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ARTICLE INFO ABSTRACT

Keywords: With the development of engine and environmental protection, thermal cracking has become one
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thermal fatigue with variable amplitude is studied in this paper, which is induced by pulsed laser.
According to the different length, microcracks shorter than 0.1 mm and longer than 0.3 mm are
defined as “secondary microcrack” and “main microcrack”, respectively. Results show that, the
secondary microcrack caused by the superimposed high-cycle thermal loading shows different
behavior of initiation and propagation with the main microcrack. The propagation of secondary
microcrack usually limits in a eutectic cell, because that the energy provided in the high-cycle
stage is not enough to break across the eutectic boundary. However, the main microcrack can
propagate across the eutectic boundary because of enough energy provided in the low-cycle
stage. With consideration of both plastic strain energy density and elastic strain energy density, a
modified Paris-type model is proposed based on fractal theory. The threshold AWy, is introduced
to evaluate the damage contribution of elastic strain energy density. The proposed model is
helpful for lifetime prediction of components and materials working under thermal fatigue with
variable amplitude.

1. Introduction

Compacted graphite iron (CGI) is applied as combustion chamber of diesel engine, due to its low cost and excellent properties at
high temperature, such as high thermal conductivity, advanced mechanical performance and so on [1,2]. The operating conditions of
engine are usually transient, including start-stop cycles and regular combustion cycles [3-5]. The thermal damage induced by start-
stop cycle belongs to low-cycle fatigue (LCF) with large temperature change (~400 °C) and long duration (~100 s), and that induced
by regular combustion cycle belongs to high-cycle fatigue (HCF) with small temperature range (~40 °C) and short duration (~0.1 s).
Thermal cracking damage will occur under cyclic thermal loading with variable amplitude.

Former studies about thermal fatigue resistance of cast iron are mainly induced by induction heating with constant amplitude
[6-9], which is usually applied periodically by. However, due to its limitations, it is hard to achieve temperature change within
milliseconds. In recent years, experiment system with precise energy distribution has been proposed [10-12]. Thermal fatigue ex-
periment of variable amplitude can be achieved by precise temporal control of laser distribution, which provides reliable
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Table 1

Chemical composition of EN-GJV-450 (wt%).
C Si Mn S P Cu Fe
3.27 2.29 0.40 0.017 0.028 0.86 Bal.

experimental method for studying crack initiation and propagation behavior of components and materials working under complex
thermal conditions.

A fundamental problem of evolution model is to determine the damage parameter. Researches [13,14] showed that fatigue
damage was caused by all cracks, especcially the thermal fatigue damage of smooth specimen, and the surface microcracks showed
collective behavior and random statiatical complexity. Therefore, it is necessary to describe the crack evolution with the fractal
theory. The pioneering studies [15-17] mainly focus on the connection between fractal dimension and growth process of fatigue
crack. Wang et al. [17] proposed a damage model to investigate the collective evolution of short fatigue cracks. However, only plastic
strain energy density was considered in the proposed model, which is only applicable for loading with constant amplitude. Obviously,
it needs modification under cyclic thermal loading with variable amplitude.

The main objective of this paper is to analyze the microcrack of compacted graphite iron during thermal fatigue of variable
amplitude, which is induced by pulsed laser. The initiation and propagation of microcrack is discussed. The box-counting dimension
method is applied to estimate the fractal dimension of microcracks under complex thermal conditions. A modified Paris-type pre-
diction model based on fractal theory is proposed based on cyclic energy, including plastic strain energy and elastic strain energy.
Thermal fatigue experiments under different levels of strain energy are carried out to verify the model.

2. Experimental material and procedure

EN-GJV-450 cast iron material is investigated in this paper, while the chemical composition is listed in Table 1. The original
microstructure after etching is showed in Fig. 1. The graphite is mainly in a worm-like form with rounded edges (average length of
100 um), and partly in a flaked or spheroidal form. The matrix of compacted graphite iron studied in this paper is pearlite with a
variety of lamellar structures, and a small fraction of ferrite. The compacted graphite particles appear worm-shaped when viewed in
two dimensions, however, the individual worms are connected to their nearest neighbours within the eutectic cell, which is nearly
300 um and is depicted with yellow dashed line in Fig. 1. The specimens are cut into a cylindrical shape, while the diameter and
thickness is 18 mm and 5 mm, respectively. The sample surface is polished with sandpaper, and cleaned carefully before testing. In
addition, the physical and mechanical properties of EN-GJV-450 materiral are listed in Table 2, in order for energy analysis in the
finite element simulation.

