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Abstract

Thin wall ductile iron castings are being used in the industry as a way to improve the strength to weight ratio of machine parts. The high cooling
rate, suffered by thin wall parts during the solidification process, promotes several microstructural changes, such as, carbide precipitation and a
noticeable nodule count increment. The present work, studies the effect that the increase in nodule count has on the rolling contact fatigue resistance
of ductile iron with different matrix microstructures. Ductile cast iron test samples, with nodule counts ranging between 150 and 1400 nod/mm?
were obtained. The samples were then heat treated in order to obtain three sets of different ADI grades and also a quenched and tempered set. The
rolling contact fatigue properties were evaluated by using a flat washer type test rig. Different relations of the contact area versus the nodule size
were obtained by using three different counterparts. The results show that an increase in the nodule count promotes a noticeable increase in the
rolling contact fatigue life, being more important for the quenched and tempered samples. The relation between contact area surface and nodule
size was the main variable influencing the rolling contact fatigue life.
© 2005 Published by Elsevier B.V.
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1. Introduction Furthermore, the resulting finer structure decreases the
distance for carbon diffusion and increases the amount of

The use of ductile iron (DI) has increased constantly since  graphite-matrix interfaces. This, in turn, would also reduce
its introduction in the market in the 1950s, due to its excellent  mjcro-segregation and could modify the kinetics of solid-state

mechanical properties and low production costs. Subsequently, transformation during heat treatments [3]. The literature shows
the development of the austempered ductile iron (ADI) in the  that 3 moderate increase in nodule count in normal wall parts,
1970s produced a new and important impulse for the applica-  from 100 to 250 nod/mm?, increases the strength and ductility,
tion of DI, thanks to the excellent combination of strength and due to a finer and more homogeneous microstructure obtained
toughness of this emerging material. by austempering [4].

Nowadays, the development of DI has introduced thin-walled The research work carried out up to the present has been
ductile iron (TWDI) as a new improvement, in order to increase  mainly orientated to improve the castability of thin wall parts,
the strength to weight ratio and, in consequence, its competi- 4 prevent casting defects, to avoid carbide precipitation or to
tiveness against light alloys. optimize carbide dissolution [2,5,6]. Some studies have already

The high cooling rate taking place during solidification of ~ ¢hown that samples obtained from 3 mm thickness plates in

thin V‘fall ductile iron Castings,. promotes two main. changes in (e “as cast” condition have higher tensile strength than those
the microstructure: (a) the precipitation of iron carbides and (b)  ghtained from 12 mm thickness [7,8].

an important increase in the nodule count. The use of thin walls In a previous work, it was observed that the increase in nodule
(Iess than 4 mm thickness) can increase the nodule count up to ¢ount produces an important increase in the RCF resistance of
2000 nod/mm= [1,2]. DI [9]. Two important examples of the use of DI in machine

elements, subjected to rolling contact loading, are gears and

* Corresponding author. Tel.: +54 223 481 6600x245; fax: +54 223 4810046, cams. The observed results may have an important impact for
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two different ways. One of them is by controlling the inoculation
process and the other one is by using chills in the mold, which
not necessary promote carbides precipitation if the chemical
composition is correctly controlled.

The present work focuses on the study of the influence of
nodule count and nodule size on the RCF resistance of TWDI
with different nodule count levels. Also, the influence of differ-
ent matrices and contact areas were evaluated.

2. Experimental procedure
2.1. Sample preparation and microstructural analysis

Two ductile iron heats were obtained in a metal casting
laboratory facility, using a 55kg capacity medium frequency
induction furnace and regular quality raw materials. Inocula-
tion and nodulization procedures were carried out in a ladle
with nodulization pocket, by using conventional techniques. The
chemical composition of the heat was determined by means of a
Baird Spark Emission Optic Spectrograph with a DV6 excitation
source.

Three kinds of RCF samples, with noticeable differences
in nodule count, were obtained. Samples with a nodule count
considered as “normal” (NNC) were machined from a 70 mm
diameter and 350 mm length bar, cast in a sand mold. Due to
geometrical requirements of the RCF test rig, the high cooling
rates typical of thin-walled parts, were simulated in the lab by
using a mold with a copper chill in the bottom, in order to obtain
the high nodule count samples (HNC) on the surface to be tested
[9,10]. The opposite side of these samples has an intermediate
or medium nodule count (MNC) and were also used to evaluate
the influence of nodule count on the RCF life.

