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bstract

The abrasion wear resistance of irons may be improved by the incorporation of an extra phase to the matrix, typically consistent of carbides.
evertheless, the improvement in wear resistance is generally accompanied by a decrease in the impact toughness. The aim of this work is to study

he methodology to obtain a controlled precipitation of carbides in a ductile cast iron that is subsequently austempered, obtaining the so-called
arbidic austempered ductile iron (CADI). This material is expected to offer high abrasion resistance but still retaining higher impact toughness
han other reinforced irons, thanks to the particular characteristics of the matrix. A plate model with a copper chill allowed to evaluate both, the
nfluence of a high cooling rate and the effect of alloying elements on carbide precipitation. Four different alloys with equivalent carbon close
o the eutectic composition were used in order to evaluate the effect of chromium contents ranging from 1 to 2.5%. A detailed microstructural
haracterisation of the material was made, studying particularly carbide content and composition, besides their stability during the heat treatment.

he abrasion wear resistance was evaluated by testing under the ASTM G 65 standard, obtaining relative wear resistance values ranging between
.02 and 1.95 with respect to conventional ADI samples taken as reference material. The impact toughness decreased from about 138–101 J for
DI to about 26–7 J for CADI.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Austempered Ductile Iron (ADI) has been long recognised
or its high tensile strength and toughness (over 1600 MPa and
ver 100 J for grades 5 and 1, respectively, according to the
STM A 834-95), making possible to replace forged steels in
any applications. It is also well known the ability of this mate-

ial to perform very well under different wear mechanisms such
s rolling contact fatigue, adhesion and abrasion [1–3].

ADI has proved to behave in a different manner under abra-
ive conditions, depending on the tribosystem (low or high stress
brasion), but being always possible to obtain a good perfor-
ance in service if the heat treating parameters are properly

elected [2].

A new type of ADI, containing carbides immersed in the typ-

cal ausferritic matrix, called carbidic ADI or CADI has been
ecently introduced in the market. Nevertheless, the literature
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mpact toughness

vailable only show application examples and data about the
esponse to abrasive wear but not the procedure to produce
ADI.

The presence of carbides is expected to promote an increase
n the abrasion wear resistance, but on the other hand tough-
ess is expected to decrease. Therefore, the challenge related
o the development of this material is to be able to control the

icrostructure in order to obtain the optimum balance between
brasion resistance and toughness, taking into account the tri-
osystem and the operating conditions.

One of the methodologies commonly used to obtain a
icrostructure with as-cast carbides is to reduce the quantity

f graphitising elements (in particular Si), in order to promote
he precipitation of ledeburitic carbides during solidification due
o a closer interval between the stable and metastable diagrams.
his methodology may be combined with a second option given
y the high undercooling promoted by the use of a chill in the

ould. A third option is to alloy the melt with carbide stabilis-

ng elements, such as chromium, molybdenum or titanium [4,5],
hich strongly reduce the interval between stable and metastable

utectic temperatures and promote total or partial solidification

mailto:dommarco@fi.mdp.edu.ar
dx.doi.org/10.1016/j.wear.2007.08.013
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Table 1
Sample identification, in both the as-cast and treated conditions

Identification Heat (% Cr) Condition Austempering
temperature (◦C)

C1 1 (2.5) As-cast –
A1-280 1 (2.5) Austempered 280
A1-360 1 (2.5) Austempered 360
C2 2 (2.0) As-cast –
A2-280 2 (2.0) Austempered 280
A2-360 2 (2.0) Austempered 360
C3 3 (1.5) As-cast –
A3-280 3 (1.5) Austempered 280
A3-360 3 (1.5) Austempered 360
C4 4 (1.0) As-cast –
A4-280 4 (1.0) Austempered 280
A4-360 4 (1.0) Austempered 360
C5 5 (0) As-cast –
ADI 280 5 (0) Austempered 280
A
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ccording to the metastable diagram [6]. It must be taken into
ccount that an undercooling also affects the size and count of
he solidification units, and therefore, the microsegregation. The
ower the cooling rate, the greater the microsegregation effect
ncreasing the probability for carbide precipitation at the last
o freeze zones, and therefore, the formation of alloyed car-
ides. Then, the size and composition of carbides may vary, from
ypical unalloyed ledeburitic to thin plate shaped high-alloyed
arbides, depending on the chemical composition and cooling
ate [6–9].

It was demonstrated [10] that ledeburitic carbides produced
ither by controlling the cooling rate or the silicon level (non-
lloyed carbides) have a high tendency to dissolve during the
ustenitizing stage and are less stable than alloyed carbides.
herefore, carbide dissolution during heat treatment should be
valuated.

