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LOW CYCLE FATIGUE

Thermal fatigue life prediction

Verification of Coffin-Mansons's law in the phase transformation range
of ferrite matrix ductile cast iron

Morihito Hayashi, Kanagawa,
Japan

Because of its superior mechanical
properties and its low price, ductile cast
iron is utilized widely as a leading in-
dustrial material. And several studies on
its strength at elevated temperature
were reported [1,2,3,4,5,6]. In the for-
mer report [7] on thermal fatigue, two
kinds of serration in cyclic thermal
stress, visual crack on specimens and
the effect of cyclic peak temperature on
the fatigue life were introduced. In the
study, continuing a former report, the
effects of cyclic peak temperature on

For clarifying the behavior of thermal fatigue and verifying the
role of Coffin-Manson’s law in thermal fatigue, out-of phase type
thermal fatigue tests were carried out on ferritic ductile cast iron.
As a result of the tests, the dependence of thermal fatigue life and
the plastic strain produced in each cycle on cyclic peak temperature
and the dependence of thermal fatigue life on cyclic plastic strain
were made clear. Particularly, the exponent and the coefficient in
the latter relationship, i.e. Coffin-Manson’s law, are kept constant
over all ranges, including the phase transformation range. And it
shows that the thermal fatigue life can be predicted by tensile

the properties of specimens at room temperature. By the way, the
microstructure and the fracture surface of failed specimens were
observed and the mechanism of thermal fatigue is discussed here.

fatigue life, repeated cyclic test tempera-
ture on it, plastic strain produced in
each thermal cycle, and the relationship
between thermal fatigue life and cyclic
plastic strain around the o <> y phase
transformation are investigated and dis-
cussed here.

Materials and Experimental
Procedure

The material and experimental proce-
dure are as reported in the former [7].

The thermal fatigue tests were carried
out on spheroidal graphite cast iron with
ferrite matrix, classified as FCD400 in
JIS. In the test, the thermal cycle was
given repeatedly from the temperature
323K to the peak temperature which
was selected as a parameter from 673K
to 1273K at constant rate of 3.1K/s with
the form of a triangular thermal cycle
to the specimen. The diameter of the
specimen is 10 mm and its gauge
length is 15 mm, which is constrained
axially completely so the displacement
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Figure 1. The diagram of thermal fatigue life versus the reciprocal of
cyclic peak temperature of thermal fatigue on ferritic ductile cast iron

ductile cast iron
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Figure 2. The diagram of thermal plastic strain per cycle versus the
reciprocal of cyclic peak temperature of thermal fatigue on ferritic
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of the gauge length is always kept
zero during the test. And the thermal
fatigue life N was determined by the
number of thermal cycles to failure in
each test.

Experimental results
and discussion

Fatigue life versus Ccyclic peak tem-
perature. The relation of thermal fatigue
life N to the cyclic peak temperature TP
is obtained as shown in Fig. 1, which can
be divided roughly into 3 ranges. In the
first range from 673K to 1023K, the fa-
tigue life decreases with the increase of
cyclic peak temperature. In the second
range from 1023K to 1078K, the cyclic
life increases with the increase of peak
temperature. And in the third range
above 1078K, which is like the first range,
the life decreases with the increase of
the cyclic peak temperature. The first
range, furthermore, can be divided into
two sub-ranges, from 673K to 823K
and from 873K to 1023K, respectively,
where the slope of the curves is differ-
ent from each other. And the third range
also can be divided into two sub-ranges,
from 1078K to 1123K and from 1173K to
1273K. The relationships over all ranges
can be expressed in an Arrhenius equa-
tion (1),

N = Ay- exp(Qy/RT,) )

N: thermal fatigue life, R: gas con-
stant, 8.31451 J/mol-K, Qy: thermal acti-
vation energy for thermal fatigue life,
KJ/mol, and Ay: coefficient. The data Qy
and Ay for each range are as shown in
Tab. 1.