After rough machining, according to the details given in
Fig. 1, some of the RCF samples were heat treated by austem-
pering while the remaining were quenched and tempered (Q&T)
according to the heat treatment parameters listed in Table 1.
Then, the samples were finished by grinding and polishing the
surfaces to be tested. Quenched and tempered SAE 4140 steel
samples were also evaluated, and their characteristic lives were
used as reference values.

Metallographic samples were prepared by using standard
techniques. Metallographic etching was performed with 2%
Nital. The nodularity and nodule count values were measured
by using both, the ASTM A 247 standard and the Image Pro
Plus software. Worn surfaces were studied by using optical and
scanning electron microscopes.

Table 1
Heat treatment parameters for austempering and quenching and tempering

Load, according to

bearing type, P=1600 MPa

Rotation
@1640 rpm
MI8x 1.5
|
e i
Sample

Min. 8 mm

7
) (
AN

Thrust Bearing-counterpart

Bearings used, 51102, 51107, 51407

Fig. 1. Scheme of the washer type rolling contact fatigue tester machine, show-
ing sample geometry and dimensions, load, speed and the bearing types used as
a counterpart.

2.2. Rolling contact fatigue tests

The RCEF tests were carried out in a flat washer type tester
[11]. The RCF testing rig was modified by introducing two new
counterparts in order to obtain three different contact area sizes
and evaluate the RCF life at different “contact area versus nodule
area size (Ca/Ns)” relations. The test sample, shown in Fig. 1,
rotates at 1640rpm leading to different loading frequencies,
depending on the bearing type used, as listed in Table 2. Testing
conditions were selected to produce the microasperities inter-
action, i.e. a lubricant film thickness factor A < 1. Even though
contact conditions were not ideal, maximum contact stress, po,
and oil film thickness, hg, were calculated as reference values
only, by using the Hamrock and Brewe [12] and the Hamrock
and Dowson [13] solutions, respectively. The contact load was
selected to reach a pressure pg =~ 1600 MPa at each ball inde-
pendently of the bearing type or size. According to the Hertzian
(elastic) theory, this pressure produces a circular contact patch
between the sample and the ball, having different diameters for
each bearing type as listed in Table 2.

The specimens were loaded until failure, i.e. spalling took
place and the test was automatically stopped once a certain
vibration level was detected by an accelerometer. Six tests were
carried out for each material variant. The RCF tests results were
analyzed using the two-parameter Weibull statistic, and the Lo,

Heat Heat treatment Austenitizing Austempering Tempering Hardness Sample identify
temperature (°C) temperature (°C) temperature (°C) (HRC)

#1 Austempering 910 360 38 ADI 360

#1 Austempering 910 260 48 ADI 260

#1 Quenching + tempering 880 200 54 Q&T

#2 Austempering 910 240 49 ADI 240

SAE 4140 Quenching + tempering 850 240 50 SAE 4140
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Table 2

Characteristic parameters used for the RCF tests, depending on the bearing type used as a counterpart. Cd/Nd stands for the relation between contact diameter and

nodule diameter

Bearing type Ball diameter (mm) Load per ball (N) Hertz press (MPa) Contact diameter (mm) Loading cycles/h
51102 4 11 1612 0.114 636500
51107 6 18 1625 0.146 842900
51406 12 97 1620 0.339 524400

Lsy and 1 (medium) lives were evaluated. Rolling direction
(RD) was defined as opposite to the direction of sample rota-
tion.

3. Results and discussion
3.1. Samples characterization

Table 3 lists the chemical composition of the heats used,
showing slightly hypereutectic equivalent carbon. A high sil-
icon level, as typically used in TWDI, was employed to improve
graphitization under the high cooling rates imposed by the chill.
The small percentage of carbides precipitated during solidifica-
tion was fully dissolved during the austenitizing step of the ADI
heat treatment [6].

For heat #1, the nodule count values for the normal nodule
count (NNC) sand cast samples was ~150 nod/mm?, while for
the high nodule count (HNC) samples was ~ 1000 nod/mm?. For
heat #2, the nodule counts were ~300 nod/mm? for NNC sam-
ples, 600 nod/mm? for the MNC samples and ~1400 nod/mm?
for HNC samples with maximum nodule count diameters of
~15, ~20 and ~60 pwm, respectively. Fig. 2 shows the unetched
metallographies for all the samples types of heat #2.