The objectives of this work is to produce different variants
f CADI, studying its microstructural characteristics and eval-
ating some mechanical properties, particularly the abrasion
esistance and the impact toughness.

. Experimental procedure

.1. Sample preparation

The material used in this study was obtained in a metal cast-
ng laboratory, using a 55 kg capacity 3 kHz induction furnace.
teel scrap and foundry returns were used as charge materi-
ls. In all cases the melts were nodulized with FeSiMg (9 wt.%
g) and inoculated with FeSi (75 wt.% Si). Five alloys of duc-

ile iron were obtained, with approximately 0, 1.0, 1.5, 2.0 and
.5 wt.% Cr.

The shape and dimensions of the model used [11,12] is shown
n Fig. 1. A copper chill of 38 mm × 38 mm × 200 mm was posi-
ioned at the end of the plate in order to promote a chilling effect
n its vicinity introducing a cooling rate gradient along the plate.

A numerical simulation of the feeding and solidification pro-

esses was carried out by using the software Nova Flow &
olids®. The simulation was used to evaluate the variation of

he cooling rate with the distance to the chill and to determine
he distance at which the chill is no longer effective.

ig. 1. Plate model with copper chill at one end showing the location where test
amples were obtained.

2

m
e
w
w
t
h
d

e
c
q
i
c
s
T
a
t

DI 360 5 (0) Austempered 360

ustenitizing temperature 900 ◦C in all samples.

The plates were cut as shown in Fig. 1, with a longitudinal
lice ∼125 mm long obtained for the microstructural charac-
erisation, carbide quantification and dissolution studies. At
istances between 125 and 150 mm (zone not affected by the
hill), two slices ∼11 mm thick were cut (Fig. 1), from which
mpact and wear test samples were obtained. Hardness measure-

ents were also performed on all samples.
The samples obtained from the five alloys were then heat

reated by austenitizing 1 h at 900 ◦C in a muffle followed
y an austempering step in a salt bath for 2 h, at two dif-
erent temperatures, 280 and 360 ◦C. The unalloyed samples
ithout carbides (conventional ADI) were used as reference
aterial for wear and impact tests together with the CADI

ariants (having different carbide contents). Sample identifica-
ion in both the as-cast and heat treated conditions is listed in
able 1.

.2. Chemical and microstructural examination

The chemical composition of the alloys was determined by
eans of a Baird Spark Emission Optic Spectrometer with a DV6

xcitation source. The chemical composition of the carbides
as evaluated by using a Philips Scanning Electron Microscope
ith an EDX module, in order to analyse the microsegrega-

ion effects and its influence on the carbide dissolution during
eat treatment. The values reported are the average of three
eterminations.

Metallographic sample preparation for optical microscopy
xamination was carried out by using standard techniques for
utting and polishing before etching with 2% Nital. In order to
uantify the amount of carbides, they were revealed by etch-
ng with 10% ammonium persulfate in aqueous solution and its
ontent (in percent) was measured in zones located every 2 mm

tarting from the chill by using the Image Pro Plus software.
he magnification used was 50× in order to obtain data from
sufficiently large area. Each reported value is the average of

hree determinations.
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Table 2
Cooling rates at different zones of the plate, calculated from cooling curves
simulated with and without the chill

Distance to
chill (mm)

Cooling rate (◦C/s)
(with chill)

Cooling rate (◦C/s)
(without chill)

5 41.64 2.79
17 8.16 2.28
29 3.11 1.81
41 1.88 1.59
53 1.48 1.33
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10–15 �m) due to the relatively high cooling rate. Figs. 3–6b)
show the microstructures at d = 100 mm, where the cooling
rate is lower than that present at d = 5 mm, and is not affected
by the chill. At lower cooling rates, less amount of carbides

Table 3
Chemical composition for the different heats evaluated (wt. %)

Heat C Si Mn S P Cu Ni Cr EC

C1 3.35 3.09 0.18 0.039 0.042 0.67 0.58 2.59 4.38
ig. 2. Schematic of the ASTM G 65 dry sand–rubber wheel abrasion test.

.3. Mechanical tests

The Brinell hardness (HBW) of the samples was measured
sing a 2.5 mm tungsten carbide ball and a bench tester with
load of 187.5 kg. Microindentation tests were carried out in

rder to determine the hardness of carbides by using a Vickers
ndenter and a 200 g load.

The abrasion wear resistance of the samples was evaluated by
eans of the “Dry Sand/Rubber Wheel Abrasion Test”, Fig. 2,

ccording to the ASTM G 65 standard and using the proce-
ure A (specimen load 130 N, wheel revolutions 6000). The
elative wear resistance index—E, was obtained by the relation-
hip between the volume loss experienced by conventional ADI
amples, used as reference materials (�VR), and the CADI sam-
les (�VS), according to Eq. (1). The weight loss values were
easured by means of a 0.1 mg precision scale and then con-

erted into volume loss by using the material density measured
n calibrated blocks made from all the alloys used in this study.

