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Abstract:

Fatigue failure is the most common failure mode of structural materials. In this
study, the high-cycle fatigue properties at different temperatures, fracture surface
morphologies and corresponding damage mechanisms of a widely used vermicular
graphite cast iron RuT450 were investigated. It is found that the fatigue strength of
RuT450 decreases with the increase of temperature, and the decreasing rate is affected
by the change of morphology and content of graphite. In general, the cracks initiated
from the graphite phase boundary and propagated through the pearlite lamellae. In
addition, according to the change of matrix micro-structure and the slight change of
graphite morphology at different temperatures, and combined with the change of
crack propagation threshold value under different temperature conditions, a fatigue
strength prediction method for vermicular graphite cast iron at different temperatures

was proposed in this work, which has high prediction accuracy.
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Fracture mechanism, Fatigue strength prediction.

1. Introduction

With the rapid development of industry, diesel engine will occupy the
mainstream position in the market at present and for a long time in the future .
Meanwhile, good thermal stability, excellent mechanical properties, excellent casting
properties and low production cost make vermicular graphite cast iron playing an

-4 However,

irreplaceable role in the field of diesel engine and other key components
higher service temperature and frequent start-up and stop greatly limit the service time
of cast iron components. According to the data statistics of failure analysis, the failure
mode of most structural parts is fatigue fracture . Therefore, the high cycle-fatigue
(HCF) properties of vermicular graphite cast iron, especially in high temperature
environment, should be paid more attentions. Above, reasonable fatigue fracture
mechanism research and life prediction have important theoretical and engineering
significance for the optimization of mechanical properties and reliability improvement

of component materials "],

At present, researchers have carried out some works on the fatigue properties of
cast irons, mainly focusing on the fatigue behavior, damage mechanism and
performance optimization ', Among them, the HCF behaviors of ductile cast iron
have been widely concerned !>, However, there are a few researches on vermicular
graphite cast iron which is also widely used. Xu et al. " considered that the tensile
strength and HCF limit of vermicular graphite cast iron decrease with the increase of
vermicular rate, and graphite cluster is the main factor affecting the fatigue life, but its
mechanism and strength prediction method are not pointed out. Liu et al. !
demonstrated that the fatigue strength index and fatigue strength coefficient are
linearly related to temperature, and this can be used to predict the fatigue life of cast

iron. The HCF properties of vermicular graphite cast iron with different chemical

composition and pearlite content have been systematically studied .



In addition, graphite morphology also plays an important role in fatigue strength.
Although in recent years, people have carried out in-depth research on graphite

18]

morphology, such as Tartera et al. " proposed the growth theory and cluster

19

distribution growth model of vermicular graphite. Chuang et al. ' observed the

spatial distribution of graphite in vermicular graphite cast iron. Liu et al. %
characterized the three dimensional structure of graphite by X-ray; however, the effect

of morphology on mechanical properties of cast iron is rarely studied.

In this study, one kind of vermicular graphite cast iron (RuT450) was employed
for tensile and HCF tests at different temperatures. By means of metallographic
structure and fracture analysis, the microstructure evolution of RuT450 at different
temperatures was observed, and its fatigue fracture mechanism was analyzed too.
According to the changing trend of microstructure transformation and graphite
morphology, a formula suitable for predicting the fatigue strength of vermicular

graphite cast iron at different temperatures was established.
2. Experimental materials and procedures

In this study, all samples were cut from the flame deck of the cylinder head. As
shown in figure 1, HCF specimens with a total length of 90 mm and a gauge section
ofp5S mmx17.5 mm were machined by using finish turning and followed by grinding.
To avoid the negative effect of surface roughness, all specimens were polished with

emery papers (#400, #800, #1200 and 2000# in order) along the axial direction.
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Figure 1. Dimensions of fatigue test specimen.

Stress-controlled symmetric push-pull fatigue was performed with a frequency of



about 110 Hz. An electromagnetic resonance fatigue testing machine Rumul Testronic
100 were employed to finish the fatigue tests under room temperature (RT), 400°C
and 500°C in air. Sixteen to eighteen specimens were prepared for each temperature
conditions. The run-out life is 107 cycles. Staircase method (not less than five pairs of
data) was employed to calculate the fatigue strength *!!. Tensile tests were conducted
at a strain rate of 5x10™s" by hydraulic servo testing machine Instron 5982 and micro-
hardnesses were measured by an AMH43 automatic micro hardness tester. And the
holding time of all high temperature samples is 30 min. All the fractographies, crack
morphology and microstructure of RuT450 were observed by Quanta 600 scanning

electron microscope (SEM). The chemical composition of RuT450 is shown in Table

1.

