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Thermal cycles behavior
and microstructure of AZ31/SiC
composite prepared by stir casting
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Yashar Behnamian*

In the present work, the effect of thermal cycles on the physical and thermal properties of AZ31 alloy
and AZ31/5wt%SiC and AZ31/10wt%SiC composites was investigated. Samples were prepared using
the stir casting method and then subjected to precipitation hardening. Thermal cycles were done for
as-cast and aged samples with V-shaped notch under 300, 600, and 900 heating and cooling cycles at
150 and 350 °C. The crack length (CL) was evaluated using optical microscope (OM), scanning electron
microscope (SEM), and energy-dispersive scanning electron (EDS) analysis. Also, density, porosity,
thermal expansion coefficient of the samples were evaluated. X-ray diffraction (XRD) analysis was
employed to assess the phases present in the material. The results demonstrated that by increasing
the number of thermal cycles up to 600 at 150 °C and 350 °C, the porosity and density of the as-cast
and aged AZ31 alloy decreased and increased, respectively; however, the density and open porosity
were remained constant for the composite samples. The crack’s length enlarged with increasing

the thermal cycles from 300 to 600 pm at 150 °C and 300 to 900 pm at 350 °C. It was found that the
reinforcement and precipitates prevented the rapid growth of the crack in the magnesium matrix. All
in All, composite and the aged samples demonstrated better thermal fatigue resistance compared
with that of the unreinforced alloy and as-cast samples, respectively.

Over the recent years, magnesium alloys have received a great deal of attention in aerospace, aircraft, and
automotive industries on account of lightweight!~*. Considering lower density than other alloys, namely about
two-thirds that of aluminum, one-fourth that of zinc, and one-fifth that of steel, among conventional engineer-
ing alloys, magnesium alloys offer very high strength. Furthermore, magnesium alloys possess outstanding
damping capacity, excellent casting, and machining®”’. Accordingly, an annual rise of between 10 and 20% on
the casting production of these alloys in the last few decades has been reported, and it is projected to maintain
at the current rate®''. Aluminum and zinc are alloying elements in magnesium materials, increasing casting and
mechanical properties. AZ31 is a commercially available magnesium alloy with excellent casting and mechanical
properties'*1>.

Magnesium composite reinforced by SiC particles has attracted a great attention in various structural fields,
from urban transport to airplanes due to its considerable hardness and toughness®!*-!%. In addition, metal
matrix composites (MMCs) show better dimensional stability and abrasion resistance compared to unreinforced
alloys. For this reason, these composites have found applications in manufacturing many pistons and valves for
automobile engines and are considered for manufacturing aircraft components'®-2!. To produce magnesium-
matrix composites reinforced with ceramic particles, several techniques have been frequently used, such as spray
deposition, powder metallurgy, squeeze casting, and stir casting. The latter has always been an attractive process
due to its simplicity, flexibility, and capability of large quantities production®*>?*. Samples with low porosity are
achieved in the stir casting method, which is desirable for thermal sink materials®*-?%. Furthermore, stirring the
melt during the stir casting causes uniform distribution of reinforcement particles in the matrix and proper
bonding of the matrix and the reinforcement. Meanwhile, in the stir casting method, no destruction is caused to
the reinforcement particles, which effiectively improves the thermal properties. Because the fracture of reinforce-
ment particles during composite preparation can be a source for crack nucleation during the thermal cycles* 2.
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Table 1. The chemical composition of the AZ31 alloy.

Many mechanical parts of car engines and structures used in power plants, petrochemical industries, aero-
space, etc., are subject to various mechanical and thermal oscillating loads. Thermal fatigue is the most critical
cause of failure in such parts**=*>. Therefore, it is important to study different methods for assessing thermal
fatigue life. When parts are subjected to high-temperature thermal cycles, the thermal fatigue process leads to
microstructural damage and eventual component failure**,

Thermal fatigue, a common type of damage in engineering structures, can be generated in the form of peri-
odic temperature changes, which often occur as a consequence of the complete or partial limitation of thermal
deformation®. These limitations can be temperature gradient and different thermal expansion attributed to the
bonding of different materials*. Thermal fatigue can be high-cycle or low-cycle fatigue that depends on the mag-
nitude of thermal stress concerning the yield strength of materials. However, probable mismatch in coefficients
of thermal expansion (CTEs) on matrix and reinforcement may cause fluctuations at ambient temperature. It
can bring about significant thermal stresses, which may lead to localized plastic deformation in matrix close to
reinforcement and instability in dimensions and possible failure in mechanical properties!?0-42,

In general, the thermal expansion behavior of composites is the result of several different parameters of
materials e.g., compounds, phases, reinforcement content, and the distribution of reinforcement in the matrix*2.
Thermal cycle experiments in a specific temperature range can simulate and evaluate their thermal fatigue
behavior*****, Thermal fatigue test is performed in different ways. Three essential parameters determine the
operating conditions of the cycle, which include the maximum temperature, the amount of strain, and the time
per cycle. Generally, the difference between these methods is in the way of cooling and heating®.

Since Mg/SiC, composites are used for engineering parts when subjecting subjected to thermal cycles, result-
ing in thermal stress and microthermal cracks at the interface between reinforcement and matrix. Having a good
knowledge on thermal fatigue characteristics of these composites during thermal variation is essential.

Nowadays, car manufacturers are developing new technologies to replace aluminum materials with magne-
sium materials. There have been numerous studies about the thermal properties of aluminum composite*>™.
However, less research has been conducted on the behavior of thermal fatigue in magnesium-based reinforced
composites compared with that of the aluminum-matrix composites. Zhao et al.!” reported on how the thermal
cycle may affect the mechanical properties of ZK60/SiC composite produced by squeeze casting and concluded
that changes in matrix microstructure after the thermal cycle is critical in the mechanical properties of ZK60/SiC
composite. During a thermal cycle, the tensile strength of the ZK60/SiC composite declined due to cyclic thermal
stresses in the matrix of the composite. Huang et al.*! studied the effects of composition and orientation of fiber
and then heat treatment on the thermal strain of KS1275 and AE42 alloys and composites. Their results showed
that thermal strain changed slightly throughout the thermal cycle after aging. Moreover, heat treatment led to an
increase in matrix yield stress. Furthermore, thermal stress was reduced mainly by matrix plastic deformation
preferred than by interfaces debonding. Pan et al.*, who researched nucleation and propagation behavior of
composite thermal fatigue cracks produced by stir casting were studied at 250 °C and 150 cycles, drew a conclu-
sion that particle distribution was a contributing factor in preventing propagation of thermal fatigue cracks;
hardness values of composites decreased with an increase in a number of cycles.