Cyclic thermal plastic strain ver-
sus cyclic peak temperature. The cyc-
lic thermal plastic strain Ag; is attained
by the difference of thermal expansion
between two points where thermal
stress vanishes to zero in each thermal
cycle. Then the diagram of Ag, versus Ty
was obtained as shown in Fig. 2, the re-
lationship can be divided also into five
divisions as described above and can be
expressed as in the equation (2),

Aty = Ay - exp (Qp/RT,) (2)

Qp: thermal activation energy for Agp, and
Ap: the coefficient, as shown in Tab. 2.
Comparing activation energies, Qy
and Qj are about one third or one fourth
of that for self-diffusion and near that of
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carbon and tensile strentgth as shown in
Tab. 3 [1,8,14].

Thermal fatigue life versus plastic
strain per cycle. As for the diagram of
fatigue life versus plastic strain per cy-
cle as shown in Fig. 3, the larger the
plastic strain is, the lower the fatigue life
is and the relation can be expressed
roughly by a straight line in full loga-
rithmic scale all over the temperature
ranges by the equation (3) in a single
power function with a coefficient and an
exponent for over all ranges, in this
case, xp: 0.59 and C;: 0.082. These are
0.57-0.62 and 0.023-0.192 for FCD450
in o range [6].

Change of microstructure around
transformation range on thermal
fatigue. As shown in Fig. 4, when the
cyclic peak temperature is over 1023K
and reaches 1098, carbon atoms start to
flow out from the spheroidal graphite,
along the boundaries and diffuse into
the ferrite inner grains, which were
transformed into austenite, and then
precipitated into pearlite while cooling
process. While the peak temperature ap-
proaches 1173K, the flowed atoms of car-
bon near the spheroidal graphite are ab-
sorbed again back to form the structure
of bull’s eye. It is clear that the o < y
transformation takes place at the tem-
perature within the range from 1023K to

Agp - Nk =C, (3) 1173K in the thermal fatigue test.
Temperature | 673K- 873K- | 673K- | 1023K- 1078K- | 1078K- | 1173K-
range 823K 1023K | 1023K | 1078K 1123K 1273K 1273K
Qy in kl/mol | 79.5 26.5 58 -60.8 88.5 84.1 104
Ay 1.85x103 | 3.42 0.055 9.87x104| 0.0062 | 0.0102 0.0014

Table 1. Activation energies and coefficients for each range in equation (1)

Temperature | 673K- 873K- | 673K- | 1023K- 1078K- | 1078K- | 1173K-
range 823K 1023K | 1023K | 1078K 1123K 1273K 1273K
QpinkJ/mol | -58.8 -19.2 | -381 | 243 -19.6 - 471 - 85.9
Ay 20.6 0.0578 | 0.666 3.76x104| 0.0485 | 0.956 41.9

Table 2. Activation energies and coefficients of the equation (2) for each range

Activation energy in kJ/mol
Mattix Self- Grain Diffusion Q 20 Tensile | Tensile
diffusion | boundary | of carbon 3 i strength | deform.
ina 251-264 80 26.5-79.5 | 19.2-58.8 | 60.7 357
iny 234-310 | 159 148 104 85.9 58.7 313

Table 3. Activation energies for ductile cast iron
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1078K

753K

Figure 5. SEM pictures of fracture surface at different cyclic peak temperatures of thermal
fatigue test on ductile cast iron

T

Fractography on thermal fatigue.
Thermal fatigue fracture around the
phase transformation range is as shown
in Fig. 5. In the peak temperature range
of 673K-1023K, there are two Kkinds of
plastic fracture pattern caused by a
great deformation of ferrite matrix
around nodular graphite: one is trans-
granular plastic fracture at lower o tem-
perature range presented by the picture
at 753K, and the other one is inter-granu-
lar plastic fracture at higher o tempera-
ture range by that at 843K which is ef-
fected by the weakening of grain bound-
ary at elevated temperature. From 1073K
to 1123K, as the picture at 1078K, it
shows the fracture of coexistence of o
and pearlite transformed from y matrix
during the cyclic cooling process. And at
1223K, it shows the fracture of pearlite
matrix transformed from austenite.

