800 106.69 -
1000 105.00 -

Table 2 Young’s modulus of Mo substrate and MoSi, coating

(GPa)
Temperature/°C Mo MoSi,
20 311.16 425
100 307.84 -
200 303.64 -
300 299.46 -
400 295.28 -
500 291.10 -
600 286.92 -
700 282.74 -
1000 270.00 -

Table3 Thermal expansion coefficient of Mo substrate and
MoSi, coating (x107° °C™)

Temperature/°C Mo MoSi,
20 4.90 8.1
100 5.13 -
200 4.97 -
300 5.49 -
400 5.60 -
500 5.70 -
600 5.95 -
700 6.28 -

Table 4 Plasticity of Mo substrate (MPa)

Temperature/°C Mo
25 560

300 365

800 290

1200 105

Table 5 Specific heat of Mo substrate and MoSi, coating

@-kg K
Temperature/°C Mo MoSi,
20 250.20 420.74
25 287.66 -

Table 6 Poisson’s ratio of Mo substrate and MoSi, coating

Temperature/°C Mo MoSi,
20 0.38 0.15

Meanwhile the top coating suffers the severe tensile stress and
leads to the development of micro-cracks which are
propagated vertically towards the surface coating, especially
on the left edge of the surface coating. It can be also seen that
the maximum radial stress in different thermal shock cycles is
basically the same. After 10 and 30 thermal shock cycles, the
maximum radial stress is 445 MPa.

The maximum axial tensile stress can be located at the right
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Fig.3 Radial stress (a, b) and axial stress (c, d) distributions of MoSi,/Mo coating after 10 (a, c¢) and 30 (b, d) thermal shock cycles

edge below the interface. Compared with the radial stress,
there is no stress gradient in the coating and the magnitude is
much lower. With increasing the thermal shock cycles, the
maximum stress does not change much. Since the axial
displacement boundary condition is applied, only the radial
stress needs to be discussed. Fig.4a shows the radial stress of
node A (Fig. 1) with increasing the number of thermal shock
cycles. It can be seen that the maximum radial tensile stress of
node A reaches 442 MPa, and the maximum radial
compressive stress reaches 290 MPa. The maximum tensile
stress and compressive stress nearly remain the same value
from the second thermal shock cycle to the 30th thermal
shock cycle. As shown in Fig. 4b, during the initial heating
stage, the max principle stress is 0; while during the cooling
stage, the max principle stress rapidly increases to 630 MPa
and keeps the similar variation trend in each subsequent cycle.
The max principle stress concentration is generated at the left
part of the top coating, and the max principle stress is

considered as the damage criterion of the coating crack. So,
the coating crack appears at the left part of the top coating
which suffers from the maximum radial stress at the same
time. A vertical crack can be expected in the left part of the
coating. In conclusion, the radial stress in the top coating is
much more severe than that of the substrate.

Failure of the MoSi,/Mo coating is associated with the
accumulated stress, which is mainly due to the thermal
expansion mismatch and temperature gradient. When the
specimen is taken out from the high temperature zone and
enters a cooling zone during the thermal shock process, a very
large stress occurs at the interface due to the difference in
thermal expansion coefficients between the substrate and the
coating, which can be expressed as follows:
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Fig.4 Radial stress (a) and max principle stress (b) of node A
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and Poisson ’ s ratio, respectively; Aa is the difference in
thermal expansion coefficients between the coating and the
substrate; AT is the change in temperature. The linear expan-
sion coefficients of Mo substrate and MoSi, coating are 4.9x
10 and 8.1x107° K", respectively. Due to the difference in
thermal expansion coefficient, the thermal stress occurs during
thermal shock cycles. Meanwhile, the increase in temperature
gradient may result in the thermal stress. In addition, the high
strain energy is gradually accumulated in the coating due to
thermal stress. When the strain energy exceeds the limit of
strain capacity of the coating, cracks originating from the
defects can propagate along the grain boundaries, which leads
to the formation of vertical cracks in the coating.