An experimental system is designed based on Nd:YAG millisecond pulsed laser with wavelength of 1064 nm, which mainly serves
as the heat source. The schematic diagram of testing system is presented in Fig. 2(a). Surface temperature in the center of specimen is
detected by infrared pyrometer, and serves as the process signal transferred to the control software. The compressed air is supplied to
the backside of specimen through a specical designed nozzle, for maintaining the desired temperature gradients across the sample.

In order to simulate the actual working conditions with different thermal cycles, a complete testing cycle is designed to include
three parts: the heating stage, the high-cycle stage, and the cooling stage, as shown in Fig. 2(b). The minimum temperature and the
maximum temperature are marked as T, and Tpay, respectively. Therefore, the amplitude of low-cycle stage is the difference

20 ym* EHT = 20.00 kV Signal A = SE1 Date :19 Jun 2018
m WD =17.0 mm Mag= 500X PhotoNo.=22  Time :19:57:13

Fig. 1. Typical microstructure of EN-GJV-450 material after etching.
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Table 2
Material parameter of EN-GJV-450 for simulation.
T K C p v a E
Q (Wem ™K™Y (Jkg K™D (kg'm ™) K™ (GPa)
20 43.0 441 7090 0.241 / 106
100 41.9 470 0.266 9.61 x 107° 101
200 40.2 513 0.258 11.7 x 10~° 92.3
300 38.6 562 0.236 12.7 x 10~° 83.8
400 36.4 615 0.224 13.3x 107° 77.3
500 33.8 674 0.216 13.9 x 10°° 71.2
(@
pulsed
laser

infrared
pyrometer

control
software

sample

| cooling device ||<

(b)
heating stage high-cycle stage ~ cooling stage
T NHCF 1 !
T, AANANA I NANNANAN ANAANANAN

VVV VN (VARVAAVAVAY

T min

cycle block

Fig. 2. Schematic diagram of (a) testing system; (b) testing cycle.

between Ty, and Tpi,. The pulse width, repetition rate and single pulse energy are selected to be 8 ms, 20 Hz and 9 J, respectively,
and the temperature-controlled mode is chosen at this stage. Once the detected temperature reaches T,,.y, the laser parameters are
changed automatically to another set for small temperature change in the high-cycle stage. The pulse width, repetition rate and single
pulse energy in the high-cycle stage are 10 ms, 4 Hz and 15 J, respectively. The temperature amplitude in the low-cycle stage and
high-cycle stage is about 400 °C and 40 °C, respectively. Once the prescribed cycles (marked as Nycp) are completed, the cooling
medium is provided automatically, and the cooling stage begins. When the surface temperature drops to Ty, a whole cycle of
variable loading is completed.

In this paper, fatigue crack is observed with optical microscope (OM) and scanning electron microscope (SEM), in order to analyze
the crack information and calculate the fractal dimension. Firstly, image processing software such as PHOTOSHOP is used to identify
the microcrack contour. After that, MATLAB program is applied for binary processing of the extracted profile, and calculation of
fractal dimension based on the pixel.
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Fig. 3. Surface microcracks and the corresponding extracted profile (T, = 100 °C, Tppax = 450 °C, Nycr = 5 X 10%). (a) (b) after 1 cycle; (c) (d)
after 10 cycles; (e) (f) after 40 cycles.

3. Microstructural analysis of fatigue crack

The crack evolution is presented in Fig. 3, and the corresponding testing parameters, such as Tpin, Tmax Nucr, are 100 °C, 450 °C
and 5 x 103, respectively. As shown in Fig. 3(a), (c), (e), the sample surface is severely oxidized due to long time exposure to high
temperature environment containing oxygen. In order for quantitative analysis, the image processing software is applied to extract
the profile of surface microcrack, as shown in Fig. 3(b), (d), (f). Under the thermal loading provided by pulsed laser, although the
equivalent stress is below the yield limit of cast iron, the slip band will occur in the local surface, especially within the laser spot,
which is attributed to the inevitable inhomogeneity of the structure or properties. As the sample surface is under plane stress state, it
is easy for plastic slip [18]. Repeated cyclic slip strain forms the initiation core of microcracks. After the first cycle, as in Fig. 3(a), (b),
the microcrack initiation has begun, indicating that, it is easy for cast iron material to cause microcrack initiation under cyclic
thermal loading with variable amplitude. Accumulated thermal damage mainly includes plastic deformation produced by thermal
loading of large amplitude, and elastic deformation caused by thermal loading of small amplitude. Once the microcrack initiates in a
certain location, the stored strain energy will be transferred to the surface energy for a new crack. Therefore, it is difficult for other
new microcrack to initiate around this position. After 10 cycles (as shown in Fig. 3(c), (d)), as the test going, the cracks propagate
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Fig. 4. Microcracks initiated from the graphite phase after 40 cycles. (Tyin = 100 °C, Tppax = 450 °C, Nycr = 5 X 10%).