Comparison with Coffin-Manson’s
law. As for the equation (3) related to N
and Ag,, it is the same as the Coffin Man-
son’s model [9,10,11,13], in which the
exponent Ky is 0.5 proposed by Coffin [9]
and 0.6 or 0.5-0.7 by Manson [12].
These values are near the experimental
value of 0.59 attained here. As to Cy, it is
0.1 calculated from the tensile elongation
e, of 20% as €;, and it also shows 0.093
calculated from the rate of reduction ¢ of
17 % by the equation (4) suggested by Cof-
fin, and furthermore, it shows 0.06 calcu-
lated by the equation (5) proposed by
Manson, and these are near the experi-
mental value of 0.082 obtained here.

C, = &:/2 = (:) In (100/(100 - 9)) (4)
Cy (%) = (& (%)) (5)

These data as shown in Tab. 4 suggest
the thermal fatigue life can be predicted
at least roughly by the tensile test data at
room temperature.

Discussion of cyclic elemen-
tary process in phase trans-
formation

In the transformation range fom 1023K
to 1173K, the plastic strain decreases
and the fatigue life increases with the
increase of the peak temperature from
1023K to 1073K that is basically as
shown in Fig. 6 caused by the relaxing of
thermal expansion through the matrix
contracting due to phase transformation
[13] from ferrite into austenite and by
strengthening of the carbon-enriched

Jahrg. 46 (2004) 7-8
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Table 4. Discussion about the exponent and the coefficient of eq. (3)

e c | Conclusions
Coffin [9] 0.5 fby theleq. (4) as sf, ; oe‘;s - By performing thermal fatigue tests on
Fom elogzation E ferritic matrix ductile cast iron, the main
by the eq. (4) from the rate of results are obtained as follows:
reduction of 17% 0.093 e The thermally activated relationships
Manson [12] 0.6 or by the eq. (5) as ;= &; between the thermal fatigue life and the
0.5-0.7 from elongation of 20% 0.06 cyclic peak temperature and between
experimental value in the studv 0.59 experimental value in the studv | 0.082 the cyclic thermal plastic strain and the
cyclic peak temperature are obtained in
FCD450 in o experimentally [6] | 0.57-0.62 | FCD450 in o experimentally [6] | 0.023-0.192 4 P A P ST
Arrhenius expression in all ranges.

The activation energy for fatigue life is
near that for diffusion of carbon in
iron and it is about % or % of that for

™

Figure 6. Phase
Transformation Effect

Quantity —»

Strengthening by C enriched o grain boundary

self-diffusion of iron atoms.

The relationship between the thermal
plastic strain and the fatigue life can
be expressed by the model of Coffin-
Manson’s law with a coefficient and an
exponent, all over temperature ranges
including phase transformation.
Thermal fatigue life can be predicted by
the tensile data at room temperature.

Thermal strain

Thermal expansion or
contraction

Strength

1023K to 1073K

aty | ¥ ¢ The pattern of thermal fatigue fracture
l_‘ changes around the phase transforma-
1073K to 1173K tion range.
Temperature —» e Thermal fatigue in phase transforma-

grain boundaries which are to be precip-
itated into pearlite at cooling process in
each cycle. Once the pearlite precipi-
tates along the grain boundary and
spreads further into the inner grain, the
plastic strain starts to increase again as
the repeated peak temperature increas-
es, so the fatigue life decreases again si-
multaneously. Here the behaviors and
properties of o grain boundary are con-
sidered as follows. If phase transforma-
tion is proceeding gradually, then o
(ferrite) — vy (austenite) transformation
takes place at first in the grain boundary
at heating process, then the body cen-
tered cubic (bcc) structure transforms
into the face centered cubic (fcc) struc-
ture. Then, due to the different density
in both of them, it causes tension along
the fcc boundary and compression in the
inner bcc grain. Carbon atoms are
absorbed from the graphite nodule and
flow into and along the fcc grain bound-
ary. So, the diffusion of carbon strength-
ens the weakened o grain boundary to
obstruct boundary deformation to make
both the grain boundary and the inner
grain homogeneous in strength and
fluidity to disperse defect formation and
avoid a concentration of defects. On the
other hand, the contracting of y relaxes
its thermal stress, which lessens defects