Fig.5 presents the axial tensile stress distribution along the
radial axis. It can be seen that the coating is subjected to very
high stress, indicating that the crack can easily develop at this
position.

2.2 Influence of crack on thermal shock behavior of
coating system

The cracks produced during the coating preparation process
have a strong impact on the whole coating system, which also
influences the thermal shock behavior. The occurrence of the
cracks inside the coating is mainly due to the brittleness of
ceramic coating. Based on the above discussion, cracks are
inevitable during the preparation process.

Fig. 6 displays the crack propagation process under stress.
As shown in Fig. 6a, there is a small existing crack on the
coating surface. It can be seen from Fig. 6b that the crack
begins to grow in the first cooling stage, and the stress in the
crack tip reaches 508.5 MPa. When the coating specimen is
heated to a high temperature, the stress decreases; when the
coating specimen is cooled to a low temperature, the stress
increases. Fig.6d and 6e show that the stress increases from
471.3 MPa to 501.6 MPa at the crack tip in the second cooling
stage. The crack continues to grow in the subsequent thermal
cycles, and it eventually penetrates the coating, forming a
vertical crack, as shown in Fig.6f.

The damage and failure of the interface cohesive element is
determined by the stiffness degradation rate (SDEG). The
value range of SDEG is 0~1. When SDEG is 0, it indicates
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Fig.5 Radial stress distribution along radial axis at cohesive zone of

coating surface after 30 thermal shock cycles

that the cohesive element is intact without any damage. When
SDEG reaches 1, the corresponding cohesive element fails off
and cracks appear in the damage area. After the first heating
stage, the crack in the coating cannot be propagated. But
during the cooling stage, the crack tip generates stress
concentration. When the stress reaches the stress failure
criterion, the crack begins to grow along the direction of the

1 so the vertical crack appears. In the next

maximum stress
cooling stage, the vertical crack has an influence on the
interfacial crack. Previous studies®™" also showed that the
vertical cracks can exert a strong impact on the interfacial
crack. When the coating has a certain crack density, the
prefabricated vertical crack has a certain dissipation effect on
the thermal load of the interface. Furthermore, the crack can
absorb the energy for creating the interfacial crack, which
suppresses the generation of cracks at the interface and results
in less damage to the interface.

However, when the crack grows to a certain length, the
vertical cracks encourage the degradation of the interface.
Fig. 7b shows that the interface stiffness is 0.333 and the
interface begins to be damaged. When the coating system
cools down from 1000 °C to room temperature, the vertical
cracks penetrate the coating. MoSi, is a brittle ceramic
material without yield phenomenon. When the stress on the
coating reaches the max principal stress criterion, the cracks
are generated in the coating. According to Fig.4b, the max
principal stress does not change with increasing the number of
thermal shock cycles. The max principal stress reaches 630
MPa in the first thermal cycle. The damage to the coating is
generated in the first thermal shock cycle, and then the
interfacial crack begins to grow on both ends due to the
influence of the vertical crack. In the subsequent heating
stage, the maximum SDEG reaches 0.916, as shown in Fig.7c.
The damage degree of the coating becomes larger, and the
damage range becomes wider in the subsequent thermal shock
cycles. After 10 thermal shock cycles, the coating maintains
the vertical crack, the interface remains intact, and no crack
appears. With further increasing the number of thermal shock
cycles, the interfacial crack is generated and propagated
toward both ends. The interfacial cracks have great influence
on the coating performance, including the decrease of coating
adhesion and the confluence of several vertical cracks and
interfacial cracks, which results in coating failure and the
exposure of substrate in the working environment. Fig. 7¢
shows the cross-sectional morphology of the coating after 10
thermal shock cycles. It can be seen that there is an obvious
vertical crack and the interface bonding, which is consistent
with the simulation results in Fig.7c. Fig.7f shows the cross-
sectional morphology of the coating after 30 thermal shock
cycles. The vertical crack and interfacial crack converge,
leading to the peeling of coating, which is consistent with the
simulated result in Fig.7d.

