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Abstract

The influence of chill thickness and applied load were studied on wear behaviour of a car-
bidic austempered ductile iron containing Cu and Ni. Ductile iron with chemical composition
Fe-3.6C-2.6Si-0.53Cu-0.51Ni (in wt.%) was cast into standard moulds with copper end chills
of different thicknesses. Wear test samples were prepared from the chilled surface of the blocks.
Austenitizing heat treatment was carried out at 870°C followed by austempering at 270, 320,
370 and 410°C in electrically heated salt bath furnaces for optimum times. A block-on-ring
testing machine was used to carry outwear tests in dry sliding condition under applied loads
of 100 and 150 N. Scanning electron microscopy was used to examine the worn surface of the
samples. The results indicated an improvement in wear resistance of austempered ductile iron
by introducing carbides into the matrix compared to that of non-carbidic samples. Best wear
performance in carbidic austempered ductile iron was achieved for a matrix containing about
30 vol.% carbides.
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1. Introduction

Austempered Ductile Iron (ADI) has long been
recognized for its combination of high strength and
toughness replacing forged steel components in many
applications. It is also well known that this alloy per-
forms very well under different wear mechanisms such
as rolling contact fatigue, adhesion and abrasion [1—
8]. ADI has proved to behave properly under differ-
ent conditions, and it is possible to obtain good per-
formance in wear if the heat treatment parameters
are selected properly [9-14]. The austempering reac-
tion in ductile irons is a two-stage process that dif-
fers considerably from the single-stage bainite reac-
tion in steels [15]. In steel, it is a single step pro-
cess in which austenite transforms directly to bainite
[16] whereas in ductile iron it is a two-step process.
In the first step, austenite () transforms to acicular
ferrite (o) (or ferrite and carbide) and high carbon
austenite (). In the second step, when the casting
is austempered longer than required, the matrix de-

composes to form more stable ferrite and carbide [12].
Austempering temperature is the primary heat treat-
ment variable which directly affects the final mecha-
nical properties. Strength and hardness are influenced
by the austempering temperature chosen. By increas-
ing the austempering temperature, the volume frac-
tion of austenite and the thickness of ferrite layers at
the end of stage I reaction increase, meanwhile the
amount of carbides decreases at this time [17].

A new type of ADI which contains carbides im-
mersed in the typical matrix of ductile iron called car-
bidic austempered ductile iron (CADI) has been de-
veloped in recent years. CADI is produced by austem-
pering heat treatment of ductile iron which has a con-
trolled amount of carbides present in the microstruc-
ture for a higher abrasion resistance than that of the
base material [18-20]. The standard practice in car-
bide introduction is chill-cast of ductile iron parts.
Depending on the chill thickness and type the desired
amount of carbides can be introduced to the surface
of the casting. The typical range of carbides which are
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present in the microstructure is within 10-30 vol.%
[21, 22]. The resulting microstructure consists of car-
bides in the ausferrite matrix. CADI is more wear re-
sistant than Grade 1600 (GR 5) ADI, less expensive
and tougher than many abrasion resistant irons and
can replace Mn steels at an equal or lower cost [23].
The carbides improve the abrasion wear resistance. If
the heat treatment parameters and chemical compo-
sition of the alloy are controlled properly, the maxi-
mum abrasion resistance can be achieved. To obtain
as-cast carbides, it is essential to reduce the amount
of graphitizing elements, e.g., Si, in order to promote
the precipitation of carbides during eutectic solidifica-
tion of ductile iron [21, 25]. The other option is to add
the carbide stabilizing elements into the melt, such as
chromium, molybdenum or titanium. They strongly
reduce the stable and metastable interval between eu-
tectic temperatures and promote the solidification ac-
cording to the metastable diagram. The under-cooling
also affects the size and number of solidification eutec-
tic cells and subsequently the microsegregation. By
lowering the cooling rate, the microsegregation in-
creases. This results in the probability of the formation
of carbides at the last into freeze areas [26]. The cool-
ing rate and chemical composition of alloy affect the
size and composition of carbides which may vary from
ledeburitic to thin plate-shaped carbides. Ledeburitic
carbides which are formed by controlling the cooling
rate or reducing silicon content in unalloyed ductile
irons are less stable than alloyed ones and have higher
tendency to dissolve during the austenitizing process
27, 28].