Table 1. The chemical composition (wr%) of RuT450

Material C Si Mn S P Cu

RuT450 3.60 2.05 0.19 0.011 0.015 0.82

3. Experimental results

Figure 2. The microstructure of RuT450.

As shown in Fig. 2, the microstructure of RuT450 consists of three parts: the

white zone is laminar pearlite which accounts for 80%, the gray zone is equiaxed



ferrite which accounts for 15%, and the rest black zone is graphite, both the
percentages are area ones. The vermicular rate (the area rate of vermicular graphite to

the all graphite) was 84%.
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Figure 3. Tensile engineering stress-strain curves of RuT450 at different

temperatures.

Tensile engineering stress-strain curves of RuT450 at different temperatures are
shown in Fig. 3. Serrated fluctuation can be observed in the work-hardening stage of
the stress-strain curves at 400°C and 500°C. Both the strength and elongation

decrease at high temperature, it means that dynamic strain aging occurs %!

The S-N curves of HCF are shown in Fig. 4 in which the red arrows indicate that
the specimens do not fail up to 107 cycles under the specific stress amplitude. The
fatigue strength values are 150 MPa, 143 MPa and 108 MPa for RT, 400°C and
500°C, respectively. Compared with Figs. 4a, b and c, it can be seen that the
dispersion of fatigue data under 400°C is narrower than that of other conditions. The
slope (absolute value) of the curves increases with the increase of temperature, but the
slopes are very close under 400°C and 500°C (Fig. 4d). The corresponding Basquin

formulas are as follows:
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Figure 4. The S-N curves and fatigue strengths at three different temperatures

(a)RT; (b)400°C; (¢)500°C and (d) the comparison of three curves.

Samples with the same stress amplitude (160MPa) were selected for each
temperature (the fatigue life at RT, 400°C and 500°C are 6112275, 219493 and 17889
cycles respectively), and the fatigue fractographies were observed by SEM, as shown
in Fig. 5. It can be seen that both the fatigue source and the propagation zone are
relatively flat in the fracture surface. Moreover, the areas of fatigue source and low

speed propagation zone (inside the black dotted line in Figs. 5a, ¢ and e) are much



smaller than that of the high-speed propagation and transient breaking area. With the
increase of temperature, the proportion of propagation area decreases gradually, the
value of RT is 7.7%, 400°C is 5.7% and 500°C is only 2.9%. In Fig.s 5b, d and f, it
can be found that the fatigue sources are mainly concentrated on the surface of the
specimen. Therefore, it can be preliminarily inferred that the crack initiation
mechanism of vermicular graphite cast iron is the same under different temperatures

under HCF conditions, but the propagation process is different.

Figure 5. Fatigue fracture morphologies at different temperatures:



(a) (b) RT, N,=6112275; (c) (d) 400°C, N,=219493; (e) (f) 500°C, N,=17889.

In order to further observe the crack propagation characteristics, the side
metallographic observation of the above fracture samples is carried out, as shown in
Fig. 6, Fig. 7 and Fig. 8. Figs. 6a, 7a and 8a show the growth path of fatigue main
crack at different temperatures. It can be seen that the initiation and early propagation
of fatigue crack are slow, and the fracture surface is relatively smooth. However, with
the growth of the main crack, the crack propagation speed is accelerated. And the
crack surface becomes rough, which reflected in the transverse fracture surface is the

uneven crack profile in the instantaneous fracture zone.

It can be observed that the secondary crack initiation is caused by the debonding
between vermicular graphite and matrix. At the same time, the secondary cracks
appear at the graphite tip and propagate to the matrix. The propagation path of
secondary crack can be divided into two types. One is that the secondary crack
initiated from the graphite tip, then propagated to ferrite, then expanded in pearlite
until it contacted another graphite tip (Figs. 6¢, 7b and 8b). The other is that the
secondary crack propagated directly to pearlite region without ferrite after initiation
from graphite tip (Figs. 6d, 7d and 8c). The propagation direction of secondary crack
can be mainly attributed into two groups. One is parallel to the main crack
propagation direction (Figs. 6b, 7d and 8b). The other is nearly perpendicular to the
main crack growth direction (Fig. 6¢, 7c and 8c). Oxide layer at the edge of secondary

crack can be found at high temperature (Figs. 8c and Fig. 8d).
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Figure 6. Longitudinal section of the fatigue fractured specimen under RT (o,

=160MPa, N,=6112275).

Figure 7. Longitudinal section of the fatigue fractured specimen under 400°C (o,

=160MPa, N,=219493).