2.3 Influence of thermal shock on multiple crack pro-

pagation

In order to investigate the influence of thermal shock on
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Fig.6 Max principle stress distributions of crack tip during crack propagation: (a) crack occurrence in the first cooling stage; (b) crack growth in

the first cooling stage; (c) cessation of crack growth after the first cooling stage; (d) crack occurrence in the second cooling stage; (e) crack

growth in the second cooling stage; (f) crack penetrating into substrate

multiple crack propagation, three cracks were prefabricated on
the coating surface and the distances between the cracks were
0.5 and 2 mm. The three cracks are named as A, B, and C
from left side to right side. As shown in Fig.8, when the crack
spacing is 0.5 mm, the time required for crack A to penetrate
the coating is 2079 s, but the other two cracks are not
propagated. When the crack spacing is 2 mm, the crack B is
propagated and the propagation time is 3201.9 s. Meanwhile,
compared with that of specimen with the crack spacing of 0.5
mm, the propagation time of crack A is greatly reduced to 736
s. In these two cases, the crack C is not propagated. In
general, with the same number of cracks, the larger the
spacing, the less the propagation time for cracks to penetrate
the coating. This is because the energy for crack propagation
is the same. The larger the crack spacing, the smaller the
mutual influence between each crack””. The time required for
crack propagation depends not only on the thermal shock
condition, but also on the spacing between cracks.

3 Failure Mechanism of MoSi,/Mo Coating

The failure of coatings is influenced by many factors, such
as the roughness and the bonding strength of the interface.
When the coating is subjected to external thermal load, the
stress can be concentrated in the trough and peak firstly,
which are the positions where cracks are generated as well.

Then, with the thermal shock process continuing, the cracks in
the trough and peak converge, causing damage to the
#1 Some studies showed that when the coating is
subjected to the mechanical load, with increasing the interface
roughness, the tensile stress and maximum tensile stress near
the peak and trough of the interface can be increased at the
same time. The smoother the interface, the better the
suppression effect against the crack™.

coating

When the bonding strength of the interface is lower than
that of the substrate, before the crack reaches the interface, the
interface begins to fail®”,

In this research, only the influence of thermal stress caused
by temperature change on the coating failure is considered.
Because of the difference in thermal expansion coefficients
between substrate and coating, the thermal stress accumulates,
and the high thermal stress finally leads to the coating failure.
According to the experiment and simulation results, the
vertical crack firstly appears in the coating, because the radial
stress is greater than the axial stress. But vertical cracks in the
coating induce the interfacial cracks. When the multiple
cracks appear in the coating, the order of crack propagation is
from left side to right side because the stress is mainly
distributed on the left side of the model. It can be seen from
the simulation results that the cracks in the coating can
influence each other.
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4 Conclusions

1) The maximum radial tensile stress is located at the left
part of the top coating. The radial stress in the top coating is
much more severe than that of the substrate.

2) During the thermal shock cycles, the vertical crack firstly
appears in the coating, and it can be propagated with

increasing the number of the thermal shock cycles. The
vertical crack can also suppress the initiation of the interfacial
crack. But when the crack grows to a certain length, it
encourages the initiation of the interfacial crack.

3) With the same number of cracks, the larger the crack
spacing, the less the propagation time for cracks to penetrate
the coating.
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M E: SRS T MoSi,/Mo iR Z IN#ZE 1000 °C, FRREA R ZIRHAT RGN, RAE T ARMERGEIRIA L IE Th R GUhi A
FEHITAL T MoSi,/Mo ik R #5478 . K Abaqus FAFTH 5T MoSi,/Mo ik EFE i B2 R 7040, 198 T #URIRFR T RLL
HIAC LR S5 R Mo 44 MoSi, ik )2 < AF TR R s B Al By, R S BORAU W AR g THEE5 R BN fERWIN 10
DCAGEAEF D, WRZE T RET SRR, R R IR R SRR A RAF s 7ERS R GEIER T AR LS T 2
or, FHMALOT T E BRSNS, HEERGGAMASOIR, 2 PEERR R EMIRZE R

REEIE: MoSi,ikjz; #alil; AIRITEHL, B
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