Notwithstanding, there is still little research about thermal fatigue behavior in magnesium-based composites
reinforced with SiC particles. Features of the thermal crack growth process have yet to be studied, the addition
of SiC reinforcing particles with lower CTE and higher thermal conductivity than AZ31 matrix alloy possibly
led to the fabrication of AZ31/SiC composites with low CTE and higher thermal conductivity and subsequently
higher thermal fatigue resistance®®.

For this purpose, thermal cycling behavior concerning AZ31 alloy and AZ31 reinforced with 5 and 10 wt%
SiC, as well as nucleation and propagation of thermal fatigue cracking under thermal cycle from room tempera-
ture (RT) to 150 and 350 °C for 300, 600, and 900 heating and cooling cycles were investigated.

Materials and method
Materials. To prepare the AZ31/SiC composite, SiC particles (40 um) with high purity as a reinforcement
and Mg-Zn, and Mg-Al master alloys were used to prepare the AZ31 alloy as a matrix.

Sample preparation. Melting, alloying, and compositing were performed at the induction furnace at
780 °C. The alloying process was performed by melting magnesium and adding Mg-Zn and Mg-Al master
alloys to the specified amount. The prepared alloy melt was then cast into steel cylinder molds, and ICP-OES was
used to determine the chemical composition. The chemical composition of the base alloy is presented in Table 1.

The stir casting process was used to produce the AZ31/SiC composites. After alloying, 5 and 10 wt% preheated
SiC was added to the melt and stirred with a titanium stirrer for 10 min. Composite ingots were cast in steel
molds. CO, + SF, gas was used as a protection to prevent oxidation of the melt. The detail of sample preparation
is described in'.

To investigate the effect of precipitation hardening on the thermal properties of the samples, the samples were
subjected to dissolution at 400 °C for 3 h, subsequently quenched in water, and then aging at 180 °C for 6 h*’.
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Figure 1. Schematic of sample for thermal cycles.

Alloy and composite samples were cut with dimensions of 30 ¢ x 5 mm?, and then a V-shaped notch was cut
with an angle of 45° and a depth of 2 mm, according to Fig. 1.

Density. Archimedes method® was used to calculate the porosity and density of the samples.

Hardness. For hardness measurement based on ASTM E10, the Wolpert microVickers method was
employed under 500 g force for 20 s. In all samples, five distinct points were measured, and the erroe bar was
calculated and reported.

Thermal test. Dilatometry. The coefficient of thermal expansion of AZ31 alloy and AZ31/5% SiC and
AZ31/10% SiC composites were measured by a BAEHR dilatometry device (Model DIL 801, German) in the RT
to 350 °C range with cooling and heating rates of 5 °C/min.

Thermal cycle test. 'To investigate the thermal cycles behavior, the sample was mounted on a movable lever.
The lever can transfer the sample from the furnace to the cooling tank and vice versa. Moreover, to control the
sample temperature accurately, a thermocouple was attached to the sample and the samples were heated in an
electric furnace (Model VM16L-1200), which was insulated with refractory blanket. Figure 2 shows the sche-
matic of the thermal fatigue setup. Alloy and composite samples were undergone 300, 600, and 900 heating/
cooling cycles were applied at 150 °C and 350 °C. The soaking times for the heating and cooling cycles were 4
and 1 min, respectively, and water was used as the cooling medium. Figure 3 displays the thermal cycles graphs.

Characterizations. The Philips X-ray diffraction (XRD) analysis was used to investigate the formed phases.
The devices voltage was 40 kV, and the applied current was 30 mA. A copper cathode X-ray tube with a wave-
length of 1.54059 A was used. The scanning step size was selected as 0.05° in the range of 10 to 90°. The X’pert
HighScore software version 3.0 was then used to analyze the data.

Cutting the samples using a large amount of cooling lubricant prevented heat generation, thus the possibility
of affecting the microscopic structure of the samples. The samples were then ground with numbers 200, 400, 600,
800, 1000, 1500, 2000, and 2500 sandpaper sheets according to the European FEPA system and then polished
with alcohol and diamond paste. A solution (6 g of pyric acid, 5 ml of acetic acid, 10 ml of distilled water, and
100 mL of ethanol) was used to reveal the microstructure. Microstructure observation was performed using the
IMM-420 optical microscope (OM) and the VEGA3 LMU scanning electron microscope (SEM) equipped with
energy dispersive X-ray spectroscopy (EDS). The CL was measured as per ASTM E 647-99 protocol.
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Figure 2. Schematic of setup of thermal cycles.
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Figure 3. Thermal cycles at 150 and 350 °C versus time.

Results and discussion

Microstructure. Figures 4a and b reveal the SEM micrographs of the as-cast AZ31 alloy. As can be seen,
the AZ31 alloy consists of coaxial grains with an average grain size of 100 pm. The spherical coarse and discrete
residual phases in the microstructure of as-cast AZ31 alloy is especially evident in the grain boundaries, which
is the Mg,,Al,, phase, according to the previous study'. The Mg,,Al,, phase is formed during solidification due
to segregation and the phase characteristic of a low melting point. In addition, some twinning can be seen in
the matrix, which are identified by the arrow in Fig. 4b. The formation of twins depends on the crystal structure
of the Mg alloy. Mg alloys typically have a hexagonal structure (HCP) that fails to provide five independent slip
systems to meet the Von Mises standard for uniform plastic deformation at RT. Also, the plastic deformation in
directions a and c in the HCP structure is anisotropic. These properties cause the activation energy of twinning
deformation to have less slip on the prismatic and pyramidal planes®. Therefore, in the Mg alloy, it generates
the energy required to form the twins at low temperatures. Figure 4c and d demonstrate the SEM micrographs
of the aged AZ31 alloy. The grain size is equal to 80 pm, which is 20% smaller than that of the as-cast alloy. The
uniform presence of precipitates is observed throughout the microstructure. Furthermore, a limited number of
thermal twins are observed in the as-cast AZ31 alloy microstructure.

Scientific Reports |

(2022) 12:151091 | https://doi.org/10.1038/s41598-022-19410-2 nature portfolio



www.nature.com/scientificreports/

Figure 4. SEM micrographs of unreinforced alloy: (a) and (b) as-cast, and (c) and (d) after precipitation
hardening.