Figure 8. Longitudinal section of the fatigue fractured specimen under 500°C (o,

=160MPa, N,=17889).

According to the previous research results, the tensile strength, fatigue strength
and fatigue ratio (the ratio of fatigue strength to tensile strength) of RuT450 with
different temperatures are plotted in Fig. 9. It can be seen that with the increase of
temperature, both the tensile strength and fatigue strength decrease significantly, but
the fatigue ratio increases, which means that the decreasing extent of fatigue strength

becomes smaller.
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Figure 9. Variation trends of fatigue strength, tensile strength and fatigue ratio

with temperature.



The RT hardnesses of RuT450 after tensile tests at RT, 400°C and 500°C are

shown in Table 2. One can see that the highest hardness is that after tests at 400°C.

Table 2. The RT harnesses of RuT450 after tests with different temperatures

Temperature RT  400°C 500°C

HV(N/mm?) 219 242 223

4. Discussion

4.1 Mechanism of fatigue

Combined with the tensile curve, the hardness variation of RuT450 can be
discussed. Dynamic strain aging of RuT450 occurs during the tensile tests at 400°C
and 500°C. It means that at high temperature, carbon atoms gain activation energy
and diffuse, pinning dislocations, thus hindering the slip of dislocations. This process
1s accompanied by the precipitation of carbon atoms and a degree of structural
transformation. As shown in Fig. 10, after high temperature fatigue test, the
microstructure near the fracture surface behaves in a slight change; the area
proportion of ferrite, pearlite and graphite has changed, as listed in Table 3 (five fields
of view of each specimen were selected and the listed data are average values). It can
be seen that the proportion of pearlite decreases slightly with the increase of
experimental temperature, but the overall uniformity of the matrix increases, so the
hardness increases. In addition, the dispersion of the fatigue data will be slightly
reduced due to the improvement of the homogeneity of the structure of the material,

as shown in Fig. 4d, however, at RT, the dispersion of data is the largest.



Figure 10. Microstructure (near the fracture surface) of HCF samples under

different temperatures: (a) RT, (b) 400°C, (c) 500°C.

Table 3. The area proportion of RuT450 and ratio of graphite at different test

temperatures

Phase Pearilite Ferrite Graphite Ratio

RT 80.1% 14.8% 5.1% 2.53



400°C 77.7% 15.4% 6.9% 1.95

500°C 74.9% 16.2% 8.8% 1.99

In addition, the changes of graphite morphology after fatigue at different
temperatures were also calculated. And the ratio of the major axis to the minor axis
(the graphite is regarded as an ellipse, as shown in the red and yellow part of Fig. 10b)
decreases with the increase of temperature, corresponding values can be found in

Table 3.

The change of the above ratios shows that the graphite of RuT450 tends to be
activated under high temperature. This indicates that the vermicular graphite at high
temperature is more spherical than that at RT, and the stress concentration at the
graphite tip is also lower. Hereafter, the word ‘“graphite blunting” is used for
vermicular graphite getting more spherical at high temperature for short. According to

24281 it is known that cracks

Fig. 6, Fig. 7 and Fig. 8 and the previous research results
initiated at the interface between graphite and matrix under fatigue load. After
initiation, the cracks propagated along the matrix and form the main cracks through

the bridging of the secondary cracks.

Graphite blunting reduces the stress concentration and makes the crack initiation
more difficult, so it can improve the crack initiation life of cast iron. Pearlite is a
harder phase with higher crack propagation threshold, however under high
temperature, due to the decrease of pearlite proportion, the hindering effect of matrix
on crack propagation decreases, and the crack growth life decreases. The area
proportion of propagation zone also decreases, which just confirms the change rule of

the propagation area in Fig. 5.

As mentioned above, the fatigue strength and fatigue life of RuT450 are
controlled by two factors: graphite blunting increases the difficulty of crack initiation
and increases the initiation life; while the microstructure transformation reduces the

difficulty of crack propagation and reduces the propagation life. The mechanism



mentioned above is the reason why the fatigue ratio increases with the increase of

temperature at 400 °C. The schematic diagram of the above mechanism is shown in

Fig. 11.
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Figure 11. Schematic diagram of the microstructures of RuT450 under HCF at

different temperatures

In addition, when the temperature is higher than 446°C the mechanical properties
of cast iron decrease obviously due to ferrite grain boundary sliding?*3!. At 500°C,
because the temperature is higher than the sliding temperature of ferrite grain
boundary, the crack propagation resistance of the material further decreases, and the
fatigue strength is greatly reduced by grain boundary oxidation and phase boundary
oxidation. This is also the reason why the tensile and fatigue properties become worse

at 500°C.
4.2 Prediction of fatigue strength

According to the discussion in “4.1 Mechanism of fatigue”, the fatigue strength
prediction of vermicular graphite cast iron should be based on the microstructure and
graphite morphology at different temperatures. Based on the analysis of the conditions
of grain boundary blocking slip, Tanaka et al. ¥ proposed the fatigue threshold of

crack propagation (Ky):
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Where: wy——width of slip band;

a length of crack;
Oy friction stress of dislocation motion;
K."——critical value of micro-stress intensity factor.