along the graphite phases both on the surface and in the thickness direction, resulting in the increase of crack length and crack
number. Under the repeated loading of tensile stresses and compressive stresses generated in the thermal cycle, the graphite phases
strip from interface gradually. After 40 cycles (as shown in Fig. 3(e), (f)), more and more short cracks appear. At the same time,
several microcracks grow up and coalesce together to connect adjacent graphite phases, forming long cracks.

It can be seen from Fig. 3, the crack length is different. The number of microcrack shorter than 0.1 mm is the most, while the
number of microcrack longer than 0.3 mm is the least. As stated in Part II, the average length of graphite phase and eutectic cluster is
0.1 mm and 0.3 mm, respectively. Therefore, the crack shorter than 0.1 mm is defined as “secondary microcrack”, which is equivalent
to the size of graphite phase. The crack longer than 0.3 mm is defined as “main microcrack”, which is larger than the size of eutectic
cluster. In addition, the main microcracks are depicted with red lines in Fig. 3. The difference of these two kinds of cracks is not only
the length, but also the behavior of initiation and propagation, which can be proved by the following microstructural observation.

The microstructure of compacted graphite iron mainly includes two parts, the graphite phase and the iron matrix. The properties
of graphite phase and iron matrix are of great difference, such as the thermal expansion coefficient, thermal conductivity, tensile
strength and so on. Therefore, under cyclic thermal loading of variable amplitude, the graphite phase tends to separate from the
matrix, and the microcrack tends to initiate from graphite phase. As presented in Fig. 1, there are two kinds of morphologies for
graphite phase, such as vermicular and spheroidal. In general, the initiated crack around is different, which can be observed in Fig. 4.
For long vermicular graphite (~100 um), the stress concentration around the graphite tip is relatively large, so cracks usually initiate
at the graphite tip and propagate along the length direction. Especially when the vermicular graphite locates at the eutectic
boundary, as in Fig. 4(b), the initiated secondary microcrack will propagate along the interface. As for spheroidal graphite, the crack
initiation and propagation show great randomness, and always occur in the direction of maximal tensile stress. As shown in Fig. 4(c),
the secondary microcrack initiates from the interface between the spheroidal graphite and the iron matrix, and propagates within a
eutectic cell.

However, the situation for short vermicular graphite (~20 um), is between the two kinds above. It can be seen from Fig. 5, since
the characteristic length of short vermicular graphite is of the same level with the spheroidal graphite, the propagation behaves like
the spheroidal graphite to same extent. The propagated direction of secondary microcrack initiated from short vermicular graphite, is
not strictly along the length direction, however, shows randomness near the graphite tip, as demonstrated in Fig. 5(b). In addition,
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Fig. 5. Secondary microcrack initiated from the graphite phase after 40 cycles. (Tyin = 100 °C, Tiax = 450 °C, Nyycg = 5 X 10%).

the secondary microcrack usually propagates within a eutectic cell. The crack pattern induced by thermal loading with variable
amplitude is different from that caused by thermal loading with constant amplitude [11]. Due to the relatively small temperature
change in the high-cycle stage, more secondary microcracks occur. Once the secondary microcrack initiates, the laser energy ab-
sorbed on the surface will transfer into the energy for forming new crack surface. Since the energy provided in the high-cycle stage is
not enough to break across the eutectic boundary, therefore, the propagation of secondary microcrack usually limits in a eutectic cell.

As defined above, the length of main microcrack is larger than the size of eutectic cluster. The main microcrack is mainly caused
by large temperature change in the low-cycle stage, which supplies enough energy to propagate across the eutectic boundary.
However, once the tip of main microcrack is perpendicular to the eutectic boundary (marked as the red dashed line in Fig. 6(c)),
especially when there is another microcrack in front, the propagation of main microcrack will stop. As shown in Fig. 6(b), in the
middle of main microcrack, one secondary microcrack initiates around the severe oxidation zone and grows within a eutectic cell,
showing bifurcation phenomenon. When there is spheroidal graphite in front of the crack tip, as in Fig. 6(d), the secondary mi-
crocrack tends to bypass the spheroidal graphite. In contrast, the propagation of main microcrack will continue until connecting the
spheroidal graphite, as demonstrated in Fig. 6(e).