Figure 5a—f show the SEM micrographs of the AZ31/5%SiC and AZ31/10%SiC as-cast composites. Relatively
homogeneous distribution of SiC particles is seen in the AZ31 matrix. In the higher magnification micrograph
(Fig. 5¢,f), a matrix/reinforcement interface free of cracks, porosity, and cavities can be seen, which indicates good
wettability of SiC particles by Mg melt. The average grain sizes of AZ31/5%SiC and AZ31/10%SiC composites
were 30 and 20 pm, respectively. The smaller grain size of the composites compared to the unreinforced alloy
is related to the presence of SiC particles and the heterogenic solidification on the surface of the SiC particles,
which has caused the refinement®->%. However, due to the refinement of the matrix, the number of twins is less
than those in the unreinforced sample.

Figures 5g-j reveal the SEM micrographs of the AZ31/5%SiC and AZ31/10%SiC aged composites. The rela-
tive homogeneous distribution of reinforcement particles is observed in both composites, obtained without any
porosity and cracks. The average grain sizes of AZ31/5%SiC and AZ31/10%SiC composites were 16 pm and
10 pm, respectively. Precipitation hardening and increasing the percentage of reinforcement particles caused
the grain size to reduce significantly®. By decreasing the grain size, the activation energy required to form twins
increases®®. However, Fig. 5i shows the presence of twins in the microstructure, created in aging treatment. As
shown in the higher magnification micrographs in Fig. 5h,j, in AZ31/5%SiC and AZ31/10%SiC composites,
proper adhesion is created between the reinforcing particles.

XRD. XRD patterns prepared from AZ31, AZ31/5%SiC, and AZ31/10%SiC samples with as-cast and aged
conditions are shown in Fig. 6. As seen in Fig. 6a, the peaks of the Mg alloy and SiC are quite evident, and no
unwanted carbide phases were observed. Also, for aged samples in Fig. 6b, no interaction was observed between
SiC and Mg, which could create significant undesirable phases during the precipitation hardening. However,
Mg,,Al,, precipices are detected in Fig. 6b.

Density. The density and open porosity of the as-cast samples were measured by the Archimedes method
and given in Fig. 7. The density of AZ31 alloy is almost the same compared to the aged state. The experimental
density is slightly different from the theoretical density, which indicates good matrix/reinforcement interface
adhesion and low porosity in the samples. With increasing reinforcement content, the porosity and density
increased due to the high density of reinforcement particles. Based on Fig. 7b, it is clear that the open porosity
has increased with increasing reinforcement percentage. The increase in porosity with increasing reinforce-
ment particles can be related to the partial agglomeration between the particles during stirring in the casting
mode, which increases the porosity. These porosities are due to the production process, and their presence in
the production process is inevitable. By comparing the open porosity diagrams in the as-cast and aged samples,
it is clear that the porosity of the aged samples has decreased, which is related to the closure of cavities at high
temperatures.
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Figure 5. SEM micrographs of composite samples: (a, b, and ¢) as-cast AZ31/5%SiC, (d, e, and f) as-cast
AZ31/10%SiC, (g, and h) AZ31/5%SiC after precipitation hardening, and (i, and j) AZ31/10%SiC after
precipitation hardening.

CTE. Figure 8 shows the CTE changes in terms of temperature for as-cast and aged samples of AZ31 alloy
and AZ31/SiC composites in the heating and cooling cycles. As can be seen, the CTE for the as-cast AZ31 in the
heating cycle up to 350 °C is close to 26 ppm/°C and for the AZ31/5%SiC and AZ31/10%SiC samples is close
to 20 and 15 ppm/°C, respectively. The reduction of CTE for composite samples is related to lower CTE of SiC
(4 ppm/°C). The results show that in the cooling cycle starting from 350 °C, a hysteresis is created in the CTE
diagram. Also, the changes in the CTE in the cooling cycle for the as-cast and aged samples are almost close to
each other because the strains created in the casting process are released at 350 °C. The CTE for the aged AZ31
in the heating cycle up to 350 °C is close to 22 ppm/°C and for the aged AZ31/5%SiC and AZ31/10%SiC samples
is close to 18 and 12 ppm/°C, respectively, which shows 15%, 10%, and 20% reduction of CTE of aged samples
compared to the as-cast samples, respectively. This reduction is related to the refinement of the aged samples
compared to the as-cast samples. Also, the difference between as-cast CTE and aged CTE samples in alloys is
more than in composite samples because the aging process is more effective than in refines in alloy compared
to the composite samples (Figs. 4 and 5). Based on the previous study®, in the first heating cycle, the maximum
plastic deformation occurs, and residual strain changes in the first cycle were examined by dilatometry. The
AZ31 alloy was not expected to contain hysteresis due to the high residual strain due to the absence of ceramic
particles in the microstructure.

Hysteresis was evident in the unreinforced alloy, as seen in the thermal cycling graphs in Fig. 8. Regard-
ing composites samples, compressive plastic deformation was caused by internal thermal mismatch stresses of
matrix/reinforcement and started at ~ 150 °C, as shown by a reduction in instantaneous CTE values. This led to
create hysteresis due to the residual strain during the thermal cycling. Plus, the temperature at that plastic defor-
mation starts for AZ31/10%SiC is the same as that observed earlier for AZ31/5%SiC>"®. The internal thermal
stresses induced by a temperature change (AT) in a composite sample, are given by™.
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Figure 6. XRD patterns of samples: (a) as-cast, and (b) after precipitation hardening.

L AaAT
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where E,, and E, are Young’s moduli of the matrix and reinforcement, respectively, f is the reinforcement fraction,
and A« is the matrix and reinforcement CTEs differences.