The main objective of this work is to study the
effect of chill thickness on the formation of carbides
on a ductile cast iron surface to obtain the so-called
carbidic austempered ductile iron and then to evalu-
ate the sliding wear behaviour of the alloy at different
austempering heat treatment conditions.

2. Experimental procedure
2.1. Alloy and heat treatment process

The ductile iron was melted in a rotary furnace
then cast into the sand mould according to AFS stan-
dard as illustrated in Fig. 1 [29]. Three different copper
chill thicknesses were used to obtain different amount
and depths of carbides in the chilled layer. The chem-
ical composition of iron is given in Table 1.

Wear test samples were cut and prepared from
the chilled section with the dimension of 10 mm X
10 mm x 20 mm. The heat treatment was carried out
using an electrically heated salt bath furnace at 870°C
for 90 min followed by subsequent rapid cooling to the
austempering salt bath furnaces operating in the tem-
perature range of 270-410°C for 4 h.

~ COPPER
END CHILL

Fig. 1. Experimental setup (AFS standard mould showing
copper end chill block location).

Table 1. The composition of ductile iron (wt.%)

Mn Ni Cu P S Si C
0.2 0.5 0.53 0.014 0.013 2.6 3.6

2.2. Microstructural evaluations

Samples for metallographic examination were
ground and polished following the standard proce-
dures after heat treatment. 2% Nital etching solu-
tion and subsequent etching in sodium metabisul-
fite 20 % solution were used to reveal the microstruc-
ture. Microstructural evaluations were conducted on
Olympus PMG3™ optical microscope and Cam Scan
MV-2300™ scanning electron microscope (SEM) op-
erating at 30kV. The samples carbide volume frac-
tion was measured according to ASTM E562-11 [30]
standard test method on polished and etched sam-
ples. Image analysis was used to determine the nod-
ule count according to ASTM E2567-16a [31] standard
test method.

2.3. Wear tests

Dry sliding wear tests were performed on samples
according to ASTM G77-98 standard using a block-on-
ring wear test machine specially built for laboratory
use on samples. The wear test for all samples was con-
ducted under the normal loads of 100 and 150 N and a
sliding velocity of 3.7ms~!. The samples weight loss
was then measured at 10 min intervals for a total test
time of 40 min. The worn surface of samples was also
studied using the Cam Scan MV-2300™ SEM to de-
termine the wear mechanism.
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Fig. 2. The SEM micrograph of the chilled surface con-
sisting of ledeburite (carbide and transformed austenite to
martensite/bainite).

Fig. 3. Typical microstructure of sample austempered at

370°C for 240 min near the chilled surface, consisting of

iron carbides and graphite nodules within the ausferritic
matrix.

2.4. Hardness measurements

Rockwell C hardness scale was used to measure
the hardness. A total number of six hardness measure-
ments at different locations were taken. The average
values were calculated and used for the analysis. The
cross section hardness was measured for all samples
using a microhardness tester with an applied load of
50 gr.

3. Results and discussion

3.1. The microstructure of chilled and
austempered samples

The SEM micrograph from the chilled surface is

Table 2. The nodule counts and carbide vol.% of samples
with different chill thicknesses

Chill thickness Nodule count Carbide volume

(mm) (mm™~?) (%)
35 300 45
25 250 39
15 190 30

shown in Fig. 2. The microstructure consists of lede-
burite (carbides and transformed austenite to marten-
site/bainite). The nodule count is about 300 mm 2 for
the copper chill of 35 mm thickness.

Away from the chilled surface, the nodule count
decreases gradually and reaches to about 100 mm™2
where there is not much effect on the cooling rate by
the block. The chill thickness influences the nodule
count as well as the carbide volume. In Table 2 the
nodule counts and the carbide volume are presented
for different chill thicknesses. Thicker blocks caused
higher cooling rates during solidification, and conse-
quently higher nodule counts and carbide volume ac-
quired.