Jahrg. 46 (2004) 7-8

tion is effected by the thermal contrac-
tion and the diffusion of carbon along
or damages, to strengthen the matrix the grain boundary.
more while it is precipitated into pear-
lite. However, while phase transforma-
tion advances further, the above-de-
scribed effect disappears and the fatigue
life decreases with the increase of
repeated temperature.
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Schneller Wuchten
Die ,BTD-UNI 44, eine neue Generation nen gewahrleisten (Bild 1). Bei der Initia- men ist die korrekte und tatsdchliche
von Steuerungen fiir Industrie-Aus- lisierung des Auswucht-Zyklus fahrt die Position auf dem Bildschirm ablesbar.
wuchtmaschinen von Schmitt Europa, Steuerung das Bauteil auf eine vorgege- Alle Ergebnisse lassen sich als Zertifi-
Pfungstadt, verbindet groBe Prézision bene Drehzahl. Die aktuellen Daten des kat ausdrucken oder direkt zu einer
mit hoher Wiederholbarkeit. Sie sollen Wuchtzustands und des Drehwinkels SPS-Steuerung oder einer anderen Win-
einen erhohten Durchsatz bei Aus- werden in Echtzeit graphisch dargestellt. dows-kompatiblen Software exportie-
wuchtmaschinen ermdoglichen. ;
Die Steuerung arbeitet mit Sinus- F ;’ i
wellen-Demodulation und neuester Win-
dows-basierter  Touch-Screen-Technik
und ist sowohl fiir statische als auch dy-
namische Anwendungen geeignet. Sie
kann auch zum Bestimmen des Massen-
tragheitsmoments bei speziellen Anwen-
dungen, wie zum Beispiel fiir Satelliten Bild 1. Der Touch-Screen
eingesetzt werden. Das System ist fiir ermdglicht ein einfaches
High- und Low-Speed-Auswuchtmaschi- und intuitives Bedienen
nen in horizontaler und vertikaler Bau-
weise konstruiert. Es arbeitet sowohl an
Weich- als auch an Hartlagermaschinen
mit Bauteilmassen von einigen Gramm
bis zu mehreren Tonnen. Die Elektronik
verfiigt liber einen Vier-Kanal-Eingang,
so dass exakte Auswuchtungen von kom-
plexen Baugruppen, wie zum Beispiel
Kardanwellen, moglich sind. Die Soft- Die vollautomatische Version des Sys- ren. Die standardméBige Modemverbin-
ware erlaubt es dem Benutzer, die BTD- tems bremst das Bauteil ab, bevor es dung erlaubt eine Fernsteuerung und
UNI 44 genau auf seine Anforderungen automatisch in die korrekte Position ge- Ferndiagnose. Die BTD-UNI 44 wird in
zu konfigurieren. Das verkiirzt die Aus- bracht wird. Die Korrektur ist auf- oder allen Auswuchtmaschinen der Firma
wuchtzyklen um bis zu 50 Prozent. abtragend moglich, wie zum Beispiel Universal Balancing eingesetzt. Es be-
Der  Touch-Screen und leicht durch Frasen, Bohren oder SchweiBen steht allerdings auch die Maoglichkeit
nachvollziehbare Bildschirmbefehle sol- und kann manuell, halb- oder vollauto- Auswuchtmaschinen anderer Anbieter
len ein einfaches und intuitives Bedie- matisch erfolgen. Bei manuellen Syste- damit nachzuriisten.
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