Based on calculations, 150 °C was the temperature justified for plastic deformation in AZ31/5%SiC>". Simi-
larly, in this research, plastic deformation of AZ31/5%SiC is expected to occur at this temperature. Using particu-
late ceramic reinforcement, the occurrence of global matrix yielding by the dislocation glide is not probable in
the hydrostatic stress field around the reinforcement particle. However, in every local region, thermal stresses are
not hydrostatic, and the plastic deformation can occur by a generation of the mobile secondary dislocation®-%.
Rudajevova et al. have demonstrated that plastic deformation in QE22/15-25%SiC composite takes place at
240 °C and 255 °C, respectively. Since AZ31 has higher plastic deformation than SiC, greater residual strain and
hysteresis are very probable, as seen in Fig. 8.

oTs

Thermal cycles. As-cast. Microstructure. Figures 9 and 10a reveal the OM micrographs of the notch tip
of the as-cast samples and quantitative measurement of the CLs under different thermal cycles at 150 °C, respec-
tively. It can be seen that no cracks were nucleated after 300 cycles in the unreinforced alloy, but it suffered a CL
of 275 um after 600 cycles, and by increasing the number of cycles to 900, the CL increased to 725 um, which
indicates a rise of 450%. Meanwhile, in a previous study® on the thermal fatigue of AZ91 alloy containing RE
up to 400 thermal cycles have been recorded before the failure of samples at temperatures of 170 and 210 °C. By
comparing their results to the ones of this study, it can be seen that the thermal fatigue resistance of their alloy
was much lower than that of the present studied alloy.

In AZ31/5%SiC and AZ31/10%SiC samples, after 900 cycles, CL is 35% and 50% shorter than that of unre-
inforced alloy with the same number of cycles, respectively. SEM micrographs of the notch tip of the as-cast
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Figure 7. (a) Density of as-cast and aged samples, and (b) open porosity of as-cast and aged samples.

samples and quantitative measurement of the CLs under thermal cycle at 350 °C are shown in Figs. 10b and 11,
respectively. According to the Fig. 11, no crack is observed after 300 cycles, and a 115 um long crack is observed
in the unreinforced AZ31 alloy after 600 cycles and with increasing the number of cycles, CL grows and reaches
1605 pm at 900 cycles, which shows an increase of 1490%. Conditions for AZ31/5%SiC and AZ31/10%SiC sam-
ples are as follows: in 300 cycles, no crack is left at the tip of the notch, and after 600 cycles, 105 and 90 um cracks
are observed, respectively, which is similar to the crack with the same number of cycles for the unreinforced
alloy is 9% and 22% reduction, respectively. Also, for AZ31/5%SiC and AZ31/10%SiC samples in 900 cycles,
795 and 395 um cracks are evident, respectively, which is 50% and 75% less than cracks with the same number
of cycles of the unreinforced alloy. It was observed that the CLs at 350 °C were increased compared to thermal
cycles at 150 °C. With an increase in cycle times, the interfacial strength of composites experienced a decline,
and cracks grew along low-strength areas of the composite where there is a random distribution of particles
and micro cracks. At low thermal cycles, crack growth may experience deviation for the composite while crack
growth of unreinforced alloy is straight. Furthermore, a couple of factors impact the growth path of a thermal
fatigue crack, and crack morphology varies as heating cycles and cooling cycles change. Since matrix and particle
have a great diversity of CTE, at their interfaces, there will possibly be thermal stresses when cycles changes; they
influence composite strength, thus reducing the mechanical properties of composite materials. By comparing
the experimental results with the ones reported by Russell-Stevens® regarding the thermal fatigue behavior of
AZ91D/60% carbon fibre composites in the temperature range of 100 to -100 °C for up to 100 cycles, it is evident
that the presence of SiC ceramic particles has a greater effect on the thermal fatigue resistance.

Figure 12 shows the elemental map analysis of as-cast AZ31/10%SiC composite before and after 300 heat-
ing and cooling cycles at 350 °C. It is observed that the distribution of aluminum elements at the edge of the
notch and the crack site is less than in the matrix. In addition, silicon elements was also observed at the crack
site. Therefore, the diffusion of aluminum and the accumulation of silicon at the crack site contributed to the
growth of cracks.

Scientific Reports |

(2022) 12:151091 | https://doi.org/10.1038/s41598-022-19410-2 nature portfolio



www.nature.com/scientificreports/

CTE (ppm/°C)

26

24 1

22

20

18

16

14

12

10

CTE (ppm/°C)

Temperature (°C)

Temperature (°C)

K ) Heating cycle sl / Heating cycle
- X - - - AZ31-Aged 6l 7 - - - AZ31/5% SiC-Aged
1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

CTE (ppm/°C)

Heating cycle

[—— AZ31/10% SiC
- - - AZ31/10% SiC-Aged

0 50 100 150 200 250 300 350

400
Temperature (°C)

Figure 8. CTE variation verse temperature for as-cast and aged samples: (a) unreinforced alloy, (b)
AZ31/5%SiC, and (c) AZ31/10%SiC.

Density. Figure 13a shows the density changes in terms of the number of cycles at 150 °C of unreinforced alloy
and AZ31/5%SiC and AZ31/10%SiC composites. According to the figure, it is clear that before performing the
thermal cycle, the alloy sample has the highest density, followed by the AZ31/5%SiC sample, and the lowest
density is related to AZ31/10%SiC sample. This can be related to the existence of primary cavities in the micro-
structure of the composites. Preparation of a composite with a high percentage of reinforcement but without
creating a cavity is inevitable. As the number of cycles increases to the first 600, the density changes for compos-
ite samples are almost constant. However, the density of unreinforced alloy decreased significantly with increas-
ing the number of cycles up to 600. In the open porosity graph in Fig. 13b, the relationship between porosity
and the number of cycles at 150 °C for unreinforced alloy and AZ31/5%SiC and AZ31/10%SiC composites can
be examined. By increasing the number of cycles up to the first 600, the open porosity changes for composite
samples are almost constant. This indicates that at 150 °C, the energy required for the growth of cracks in the
microstructure and the energy required for the nucleation of new cracks for the composites is not provided,
causing a new porosity. However, the unreinforced alloy sample has a marked increase in porosity by increasing
the number of cycles to 600.

In fact, for the alloy sample, the energy required for crack nucleation and crack growth is provided. Porosity
is an intrinsic property of the composite. However, during thermal cycle testing, cracks can be optimally formed
from these porosities®”. Figure 13c and d show a graph of density changes and porosity percentages in terms
of the number of cycles at 350 °C of unreinforced alloy and AZ31/5%SiC and AZ31/10%SiC composites. The
conditions for as-cast samples under thermal cycles of high temperature (350 °C) are similar to those of low
temperature (150 °C). However, the AZ31/5%SiC sample also showed an increase in open porosity at 350 °C from
300 to 600 cycles, which is the reason for the increase and growth of cracks. No noticeable change is observed
in most thermal cycles up to 900 cycles.