Figure 3 shows typical microstructure of austem-
pered samples near the chilled surface after austem-
pering at 370°C. The microstructure of CADI consists
of iron carbides and graphite nodules within the aus-
ferritic matrix. The matrix is much harder compared
to graphite nodules. The type of carbide morphology
and distribution which was observed near the chilled
surface results in a wear resistant and tough material.
Figure 4 shows the microstructural changes observed
during austempering in the present study away from
the chill block and shows the features as described.
Figure 4a shows how acicular ferrite has started to
form in regions surrounding the graphite nodules af-
ter austempering for 2 min at 370°C. The remaining
matrix areas show martensite which has been formed
from the low carbon unreacted austenite during cool-
ing to room temperature from the austempering tem-
perature. Figure 4b shows that the ausferrite reaction
is almost completed in the eutectic cell and intercellu-
lar boundary regions after 60 min. The platelet struc-
ture of the ausferrite is evident in the microstructure.
Figure 4c shows that the platelet structure is no longer
clearly defined after 1140 min owing to the onset of the
stage II reaction.

3.2. The effect of chill thickness and
austempering temperature on hardness

The variations of hardness vs. distance from the
chilled surface to the core are shown in Fig. 5 for the
chill thicknesses studied. Hardness is higher at simi-
lar points for thicker chilled samples which produces
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Fig. 4. Microstructures of samples austempered at 375°C
for (a) 2min, (b) 60 min and (c) 1140 min (optical).

higher cooling rates and more carbide in the matrix.
Away from the surface, hardness decreases with de-
creasing carbide volume.

The variation of hardness with austempering tem-
peratures of different chill thickness samples is shown
in Fig. 6. It is seen that hardness decreases with in-
creasing the austempering temperature from 270 to
370°C, then it increases as the austempering tempe-
rature further increases to 410°C. The initial decrease
is a consequence of course ausferritic microstructure.
Austempering temperature has a direct influence on
the strength and hardness of the matrix in ADI [32,
33]. The next increase in hardness is because of the in-
creased volume of blocky austenite the central region
of which transformed to martensite during cooling to
room temperature. This behaviour in ADI is reported
elsewhere [4, 5].

35mm @ 25mm 15mm
60 §o

- L ]

£ 50 sf2°,

‘: Se3e,

g 40 e

'E L

g 30 - e

b L L
0 20 40 60
Distance from chilled surface

(mm)

Fig. 5. The change in hardness with distance from the chill
surface for various chill thicknesses.
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Fig. 6. The variation of hardness with austempering tem-
perature for various chill thicknesses.

Fig. 7. The microstructure of a sample austempered at
410°C. The arrows show the transformed region of blocky
austenite to martensite.

The transformed regions of blocky austenite to
martensite are shown by arrows in Fig. 7 for a sample
austempered at 410°C.
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Fig. 8. The variations of weight loss with test time for
applied loads of 100 and 150 N. Chill thickness is 35 mm
and the austempering temperature is 410°C.

3.3. Effect of austempering temperature on
wear behaviour

The variations in weight loss with time for applied
loads of 100 and 150 N and chill thickness of 35 mm
at the austempering temperature of 410°C are shown
in Fig. 8. It is evident that wear behaviour is affected
by the applied load. The effect of increasing the ap-
plied load is to increase the weight loss at a given dis-
tance travelled. Several factors can influence the wear
behaviour of CADI in the current study, for instance,
ausferrite morphology, carbide vol.% and also graphite
nodules fraction in the matrix. Ausferrite morphology
is influenced directly by austempering heat treatment
whereas the carbides and graphites volume and mor-
phology are determined by the cooling rate, i.e., chill
thickness. Figure 8 displays that the wear resistance of
CADI is not influenced by austempering temperature
significantly and it is slightly higher for the austemper-
ing temperature of 410°C. The matrix at the highest
austempering temperature of 410°C involves coarser
ausferrite and more regions of blocky austenite. It ap-

pears that the transformation of these less mechani-
cally stable austenites improved the wear resistance of
CADI moderately. The higher the austempering tem-
perature the higher the toughness [12]. The combina-
tion of toughness and hardness at this temperature
can explain the better wear performance of CADI.
This implies that the matrix toughness is as impor-
tant as hardness in wear behaviour of CADI.