Date :19 Jun 2018
WD=185mm  Mag= 400KX PhotoNo.=5  Time 18515

EHT = 20.00kV ‘Signal A= SE1

Date 19 Jun 2018
WD=185mm  Mag= 400KX PhotoNo.=6  Time:18:54:15

EHT =20.00kV. ‘Signal A= SE1 Date :19 Jun 2018

WD=185mm  Mag= 100KX PhotoNo.=3 Time 184502

10pm" EHT = 20.00kV. Signal A = SE1 Date :19 Jun 2018

EHT =2000kV Signal A = SE1 Date 19 Jun 2018
WD=185mm  Mag= 400KX PhotoNo.=4  Time 184822

WD=185mm  Mag= 400KX PhotoNo.=8  Time:19:03:18

Fig. 6. Surface microcracks after 40 cycles (Tpin = 100 °C, Tyax = 450 °C, Ngcg = 5 X 10%).
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Fig. 7. Fractal dimension calculation of surface microcracks (Tyin = 100 °C, Tppax = 450 °C, Nyycr = 5 X 10%). (a) after 1 cycle; (b) after 40 cycles.

4. Evolution prediction
4.1. Fractal analysis

It can be found from the above analysis that, in the case of multiple microcrack propagation, it is not appropriate to use da/dN for
evaluating the crack evolution, because the crack length is hard to measure. The surface microcracks show strong collective behavior
during the whole growth process [19]. In addition, former research show that, the cracked solid can be regarded as nonlinear
dissipative system [20,21], showing good statistical self-similarity. Therefore, fractal dimension (marked as D) in the fractal theory
can be applied to describe and characterize the microcrack evolution quantitatively [22-24]. The calculation of D is based on the
extracted crack image and the method of box-counting dimension [17]. In the box-counting dimension method, a linear regression
equation is used to estimate the fractal dimension:

logN (r) = Dlog(r) + logC, (€D)]

where N(r) is the number of square boxes needed to recover the cracks in the image, D is the fractal dimension, r is the side length of
square box, and Cs is a constant.

A series of log N(r) against log (r) data are calculated and plotted in double-logarithmic coordinates, and the corresponding linear
regression lines are shown in Fig. 7. The correlation coefficients in Fig. 7 are larger than 0.99, revealing that the crack images have
fractal characteristics.

It can be inferred from Fig. 7 that, the fractal dimension is a function of time, reflecting the process of thermal fatigue damage.
Therefore, the growth rate of fractal dimension (marked as dD/dN) can be regarded as a parameter which represents the damage
degree of specimens. It is worth noting that, the thermal damage of specimens varies with the change of cyclic thermal loading. As a
result, different experimental parameters, such as Tpin, Tmax and Nycp, are selected in order to calculate dD/dN under different
testing conditions, which are listed in Table 3. It can be seen that, for the same T,,;;, and Nycr, dD/dN increases with the increase of
Tmax- Similarly, for the same T,,;;, and T,.y, dD/dN increases with the increase of Nycg. Higher Ty,., and larger Nycr mean more laser
energy is input through pulsed laser, and more serious thermal damage can be expected. There must be certain connection between
fractal dimension and input energy, which is the basic of the following prediction model.

4.2. Prediction model for fatigue crack

The proposed model in this paper is based on Sandor's proposal [25], however, modification is needed. Under cyclic thermal

Table 3

Growth rate of fractal dimension for different testing conditions after 40 cycles.
Condition Tmin("C) Timax("C) Nucr dD/dN
1 100 350 10° 4.04 x 1073
2 100 400 10° 5.59 x 1073
3 100 450 10° 6.28 x 1072
4 100 500 10° 7.42 x 1073
5 100 450 5 x 10% 2.41 x 1073
6 100 450 5 x 10° 6.51 x 1073
7 100 450 10* 7.47 x 1073
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Table 4
Strain energy density for different testing conditions.

Condition AW, (N'm~2) AW (N'm ~?) AW(Nom~2)

32,170 89,888 72,000
57,644

102,142

248,461

102,142

102,142

102,142

NO U W=

loading with variable amplitude, the mechanism of crack initiation is tensile-stress induced cracking in the cooling stage, and peak
compressive-stress induced cracking during the high-cycle stage [26]. During the low-cycle stage, the significant temperature change
produces large thermal loading, and the corresponding input energy is large enough to induce plastic deformation. As a result,
thermal fatigue crack will initiate within the local area of large plastic strain energy.