Aging. Microstructure. Figures 14 and 15a demonstrate the OM micrographs of the notch tip of aged sam-
ples and quantitative measurement of the CLs under different thermal cycles at 150 °C, respectively. Based on
the Fig. 14, CL reached 685 pum after 900 cycles, which shows a growth of 60% compared to the as-cast sample.
After 900 cycles, AZ31/5%SiC and AZ31/10%SiC samples showed crack nucleation and growth, 40% and 60%
less than the unreinforced alloy. SEM micrographs of the notch tip of the aged samples and quantitative meas-
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Figure 10. Crack length of the as-cast samples after thermal cycle at: (a) 150 °C, and (b) 350 °C.

urement of the CLs under thermal cycles at 350 °C are shown in Figs. 15b and 16, respectively. According to
the Fig. 16, it is clear that after 600 cycles, the unreinforced AZ31 alloy cracks nucleated and grew to a length
of 45 pm, and by increasing the number of cycles to 900, the crack grew and reached a length of 1035 um,
showing an increase of 2200%. After 300 cycles, no crack was observed at the notch tip for AZ31/5%SiC and
AZ31/10%SiC, and after 600 cycles, 85 um and 65 pm long cracks were formed, respectively. Furthermore, after
900 cycles, 365 and 115 pum long cracks were observed for AZ31/5%SiC and AZ31/10%SiC samples, 65% and
88% less than unreinforced alloy cracks with the same number of cycles, respectively.

During the entire process, cracks may meander. This is because of particles that are likely to affect the direction
of the crack tip, and then cracks move forward along less strong positions, namely voids and weak interfaces.
Noteworthy is the fact that bonding strength concerning the interface of particle and matrix may impact the
stress intensity factor at the crack tip. In addition, when the main crack propagated, a distinct pattern of crack
appeared at the crack front. It is believed that detached particles or void defects are responsible for this pattern’s
occurrence; in fact, it seems they merge into the main crack, thus accelerating crack growth. Figure 16 displays
the front of the main crack where sub-cracks were configurated and combined after several cycles. Defects and
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Figure 11. SEM micrographs of as-cast samples after thermal cycles at 350 °C: (a) unreinforced alloy after 300

cycles, (b) unreinforced alloy after 600 cycles, (c) unreinforced alloy after 900 cycles, (d) AZ31/5%SiC after 300

cycles, (e) AZ31/5%SiC after 600 cycles, (f) AZ31/5%SiC after 300 cycles, (g) AZ31/10%SiC after 300 cycles, (h)
AZ31/10%SiC after 600 cycles, and (i) AZ31/10%SiC after 900 cycles.
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Figure 12. Elemental map analysis of the sample: (a) before thermal cycle, and (b) after 300 thermal cycles at
350 °C.
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Figure 13. (a) Relative density of as-cast samples after thermal cycles at 150 °C, (b) open porosity of as-cast
samples after thermal cycles at 150 °C, (c) relative density of as-cast samples after thermal cycles at 350 °C, and
(d) open porosity of as-cast samples after thermal cycles at 350 °C.

any areas like Mg, SiC particles, and interface where strength is low are favorable sites in which crack may initi-
ate and then propagate directionally.

Density. Figure 17a depicts the density changes in terms of cycle numbers at 150 °C for unreinforced alloy and
A731/5%SiC and AZ31/10%SiC composites. As the number of cycles increases to the first 600 cycles, the density
changes for composite samples are almost constant. This indicates that at 150 °C, the activation energy required
for the nucleation/growth of cracks in the microstructure is not provided, causing changes in density. However,
the density of the unreinforced alloy sample decreased significantly with an increasing number of cycles up to
600. In fact, for the unreinforced alloy sample, the energy required for crack nucleation and crack growth is pro-
vided. From open porosity diagrams in Fig. 17b, the relationship between porosity and the number of cycles can
be examined for unreinforced alloy and AZ31/5%SiC and AZ31%10%SiC composites at 150 °C. By increasing
the number of cycles up to 600, the open porosity changes for composite samples are almost constant. This indi-
cates that at 150 °C, the energy required for the growth of cracks in the microstructure and the energy required
for the nucleation of new cracks for the composites is not provided, causing new porosity to form. However,
the unreinforced alloy sample has a marked increase in porosity by increasing the number of cycles to 600. The
activation energy required for crack nucleation and crack growth is provided for the alloy sample.

Figure 17¢ and d show the density and open porosity percentage changes in the a number of cycles at 350 °C
for unreinforced alloy and AZ31/5%SiC and AZ31%10%SiC composites. Conditions for aged samples under
high temperature (350 °C) thermal cycles are similar to those of low temperature (150 °C). As the precipitates
created in the microstructure, the amount of density and porosity in aged samples under thermal cycles increased
and decreased compared to as-cast samples. Furthermore, no MgO was detected at the interface during thermal
cycling. It is well-known that 350 °C for long periods is presumably required for carbide formation in Mg/C
composites®. The upper temperature of 100 °C and short pauses involved in the present study are not high
enough to activate interfacial reactions. Since the chemical state of the interface remains unchanged, composite
flexural strengths do not depend on thermal cycling, and when there is no chemical degradation during the
thermal cycle, mechanical damage of interfacial is bound to occur. After thermal cycling, this mechanical dam-
age appeared in the form of microvoids, microcracks, and particle protrusion triggered by interfacial sliding.
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Figure 14. OM micrographs of aged unreinforced alloy and composites samples after 300, 600 and 900 thermal
cycles at 150 °C.
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Figure 15. Crack length of the aged samples after thermal cycle at: (a) 150 °C, and (b) 350 °C.

Interfacial micro-cracking and void formation are evident in composites after 300 cycles (Fig. 18), and neither
of them seemed to get worse with a rise in the number of thermal cycle. However, there is not any quantitative
study. Therefore, it is believed that sample preparation is often responsible for the occurrence of microcracking.
Nevertheless, despite many efforts to prevent the creation of preparation artifacts, they were still unavoidably
poorly bonded composites. Microvoid formation has been frequently detected in Cu matrix composite during
the thermal cycles®. Microcracks and microvoids are likely to weaken reinforcement/matrix interfacial bond,
and load may be transferred to the reinforcement phase. As can be seen, particle protrusion took place after
thermal cycling in AZ31/SiC, as a result of interfacial sliding during cooling cycles wherein particle expands in
matrix contracts and longitudinal direction.