3.4. Effect of chill thickness on the wear
behaviour

The results indicate that thick chilled samples have
a higher carbide and lower graphite volumes compared
to the thin chilled samples. The graphites are also
finer in these samples. The morphology and the car-
bide and graphite volume all influence the wear re-
sistance of CADI. The beneficial effect of graphites
on wear resistance of austempered ductile irons has
been reported previously [34]. Hatate et al. [35] pro-
posed that changing graphite shape from spheroidal
to flake was found to result in a considerable increase
in weight loss of ADI both in dry and wet conditions.
In another research Sugishita et al. [36] indicated that
formation of graphite layers on the wear surface of cast
iron contributes to the protection of metallic contact
points. Carbides have a beneficial influence on enhanc-
ing wear resistance when they are large enough in re-
lation to the size of the abrasive. Albertine et al. [37]
have shown that in white cast irons, increasing the
carbide volume from 13 to 41 % resulted in a decrease
in wear rates. Sapate et al. [38] reported that the vari-
ation in erosion rate with carbide volume fraction was
observed to be a strong function of the erodent particle
hardness, impingement angle and the impact velocity.

The effect of chill thickness on the variation of
weight loss is shown in Fig. 9 for the austempering
temperature of 270, 320, 370 and 410°C at applied
loads of 100 and 150 N. It was anticipated that the
thick chilled samples would display a better wear per-
formance. However, the results do not appear to sup-
port this and the 35 and 25 mm thick chilled sam-
ples show more weight loss. It seems that even though
the carbide vol.% is higher for 35 and 25 mm thick
chilled samples, a lower graphite content as a lubri-
cant had a stronger contribution to the wear perfor-
mance of CADI. At a higher applied load of 150 N, the
contribution of graphite as lubricant decreases. This
confirms the previous findings of Sugishita and Fu-
jiyoshi [39]. Several researchers have also stated the
role of graphite as a lubricant at low applied loads
[23, 40, 41]. Research carried out by Zum Gahr and El-
dis [42] supports our findings as their results indicate
that approximately 28 vol.% carbide provides the best
abrasion resistance for white cast irons. In the current
study, the samples of 15 mm thick chills consisted of
about 30 vol.% carbide.
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Fig. 9a—h. The variation of weight loss with test time for various chill thicknesses and austempering temperatures at
applied loads of 100 and 150 N.

Abrasive wear is classified based on the contact
type and environment [43]. Two modes are known
as two-body and three-body abrasive wear. The two-
body mode of wear occurs when the hard particles
detach the material from the opposite surface. In fact,
the material is removed or displaced by a cutting
or plowing operation. The three-body wear happens
when the particles are free to move and slide on a sur-
face. At the higher load of 150 N, the adhesion between
surfaces followed by tearing of the material below the
surface has caused the galling of material. This is ev-
ident in Figs. 10a,b. The wear particles are detached

by the cyclic crack growth of microcracks on the sur-
face. The microcracks are either superficial cracks or
subsurface cracks. The microcracks are indicated in
Fig. 9b with arrows. The scratches on the wear sur-
faces are deepened with time. Fragmentation occurs
when the material is separated from the worn surface
by a cutting process and the indenting abrasive causes
localized fracture of the wear material. These cracks
then freely propagate locally around the wear groove,
resulting in additional material removal by spalling
[43]. Oxide debris is created during the sliding motion
of surfaces. It is originated from interactions among
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Fig. 10. SEM micrograph of worn surface indicating: (a)
galling of the material, (b) micro-cracks, and (¢) EDS mi-
croanalysis of the indicated detaching particle (X) in (b).

the worn surfaces and environmental causes, i.e., hu-
midity. The EDS microanalysis of the detaching area
in Fig. 10b (indicated as X) is shown in Fig. 10c that
reveals the particle is iron oxide. According to the re-
sults, the main wear mechanism is three-body abrasive
wear. In previous work, it was shown that graphite
nodules near the surface could act as cracks beneath
the surface [9]. As a result, cracks nucleation happens
with no difficulty and consequently cracks propagation
controls the wear in ductile irons [44].