In contrast, the temperature change in the high-cycle stage is relatively small, and the induced transient elastic stress is smaller
than the yield limit of material. At the crack tip induced in the low-cycle stage, additional elastic strain is superimposed and wedging
effect occurs. The crack tip opening displacement increases, and additional driving force for crack propagation is provided. Therefore,
both plastic strain energy in the low-cycle stage and elastic strain energy in the high-cycle stage, should be considered in the
prediction model.

The strain energy density can be estimated by finite element simulation, and the simulated model was proposed in [11]. In this
paper, von Mises yield criterion, isotropic linear hardening model, and Prandtl-Reuss incremental theory of plastic flow, are applied
for strain energy simulation during the thermal fatigue process induced by pulsed laser. The simulated results under different testing
conditions are listed in Table 4, where AWY, is the plastic strain energy density in the low-cycle stage, AW is the elastic strain energy
density in the high-cycle stage.

Based on the relationship between dD/dN and cyclic strain energy density, a modified Paris-type model for the evolution of D is
proposed as following:

dD NHCF
= =a@w)" + [ C(AWa — AWR)"dNkcr

dN / @

where C;, C, m are material constants, Nycr is the superimposed number of high-cycle loading in every cycle, and AWy, is the
threshold of elastic strain energy density. Assuming that, the elastic strain energy density produced by each high-cycle loading is the
same, therefore, Eq. (2) can be simplified as

dD
iN - CLAW)™ + Co (AW — AWp)"Nucr

3

dD/dN can be calculated from experimental results, and the strain energy density AW, and AW, can be simulated by finite
element method. In addition, AWy, is a material constant to some extent, which can be inferred from the threshold value of high-cycle
strain under the mechanical loading with variable amplitude. For the EN-GJV-450 material, high-cycle mechanical strain was su-
perimposed during the process of thermomechanical fatigue in [27]. Experimental results showed that, when Ty,.x is 450 °C, the
lifetime is significantly affected when the superimposed strain amplitude of high-cycle loading is 0.05%. Therefore, according to the
elastic modulus of EN-GJV-450 material, the corresponding threshold of elastic strain energy density can be calculated as listed in
Table 4.

ORIGIN software is applied for parameter fitting, and the results are listed in Table 5. The experimental samples is split into two
groups. The experimental samples of Condition 1, 3, 5 and 7 are used for calibration, and the experimental samples of Condition 2, 4,
and 6 are used for validation. The sample number of each condition is five, and the experimental results of dD/dN in Table 3 is the
average of five samples. The material constants C;, C, and m is fit and validated by the experimental results. The experimental results
of dD/dN and FEM analysis of cyclic strain energy density are in good agreement with the proposed model. Such match also de-
monstrates that the model is valid for estimating thermal fatigue damage of variable amplitude with acceptable accuracy.

Table 5

Fitting result of the parameters.
Parameter Fitting value R?
C 1.61 x 107* 0.997
Cy 1.44 x 1078 0.938
m 0.298 0.998
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5. Conclusion

In this paper, thermal fatigue crack of compacted graphite iron under variable amplitude is studied. According to the micro-
structural observation of surface microcracks, the characteristics of initiation and propagation process under cyclic thermal loading
with variable amplitude is analyzed. In addition, evolution model is proposed to evaluate thermal damage. The main conclusions are
listed as following:

(1) The secondary microcrack (shorter than 0.1 mm) caused by the superimposed high-cycle thermal loading shows different be-
havior of initiation and propagation with the main microcrack (longer than 0.3 mm). The propagation of secondary microcrack
usually limits in a eutectic cell, because that the energy provided in the high-cycle stage is not enough to break across the eutectic
boundary. However, the main microcrack is mainly caused by large temperature change in the low-cycle stage, which supplies
enough energy to propagate across overcome the eutectic boundary.

(2) A modified Paris-type model is proposed based on fractal theory, which both plastic strain energy density and elastic strain
energy density are taken into consideration. The threshold of elastic strain energy density AWy, is introduced to estimate the
contribution of elastic strain energy density to damage evolution. The proposed model of crack evolution characterizes the
relationship between damage parameters (fractal dimension) and external loading (cyclic strain energy), which is helpful for
lifetime prediction of components and materials working under thermal fatigue with variable amplitude.
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