Nonetheless, it is also possible that sliding takes place during the whole thermal cycle which is not limited
to cooling cycle. In present study, composites samples have been evaluated after a completed thermal cycles.
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Figure 16. SEM micrographs of aged samples after thermal cycles at 350 °C: (a) unreinforced alloy after 300
cycles, (b) unreinforced alloy after 600 cycles, (c) unreinforced alloy after 900 cycles, (d) AZ31/5%SiC after 300
cycles, (e) AZ31/5%SiC after 600 cycles, (f) AZ31/5%SiC after 300 cycles, (g) AZ31/10%SiC after 300 cycles, (h)
AZ31/10%SiC after 600 cycles, and (i) AZ31/10%SiC after 900 cycles.

Nevertheless, since particle protrusion is main thermal cycling result concluded in AZ31/SiC, it can be inferred
that frictional sliding along interface and interfacial debonding is predominant cause pertaining to thermal
cycling damage. Thus, the presence of some microcracking, microvoids, and the weak interfacial bond, should
possibly facilitate the onset of frictional sliding when thermal cycling occurs.

In contrast to many other composites studied previously, e.g. Al/C composites®, AZ31/SiC does not observe
a gradual accumulation of damage, with negligible degradation in property, occurring at the beginning of the
cycling process. After initial interfacial debonding, the generation of stresses may not be as very profound, and
further damage accumulation (coalescence of existing flaws) will be slower. It should be noted that composites
with strong interfaces have proved to be more resistant to mechanical property devaluation in a relatively tran-
sient thermal environment”. Therefore, the formation of a stronger interfacial bond through the formation of
carbide at the interface probably improves the mechanical response of AZ31/SiC when exposed to cyclic thermal
conditions®.

Mechanism. Figure 19 represents the thermal fatigue cracking micrographs of aged unreinforced alloy
samples. Apparently, in the first stage, thermal fatigue crack grown transgranular, which was in the direction
to groove starting from the notch’s tip. CL grew with an increase in the number of cycles. The crack width
of various samples declined; however, its thickness did not exceed 10 um. This is while the crack width has
decreased with reaching the precipitates, followed by crack deflection and bifurcation, indicating crack growth
resistance mechanisms. Cracks in the as-cast sample grew straight (Fig. 18), while in the aged sample, they grew
as branches (Fig. 19a).

Obviously, under conditions similar to those used in these experiments, more than 900 thermal cycles are
usually required to cause any measurable damage to the samples. Hence, recorded CTE in these experiments
is completely irrelevant to the occurrence of matrix microstructural changes by plastic deformation. Therefore
composite was prepared through stir casting method at elevated temperature. It consists of residual thermal
stresses at RT because of a mismatch in coefficients on matrix/reinforcement thermal expansion’’; the magnitude
of these stresses is the minimum stress required for the creep to occur in the matrix. It seems that the matrix
in AZ31/SiC composite bears tensile stresses while reinforcements particles bear compressive stresses. Since
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Figure 17. (a) Relative density of aged samples after thermal cycles at 150 °C, (b) open porosity of aged samples
after thermal cycles at 150 °C, (c) relative density of aged samples after thermal cycles at 350 °C, and (d) open

porosity of aged samples after thermal cycles at 350 °C.
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Figure 18. (a) SEM micrograph of aged unreinforced alloy after thermal cycles at 150 °C, and (b) higher
magnification.

composites samples during heating, internal thermal tensile stress in matrix drops to a minimum, and as it is
heated further, there may be a compressive stresses generation.

On the contrary, when composites are cooled, internal thermal stresses behave oppositely. Indeed, it is
assumed that internal stresses may be concentrated near the interface of matrix/reinforcement and particularly
at the sharp side of reinforcement. Also, internal thermal stresses could go beyond the yield stress of the matrix
alloy at the evaluated temperature. Then relaxation will occur by new dislocations generation and matrix plas-
tic deformation. Plastic deformation could appear as a grain boundary sliding, twinning, or dislocation glide
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Figure 19. (a) SEM micrograph of aged unreinforced alloy after thermal cycles at 350 °C, and (b) schematics
of crack propagation through the grains, (c) higher magnification of micrograph (a) in SE mode, and (b) higher
magnification of micrograph (a) in BSE mode.

at higher temperatures depending on the crystallographic matrix structure. Compressive deformation, which
appears during the heating process, is expected to lead to some form of diffusional creep. In contrast, plastic
deformation appearing on cooling can cause twinning and dislocation glide. Therefore, in support of experi-
mental observations, a larger, more considerable thermal mismatch is expected to occur during cooling at lower
temperatures. As suggested earlier, damage of internal thermal stresses reproduced in the thermal cycling can
possibly be correlated”’ 7>,

In Fig. 19d, the crack encountered a group of precipitates with two paths for propagation; it grew along with
the particle interface. During the entire growth process, the crack may affect particles and move along with less
strong positions, namely cavities and weak interfaces. At the crack tip, the coefficient of stress intensity is associ-
ated with bond strength concerning the interface of reinforcement/matrix. There is a considerable distinction
between CTE of constituents. Thus, during cycles, thermal stresses arise from interfaces. Thermal stress caused
by thermal fatigue may weaken the properties of composite material. However, propagation occurs in the matrix
when the alloy matrix’s yield strength is less than the strength of the interface and when the crack path does not
collide with any interfaces. During the entire growth process, a crack may affect particles and move along with
less strong positions, namely cavities and weak interfaces. At the crack tip, the coeflicient of stress intensity is
associated with bond strength concerning the interface of reinforcement/matrix. There is a considerable distinc-
tion between CTE of constituents. Thus, during cycles, thermal stresses arise from interfaces. Thermal stress
caused by thermal fatigue may weaken the properties of composite material. However, propagation occurs in
a matrix in the case in alloy matrix yield strength is less than the strength of interface and when the crack path
does not collide with any interfaces.

Figure 20 reveals the SEM micrographs of an AZ31/5%SiC composite sample after 300 and 900 thermal
cycles. As can be seen, the sample under 300 thermal cycles has no crack, which in the micrograph with higher
magnification can be seen in the presence of a cluster of reinforcing particles in the notch tip, which itself can
prevent the nucleation of the crack. In the sample, under 900 thermal cycles, the reinforcement particles have
prevented the straight growth of cracks in the composite matrix. Also, crack width has decreased sharply after
colliding with reinforcement particles, indicating that these particles have enhanced the thermal fatigue resist-
ance of the composite. Since their distribution and thermal load may alter the propagation of thermal fatigue
cracks, crack growth can be inhibited by particles. Although the crack growth process encounters many particles
as barriers, the crack grows rapidly after a definite interval on cycles. After that, it crosses the next barrier. Its
growth, as a whole, must bypass a particle that has a longer path and it needs more energy to travel the same path.
Reinforcement particles and participants control crack growth. Straight growth of crack is usually prevented in
as-cast and aged samples by SiC particles and precipitates.