For vermicular graphite cast iron, its fatigue strength is affected by the
proportion of ferrite, pearlite, graphite and graphite morphology. So the fatigue

strength (0,,) can be expressed as follow:

f(P)
oF  =1MH— —— -
Where: P area proportion of peralite;
F area proportion of ferrite;
G area proportion of graphite;
r ratio of the major axis to the minor axis of graphite.

And m is a material factor. In Eq. (6), r is positively correlated with the stress
concentration factor. Fatigue strength can be regarded as the critical stress of graphite
tip crack without propagation, so, its value must be inversely proportional to the stress
concentration factor. Therefore, the effect can be expressed as the mean value of the

ratio of all graphite major axes (¢;) and minor axes (&;):

n&fa, 7

Considering that in the process of HCF, the graphite phase boundary debonding

occurs under tensile load (regarded as micro-cracks), some cracks must be located in



the pearlite region, and the other part is in the ferrite region. In this prediction method,
its proportion may be considered to be the same as that of the corresponding matrix
area proportion. Meanwhile, it is considered that the macro-scale crack growth
threshold is the comprehensive reflection of the number of cracks and the threshold
value of single-phase. According to Eq. (5), the crack growth threshold is proportional

to the critical stress, so:

AP AK, P

Fr:f -ILJ';I"_{{;J- B Liil aﬁ‘.-:- P "r'.':.- a, . 'ﬁﬁ.':: i ’ "r'.':.- AL (8)

fi(P) _ q AKth,p'PArea,p
L) (G) ~AK, P, AK, P,

rea ,g

And ¢q is a material correction factor. AKy,p, AKu s and AKy, ., are crack growth
threshold of pearlite, ferrite and graphitic, Prewps Pareass Pareags are corresponding area
proportion, respectively. In addition, the sum of the three (Pureaps Pareasy Pareag ) 15

100%. So, Eq. (6) can be transformed into Eq. (9) as follow:
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The material factor AKIh,f AKth,.q (unit is MPa) which reflects the matrix

strength and the difficulty of crack propagation can be calculated by fitting the data in
Table 3. Another vermicular graphite cast iron, RuT400, was employed to verify the
life prediction model above ', Whether the parameter k can be obtained by non-
fitting method and its physical significance still need to be further studied. The results
of fatigue strength prediction are shown in Fig. 12 and Table 4, it can be found that all

errors of this prediction method are less than 10%.
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Figure 12. The calculated vs. experimental values for fatigue strength.

Table 4. Results of fatigue strength prediction of RuT450 and RuT400

Temperatur Measured value Calculated Error
Material ¢ k value
) (MPa) MPa) (%)
RT 150 153 2.0
RuT450 400°C 254 143 144 0.7
500°C 108 104 3.7
300°C 141 151 7.1
RuT400 400°C 122 143 134 6.3
500°C 115 113 0.2

5. Conclusions

The HCF behaviors of vermicular graphite casts RuT450 at different

temperatures, fatigue fracture morphologies, failure mechanisms and fatigue strength



prediction were studied in this work. The main conclusions are summarized as

follows:

1) The fatigue strength and tensile strength of vermicular graphite cast iron
decrease with the increase of temperature, however, the hardness and fatigue ratio at
RT (after HCF tests) have no similar changing trends. The tensile and fatigue
properties of RuT450 are affected by both dynamic strain aging effect and ferrite

grain boundary sliding.

2) The fatigue crack mainly initiated at the interface between graphite and matrix
at the edge of the sample, and the main crack was formed by bridging the secondary
cracks. At high temperature, the blunting of vermicular graphite tips can increase the
fatigue crack initiation life, while the changes of matrix structure will reduce the crack

growth life.

3) A fatigue strength prediction method which based on graphite morphology and
matrix micro-structure has been proposed. By this way, the temperature influences are
transformed into parameters that can be obtained from metallographic observation.

This method can predict the HCF strength of vermicular graphite cast iron accurately.
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