The hardness of the different austempered and Q&T samples
is listed in Table 1.

3.2. Rolling contact fatigue tests

3.2.1. Results for heat #1 samples

Based on previous tests [9], the comparison in RCF resis-
tance between NNC and HNC samples was extended to both,
the samples austempered at 360 °C and the quenched and tem-
pered samples.

The life values of the different RCF tests were processed
by means of the Weibull statistics and the “failure probability
(%) versus life to failure (loading cycles)” relationships were
obtained. Fig. 3 shows the results for the iron samples and
also for the Q&T SAE 4140 steel used as a reference mate-
rial. Fig. 3(a) shows the results for the samples austempered at
360 °C, for both “normal” (ADI 360 NNC) and “high” (ADI 360

Table 3
Chemical composition [wt.%] of the heats used for the RCF samples.
CE = carbon equivalent. Balance, Fe

Sample C Si Mn S P Mg CE
Heat #1 3.48 2.80 0.38 <0.02 <0.06 0.04 4.42
Heat #2 3.20 3.35 0.19 0.034 0.037 0.04 4.34

HNC) nodule counts and also the reference material. Fig. 3(b)
shows the results obtained for the samples austempered at 260 °C
(ADI 260 NNC and ADI 260 HNC) [9] and the SAE 4140, while
Fig. 3(c) shows the results for the Q&T ductile iron with normal
and high nodule counts (Q&T NNC and Q&T HNC). Table 4
lists the characteristic values for the plots of Fig. 3, such as: Lo,
Ls0, and medium () lives, and also the characteristic slope—p
and the correlation factor—2, which fall between the typical
values for RCF tests.

[ ]
®

Fig. 2. Unetched microstructures of heat #2 showing the differences in nodule
count for: (a) high nodule count (HNC), (b) medium nodule count (MNC) and
(c) normal nodule count (NNC) samples.
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Fig. 3. Rolling contact fatigue lives for heat #1 samples: (a) ADI 360 samples
for NNC and HNC variants, (b) ADI 260 samples for NNC and HNC and (c) for
the Q&T NNC and HNC variants. Q&T SAE 4140 steel was used as a reference
material.

The results clearly show an important increase in the RCF
lives as the nodule count of the samples increases. As areference
value for this increment Table 4 also lists the relations between
the medium life (1) of the HNC and NNC sample sets for each
material variant.

As it was speculated earlier, the “contact area surface versus
nodule size (Cs/Ns)” relation was the main variable influencing
the results, as an important RCF lives increment was observed,
even though the microstructures were changed. Then, an adapta-
tion of the RCF test rig was made and a second ductile iron heat
was prepared, in order to be able to evaluate the RCF resistance
of the DI variants at different Cs/Ns relationships.

3.2.2. Results for heat #2 samples

This heat was used firstly to evaluate the influence of differ-
ent contact area sizes and secondly to verify the trends on the
influence of nodule count. The first objective was reached by
modifying the test rig to accommodate three different counter-
parts, i.e. the standard 51107 type thrust bearing and the 51102
and 51407 types. Fig. 4 shows the nodule sizes for the HNC,
MNC and NNC samples and the different contact area corre-
sponding to the three bearing types used, clearly showing the
comparative size relations. All the “contact area diameter ver-
sus nodule diameter (Cd/Nd)” and “contact area surface versus
nodule size (Cs/Ns)” relations are listed in Table 5.

Fig. 5(a) shows the plots corresponding to the ADI 240 NNC,
tested with the three different counterparts, i.e. the 51102, 51107
and 51406 bearing types, showing that the RCF life increases as
the contact area size increases. Fig. 5(b) shows a similar plot,
but in this case for the ADI 240 HNC samples, also indicating
that the increase in contact area promotes an increase in the RCF
life.