Comparing the results of this study and a previous
study on ADI [9] at similar testing conditions shows
that CADI is more wear resistant than ADI with sim-

Pin Abrasion Test

© Austempered
Steel

A Q&T Steel

@ Q&T Ductile Iron

A ADI

CADI

Volume loss (cm)

AAp A

Hardness, RC

Fig. 11. Pin abrasion test chart for austempered steel,
Q&T steel, Q&T ductile iron, ADI [49] and CADI.

ilar heat treatment conditions. This is the direct re-
sult of the presence of continuous carbides network
within the matrix. The wear resistance is related to
the mechanical properties of the material, i.e., hard-
ness and toughness. The most important parameter is
hardness which has a strong effect on the wear be-
haviour. This effect can be divided into the effects
of bulk and microconstituents’ hardness, i.e., micro-
hardness. The microstructure has a considerable in-
fluence on the mechanical properties and wear resis-
tance [45]. Carbides are important in the microstruc-
tures since they influence the wear behaviour strongly
because they are normally much harder than the ma-
trix. The volume fraction of carbides is a relatively
useful parameter in alloys, and in most cases, wear re-
sistance increases with an increase of carbide volume
fraction [46]. It has been reported that in steels the
wear resistance increases directly with the volume of
the hard constituent, i.e., carbides, particularly with
massed carbides [47]. The carbides present in within
the microstructure of CADI have continuous nature
as indicated in SEM micrograph in Fig. 2. When car-
bides distribute in the form of separate isles they can
be detached from the matrix easily and may have less
influence on wear resistance [48]. In the case of CADI,
the continuous and massive nature of carbides has im-
proved the wear resistance considerably as compared
to wear test results for ADI [9].

3.5. Comparing wear behaviour with other
alloys

Figure 11 shows the pin abrasion test graph for
austempered steel, quenched and tempered steel, duc-
tile iron, ADI [49] and CADI normalised results with
previous work on ADI [50]. In previous works [9, 50] it
was demonstrated that the weight loss was over 4 g for
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ADI specimens at the same test conditions. In present
work, CADI of same base composition has shown a
better performance when the weight loss is within the
range of 3-3.5g.

4. Conclusions

Studying the influence of chill thickness and
austempering temperature on wear behaviour of a car-
bidic austempered ductile iron with composition of
Fe-3.6C-2.6Si-0.53Cu-0.51Ni (in wt.%) the following
conclusions can be drawn:

— Copper chill thickness influences the nodule
count, carbides and graphite volume. For 35, 25 and
15 mm chill blocks the nodule counts were about 300,
250 and 190 mm~2, respectively. By increasing the
chill thickness, the carbide volume increases within
the range 30-45 % and graphite volume decreases.

— Best wear performance achieved for a matrix con-
taining about 30 vol.% carbide. Increasing the carbide
volume by using thicker chills does not enhance the
wear performance of CADI. This behaviour is related
to higher vol.% of graphite as a lubricant which con-
tributes more to wear performance at thinner chills.

— Hardness is higher at same distances from the
chilled surface to the core of thicker chilled samples
as a result of more carbide in the matrix. Far from
the chilled face, hardness decreases for all samples as
carbide content decreases.

— Abrasive wear was the main wear controlling
mechanism in CADI.

— EDS microanalyses of a delaminated wear debris
showed the formation of iron oxide during wear test.
Scratches and scars on the wear surface are thought
to be caused by this oxide debris that retains between
the rubbing surfaces.

— According to results of this study and previous
findings [9] it can be concluded that CADI is more
wear resistant than quenched and tempered steel and
ductile iron at the same level of hardness.
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