It is well-known that SiC particles as reinforcement materials are critical factors in the crack process in which
cracks should pass them. Figure 21 presents AZ31/SiC composites in which cracks started to grow and propagated
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Figure 20. SEM micrograph of as-cast AZ31/5%SiC after thermal cycles at 350 °C (a) and (b) 900 thermal
cycles, and (c) and (d) 900 thermal cycles.

Figure 21. SEM micrograph of as-cast AZ31/10%SiC after thermal cycles at 350 °C (a) and (b) 300 thermal
cycles, and (c) and (d) 900 thermal cycles.
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Figure 22. (a) SEM micrograph of aged AZ31/10%SiC after thermal cycles at 150 °C, and (b) higher
magnification.

slowly and quickly. But, after a while, the width of the crack rose at the notch of the sample, and it then facilitated
its growth. After heating and cooling cycles, the interface of particle and matrix often has a relatively low strength.
This is because strength at interfaces is much less than thermal stresses. Combined with defects, this stress makes
cracks initiate and propagate. Moreover, a crack may grow in the matrix if the matrix has lower values of strength
compared to that of the interface, or the crack does not face any interfaces.

Figure 22 reveals the crack propagation in the aged AZ31/10%SiC composite sample. As can be seen, the
straight crack was deflected by a precipitate and further stopped by the reinforcing particles. The growth process
of thermal fatigue crack, as a whole, has two stages, including initiation and propagation. During this process, the
length and width of cracks grow similarly in the sense that crack propagation advances consistently at different
stages. Moreover, the width, and length of a crack caused by thermal fatigue in the propagation process experience
an increase and a decrease. Although CL concerning two side faces of unreinforced alloy remains the same, it is
different in composites, particularly change in width is opposite. It should be mentioned that observed trends
are as follows. First, the platform period is where CL remains almost stable under several heating and cooling
cycles. Then, as CL grows sharply, the crack enters fast to the next step, which is considered the jumping period.
As steps increases, thermal fatigue cracks are likely to grow slowly and then quickly in a cyclic way till their speed
is stabilized. Although crack growth encountered many obstacles (reinforcements and precipitates), the crack
propagates quickly in the initial duration of both types of cycles and then may face a new hurdle. In other words,
it is notable that propagation may advance slowly and quickly. However, there was a random distribution of the
path of fatigue crack in composite reinforced by particles. Indeed, propagation may be hindered, and particles
will change the growth path.

Nevertheless, it should be noted that during the process of crack growth, the existence of individual particles
cannot be seen. Uniform distribution on a group of particles is a critical factor in impeding the growth of the
main crack. Composite samples do not represent any turning points where initiation changed to propagation.
As shown in Fig. 22, this point is where CL and cycles are 200 um and 900, respectively.

The thermal-fatigue crack growth model in AZ31/SiC composite is demonstrated in Fig. 23. The horizontal
and vertical surfaces of each stage are attributed to the slow and rapid propagation of thermal fatigue cracking.
Based on the figure in low cycles, crack growth is slow, which attributes to activation energies for crack nucleation
(Fig. 23a,b). As cycles increase, CL reaches equilibrium, indicating that the crack growth rate gradually becomes
stable, followed by an increase in thermal fatigue crack growth rate (Fig. 23c). Applying various cycles does not
alter LC, indicating a stage that can be called starting period. After that, when CL increases sharply, the crack
goes to the next stage, called the jump period. Hence, length varies modestly. Then it increases significantly. In
other words, they may change slowly or quickly before growth rates on cracks’ fast and slow growth become
similar. In this stage in composite and aged samples, reinforcement/precipitates act as a deflection agent. Based
on Fig. 23 three mechanisms can be activated for crack resistance. First, in the relatively homogeneous composite
sample, the elastic field around the reinforcement particle acts as a crack deflection agent, which causes increas-
ing CL and decreasing thermal load (Fig. 23d). Second, in an inhomogeneous composite sample, the cluster of
reinforcement acts as a barrier to crack growth. Furthermore, due to the high strength of ceramic particles, the
crack cannot fracture the particle and also cannot be deflected due to a cluster of reinforcement, which causes
new crack nucleated up to reach the cluster of particles (Fig. 23e-h). Third, in the percent of the precipitates,
crack growth in the path of the precipitates cause an increasing curvature radius of the crack tip and further
cause crack deflection (Fig. 23i-1).

Crack growth model. Figure 19 illustrates the calculated routes of a subsection concerning crack pro-
duced by 900 cycles. As expected, the longer one arrests the short one and proceeds, the crack returns to its
original direction of propagation. It should be noted that the overload-induced bifurcation phenomenon brings
the about a great size of zones with nonelastic deformation wherein branches develop. Ithe critical effect of the
mentioned areas is that they may close cracks, especially when merged into effect of the bifurcation phenom-
enon. Nevertheless, in the experiments, thermal cycles have been controlled not to have a closing effect, thus
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Figure 23. Schematics of crack propagation resistance mechanism during thermal cycles in composite and
precipitated hardened sample: (a—d) composite with uniform reinforcement distributions, (e-h) composite with
cluster reinforcement distributions, and (i-1) aged sample.
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eliminating nonelastic regions around the crack tip. Far from this mentioned area, an observed zigzag pattern
often arises from microstructural variation; nevertheless, kinks under 35° never impact stress intensity factors,
as illustrated in Fig. 19. However, a final path of crack propagation caused by bifurcated often appears in a trans-
granular shape.

Many factors, such as multi-axial stresses, overloads, and microstructural inhomogeneities often force fatigue
cracks to digress from the growth direction of Mode I’*. Figure 19 displays that this deviation may generate kinks
or branches produced in a crack. In addition, a fatigue crack that deviated from Mode I plane is likely to induce
conditions with mixed-mode around the crack edge when Mode I is prevalent in far-field stress. Figure 19 shows
that this mode of stress adjacent to a long subdivision of cracks produces both modes of stress intensity, but it
yields k; and k, adjacent to a smaller branch. Considering small factors of divided ones compared to that of a
straight one with similar lengths, branching may postpone its next growth.