Fig. 5(c) shows the results obtained for the different nodule
counts of heat #2, including those corresponding to the MNC
samples, i.e. with a nodule count of ~600 nod/mm?. In this case,
the 51107-thrust bearing was the same in all cases. Again, a
strong influence of the nodule size and/or the Cs/Ns relation
on the RCF life was observed and evidenced by the increase in

. 2 0
—ete el

(a)  15um (b) 30 pum (c) 60pum

00O

(d) 114 pm (e) 146 ym 339 ym

Fig. 4. Representation of the nodule and contact area sizes for the HNC, MNC
and NNC samples and for the contact areas obtained with the 51102, 51107 and
51406 bearing types at the same contact pressure, pg ~ 1600 MPa.
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Characteristic values of the Weibull plots obtained for heat #1 RCF tests

Sample L life Ls life n-Medium life B-Characteristic life r2-Correlation factor HNC/TINNC
260 NNC 4.389 7.730 8.630 3.328 0.703 5.85

260 HNC 12.90 40.46 50.54 1.648 0.950

360 NNC 3.535 9.308 11.23 1.945 0.845 5.58

360 HNC 5.658 42.22 62.42 0.967 0.977

T&R NNC 1.257 2.047 2.250 3.864 0.724 27.6

T&R HNC 25.98 53.88 62.10 2.5820 0.978

4140 Q&T 4.434 12.32 15.03 1.843 0.809 1

Table 5

“Contact area diameter vs. nodule diameter (Cd/Nd)” and “Contact area surface vs. nodule size (Cs/Ns)” relations for all the sample and thrust bearing combinations
Bearing type Cd/Nd for NNC Cd/Nd for MNC Cd/Nd for HNC Cs/Ns for NNC Cs/Ns for MNC Cs/Ns for HNC
51102 1.9 3.8 7.6 3.6 14.1 57.6

51107 24 4.8 9.7 5.9 22.5 95.6

51406 5.6 11.3 22.6 31.9 126.7 510

the RCF life when the nodule count or the Cs/Ns increase (see
Table 5, row 2, columns 5-7). The characteristic values for the
plots of Fig. 4 are summarized in Table 6.

3.2.3. Analysis of the RCF wear tracks

The wear tracks were analyzed by using a scanning electron
microscope. Fig. 6(a) shows details of the exit side of a spall
corresponding to an ADI 240 NNC sample as a result of a test
carried out with the 51102 bearing type. A network of cracks
connecting nodules and delineating portions of material about to
be detached are visible. In Fig. 6(b), a wider wear track produced
by the 51406 bearing type is observed with a similar failure
appearance showing a crack network along the wear track edge
where maximum tensile stresses take place.

Fig. 7(a) shows the bottom of the spall in an ADI 240 HNC
sample. The presence of nodules at the crack surface is evident
at higher magnification, Fig. 7(b). As it was reported [14,15], a
crack propagating in an ADI structure follows a path connecting
nodules and this results in a higher nodule count at the surface
crack than in the flat polished condition.

3.3. Discussion

Taking into account the lives obtained for the NNC samples,
indicated in Fig. 5(a) and listed in Table 6, it is observed that the
medium lives relations such as 1751107/1751102 and 7751406/7751102
were 1.67 and 19.78, respectively. The contact area size rela-

tions, Cs51107/Cs51102 and Css1406/Css1102 were 1.67 and 8.85,
respectively. On the other hand, the contact area diameter rela-
tions, Cds1107/Cds1102 and Cds1406/Cdsq102 were 1.28 and 2.97,
respectively. Then, it is possible to conclude that the medium
lives relations are closer to the contact area size relations, rather
than to the contact area diameter relations.

Fig. 8 shows a similar analysis in a bar graph extended to all
the nodule count and bearing type combinations used (including
those corresponding to MNC samples), with their correspond-
ing medium lives (). First bar for each combination shows the
increase of the diameter relation while the second bar shows
the increase in the area relation. The third bar shows how the
medium life increases as either the diameter or the area relations’
increase.

The results obtained by changing the counterpart in tests
were the nodule count was maintained constant; confirm the
experimental evidence obtained when the contact area was hold
constant and the nodule count was changed. Therefore, when the
Cs/Ns increases the RCF life strongly increases for the relations
evaluated in the present work, as shown in Fig. 3 for heat #1.
The same trends were observed for the DI samples of heat #2, as
shown in the Weibull plots of Fig. 5, in this case also introducing
the contact area as a variable.