Furthermore, roughness observed on fracture surfaces that arises from such branching may change the level
at which the crack is closed. Then, perturbations can be developed as the crack grows”>””. According to the
results, minimal differences between both CLs branches (Fig. 19¢,d) are large and can produce shorter branches
to be arrested while longer subdivisions can propagate. Accordingly, when the rate and direction of cracks are
satisfied, the curve of subdivisions. Consequently; it is believed that the fastest branch proceeds growing whereas
many advance around the entire path. On the other hand, all others are hindered owing to the effect of shielding.
The mentioned feature also has widely detected engineering parts, specifically on an airplane wheel rim”8-%,

Three techniques can be applied to determine factors of stress intensity (FSI) around curved paths of cracks.
First, the technique of displacement correlation; second, a technique that computes the release rate of potential
energy by using an integral method on a modified crack-closure; third, equivalent domain integral (EDI), which
computes J-integral’®. Both Modes of I and II and FSI K; and Kj; were utilized to calculate an equivalent FSI
K.q The growth rate of the thermal fatigue crack could then be determined by using the range Dy, on stress
intensity by a McEvily model®":

da
= A x (AKe — AKy)" ()
AK, — AKp \™
Ac=Abx [ Soe =20 3)
AKy — AKy,

where the Modes I and II FSI are evaluated for CLs with a small bifurcation of branch lengths b, and ¢,, which
b, > ¢y and with angle 20 (marked Fig. 19¢).

Two modes on subdivisions were achieved with angles of 35° <20 < 73° about bifurcation. It should be noted
that as cracks growth initiates in weak material and then propagates into strong one, the thermal load induced
bifurcated cracks may have initial branch lengths in a range of 10-100 um, with 20 =35°, in the unreinforced
alloy, and 73°, in composite®.

Bifurcation angle 26 is a vital parameter wherein k, vanishes on uniformly deviated crack because the other
deviation may propagate. On the other hand, k, is equal to zero, which means a route’s deviation may occur.
Therefore, both branches may grow at an angle 8 =35° concerning the horizontal direction. Then, using Eq. (4)
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78, the k; and k, were utilized in calculations of equivalent FSI K, concerning those subdivisions. They can then
detect growth features when bifurcation occurs.

K= > (3c0s +cos 2 ) xky— 2 (sin? 4sin 2 x K
= - COS — COS — — — | Sin — sSin —
Ty 2 2 L 2 5 I (4)

Figure 19 shows constancy in K/K; ratio, about 0.81, for regularly bifurcated cracks when angles are 20 < 35°.
However, at the time of computation regarding stress intensity factor these cracks, special care must be taken.
Effective FSI increases considerably when propagation initiates. For example, regarding a regularly bifurcated
crack when angles of branches are 20=73°, K/K; is around 0.77, but it propagates modestly with less than 0.1
by, it rises rapidly to 0.751. Therefore, the reduction of K/K; for 20 =35°, as presented in Fig. 21 may be cor-
rect when propagation initiates, which then immediately increases to approximately 0.8. Moreover, the initial
propagation longer branch direction is lower 35°, independent of considered bifurcation angle 28, as shown
in Fig. 19. Therefore, for values of 20 <73°, a deflection can be detected when propagation begins. This result
has also been reported by Lankford”#, who performed several tests concerning overload fatigue crack on alloy
using SEM micrographs and reported that growth postpone arises from the bifurcation. Reportedly, it prob-
ably grows shortly parallel to overload-induced bifurcation before a rapid branching within its route occurs, as
can be observed in Fig. 21. The mentioned branching results in a sharp rise in Mode I of stress intensity factor
instantly after the start of propagation leading to a lower postponed effect according to the bifurcation without
the propagation phase. Nonetheless, when equivalent stress intensity spans of both subdivisions are less than
Dy, then the main crack will be arrested, and thus no rapid branching may be developed.

Figure 21 illustrates defined routes on deviated crack produced as CL was a=200 pum. Also, the primary one
faced kinking before the bifurcation phenomenon. The zigzag pattern is evident at its propagation; neverthe-
less, it does notimpact stress intensity factor data. SEM micrographs also demonstrates through-the-thickness
condition concerning bifurcation front in all samples.

Figure 21 reveals open crack measurements in the sample after 300 and 900 thermal cycles, which caused
bifurcation. This is because the initial load usually stayed less than the lowest value in the range of imposed loads.
Thus, we can infer that crack closure cannot explain the measured effect of retardation. Indeed, the bifurcation
phenomenon declined the level of closure by 25% because of increased compliance caused by crack branches.
The effect of retardation, which may be attributed to a drop in Kop, may be inconsistent with neither of postpone
postponing techniques based on the crack’s closure. Then, it can be suggested that bifurcation is the primary
postponement mechanism. The advantages of the growth path on a crack caused by thermal fatigue outweigh its
disadvantages by improving its resistance. Figure 21 reveals shown concerning crack caused by thermal fatigue
in an unreinforced sample. As illustrated in figure, each period comprises many rough microfracture surfaces.
This proves hurdles against the growth of cracks. Accordingly, a crack can grow further or combine with tiny

ones after overcoming various obstacles. Eventually, it mainly grew along the matrix/particle interface#3-%,

Conclusions

This research study discussed the behavior of cracks produced by thermal fatigue tested with a V-shape notch
sample in Mg/SiC composites, consisting of 5 and 10wt% SiC particles, and particularly in AZ31 alloy, which were
fabricated by stir casting, at various of cycles of heating and cooling at 150 and 350 °C. Moreover, the crack growth
and its mechanism and growth rule, as well as its morphology, were examined. The results are summarized below:

1. Cracks initiate during the first thermal cycles and when their length reach 200 pm, they start to propagate
in the matrix. This stage is not only the main stage but also may propagate slowly and quickly during the
process.

2. Based upon the OM and SEM results, the trans-granular crack propagated in the unreinforced alloy. After
that, it entered into the matrix/reinforcement and matrix/precipitates interfaces which deflect the crack
propagations. During thermal fatigue, with an increase in the number of cycles, a crack growth barrier or
postpone arises from the bifurcation. Then microcracks emerged.

3. The second stage of growth concerning cracks was propagation which first grew slowly. However, after a
while, when it reached a definite number of cycles, it grew faster. This difference was observed on the fracture
surface with the shape of steps representing small jagged crack paths.

4. 'The primary resistance mechanism of crack growth in aged and reinforced Mg alloys is the deflection by
precipitates and barriers by a cluster of reinforcement. Furthermore, crack deflection due to the elastic field
of the matrix around the reinforcement particle postponed the crack growth.
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