Castirons with free graphite can be considered as composites.
In such case, this material would be a composite of a particular
type, since the presence of the second phase, the graphite, on
one side yields the improvements of many properties such as

Table 6

Characteristic values of the Weibull plots obtained for heat #2 RCF tests. BT, bearing type

Sample Ly life Lso life n-Medium life B-Slope r2-Correlation factor HNC/1INNC
240 NNC 51102 BT 0.700 1.812 2.181 1.981 0.634 7.36

240 HNC 51102 BT 3.626 12.61 16.07 1.511 0.946

240 NNC 51107 BT 0.889 2.908 3.661 1.590 0.957 5.68

240 HNC 51107 BT 7.736 17.57 20.81 2.169 0.881

240 NNC 51406 BT 21.61 38.53 43.12 3.256 0.888 591

240 HNC 51406 BT 105.5 220.7 254.7 2.553 0.942

240 MNC 51107 BT 2.249 3.838 4.259 3.523 0.954
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Fig. 5. Rolling contact fatigue lives for heat #2 samples: (a) NNC
samples (~300nod/mm?) and different bearing types, (b) HNC samples
(~1400 nod/mm?) and different bearing types and (c) different nodule counts
with 51107 bearing type.

Fig. 6. Spalls in ADI 240 NNC samples: (a) with a 51102 bearing type as a
counterpart and (b) with a 51406 bearing type as a counterpart. Rolling direction
is from right to left.

contraction during solidification, machinability, friction, ther-
mal conductivity, dumping capacity, etc. Nevertheless, on the
other side, graphite certainly impairs mechanical properties such
as strength, toughness, fatigue and also the wear resistance, due
to its very low strength. In the case of fatigue graphite acts as a
defect, in particular for rolling contact fatigue due to the interac-
tion with the rolling element. The interaction of a rolling element
(in this study represented by the balls of the counterpart) and any
discontinuity on the wear track (in this case a graphite nodule)
was already studied [16-20], clearly showing the detrimental
effect of the defects presence. In particular, a 2-D numerical
model [21] for the case in which a defect of width b is in the
center of a contact area of width a has shown that the ideal con-
tact pressure distribution (p) with a maximum contact pressure
(po) is modified, having two pressure spikes right at the edge of
the discontinuity, with values much higher than pg. The study
was carried out for several relations between (b) and (a), show-
ing that the pressure spikes increase as () increases. Therefore,
considering the graphite nodules as defects on the wear track,
the pressure spikes in NNC samples will be higher than those
in MNC samples, and these in turn, will be higher than those in
HNC samples. In this case, the decrease in the pressure spikes
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Fig. 7. Spalls in ADI 240 HNC samples for different counterparts: (a) with a
51102 bearing type and (b) with a 51406 bearing type. Rolling direction is from
right to left.

has certainly overcome the increase in the number of defects or
nodules acting as crack nucleation sites as it was also demon-
strated in a previous work [9].

The theories predicting the life to failure under fatigue condi-
tions, either in bending fatigue or rolling contact fatigue [22,23],

80
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Fig. 8. Bar diagram showing the increase in contact area, nodule area and
medium life for the different bearing type and material variant combinations.

depend on the stress level (i.e., on the possibility of producing
the critical amount of plasticity for crack nucleation). Therefore,
predicting fatigue life by using theories applied to the calculated
pressure spikes will coincide with the present results.

The RCF tests results for different microstructures have
shown that the strong increment in the RCF life when shifting
from NNC to HNC. ADI is a consequence of the stress levels
originated by the geometrical differences of defects and balls,
rather than changes in the material matrix.

The results of the present work are encouraging in terms of
being able to modify the RCF life of conventional thickness DI
castings, by increasing the nodule count through inoculation.
Nevertheless, there is no inoculation method capable to produce
an increase of the nodule count higher than 100%.

4. Conclusions

The RCF testing procedure was modified in order to gain
the possibility of testing with different contact areas by using
different types of thrust bearings as a counterpart and, at the
same time, maintaining constant the maximum contact pressure.
Also, different nodule counts were obtained employing different
solidification rates, allowing to study the influence of nodule
size on the RCF resistance at different “contact area size versus
nodule size (Cs/Ns)”.

The results show that the nodule size affects the RCF life
independently of the ductile iron microstructure, with a strong
RCF life increment for the case of the quenched and tempered
variant when the nodule size decreases.

The RCF resistance is strongly affected by changes in the
nodule size, but it can be also improved by the increase in the
contact area, as it was demonstrated by testing with different
contact areas sizes, while the nodule size was maintained con-
stant.
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