= �VR

�VS
(1)

Impact toughness tests on ADI and CADI samples
ere carried out under the ASTM E 23 standard, using
0 mm × 10 mm × 55 mm specimens and an Amsler pendulum
ith an initial energy of 300 J (5 m/s impact speed). Due to

he characteristics of the materials evaluated unnotched sam-
les were used. The reported values are the average of two
eterminations.

. Results and discussion

.1. Cooling curves

The cooling curves as a function of the distance along the
late were evaluated, simulating the solidification process by
nite element analysis under two conditions, with and without

he chill. The values of the cooling rate were calculated as the
lope of the curve at the start of the solidification process.

The cooling rate values at different distances from the chill

d) are listed in Table 2 and the results under the two conditions
valuated are compared, showing that the chill is not longer
ffective at distances greater than ∼75 mm where the cooling
ates stabilise at ∼1.3 ◦C/s. These results were validated by the

C
C
C
C

75 1.35 1.34
00 1.33 1.31
50 1.31 1.30

icrostructural examination and were used in order to obtain
amples from regions affected or not by the chill. The correlation
etween the cooling rates and the microstructure will also allow
redicting the microstructure under different chill/part geometry
nd size combinations.

Nevertheless, the ideal CADI structure would be that obtained
ithout the use of a chill, in order to facilitate or simplify the

ndustrial process. Thus, in the present paper, the microstructure
f chilled regions was evaluated, leaving the mechanical proper-
ies of this region for a future work. The samples for microstruc-
ural characterisation include regions affected and not affected
y the chill, while the samples for hardness, wear and impact
ests were only taken from regions not affected by the chill.

.2. Chemical and microstructural characterisation

Table 3 lists the chemical composition of the different alloys,
1, C2, C3, C4 and C5, showing in all cases an approximately
utectic composition (equivalent carbon, EC ∼4.3). As it was
tated, the main alloying element was Cr, introduced in differ-
nt amounts to promote carbide precipitation. Alloy C5 was not
lloyed with Cr in order to obtain the base ductile iron used to
roduce the conventional ADI samples used as reference mate-
ial. Cu and Ni were added in small quantities in order to increase
he austemperability.

Figs. 3–6 show the microstructures of samples A1-280, A2-
80, A3-280 and A4-280, respectively, at two different locations
f the plates. Figs. 3–6a), show the microstructures at d = 5 mm
aving a high carbide concentration as well as a high nod-
le count with a small graphite nodule size (typically about
2 3.40 3.00 0.13 0.015 0.039 0.65 0.56 2.04 4.40
3 3.29 3.28 0.15 0.019 0.035 0.60 0.59 1.45 4.38
4 3.18 3.38 0.13 0.016 0.037 0.63 0.61 0.84 4.31
5 3.40 3.34 0.17 0.019 0.035 0.62 0.63 0 4.51
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Fig. 3. Microstructures of sample A1-280 at (a) 2 mm and (b) 100 mm from the chill.

Fig. 4. Microstructures of sample A2-280 at (a) 2 mm and (b) 100 mm from the chill.
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Fig. 5. Microstructures of sample A3-28

ith larger size, and lower nodule count with higher graphite
odule size are observed. The matrix is fully ausferritic in

ll cases, showing the good austemperability of the different
lloys.

The chromium contents of carbides present in alloys C1 and
4, determined by EDX, are listed in Table 4, showing that

a
g
a
l

Fig. 6. Microstructures of sample A4-280 at (
a) 2 mm and (b) 100 mm from the chill.

he carbides are of the type M3C, with chromium partially sub-
tituting iron. Carbides alloyed with chromium contents of 5.9

nd 2.8% were found at d = 5 mm for alloys C1 and C4 with
lobal % Cr of 2.5 and 1.0, respectively. In the same alloys, at
higher distance (d = 100 mm) the lower cooling rate promote

arger solidification units, and therefore, higher microsegrega-

a) 2 mm and (b) 100 mm from the chill.
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Table 4
Chromium content in carbides determined by EDX at different zones for heats
C1 and C4

Material variant (global % Cr) Chromium in each zone

d = 5 mm to chill d = 100 mm to chill
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Fig. 7. Carbide contents (%) in as-cast (C1, C2, C3, C4) and austempered (A1,
A2, A3, A4) samples.

Table 5
Relative wear resistance (E) values for CADI samples austempered at 280 ◦C;
reference material, ADI 280

Sample (% Cr) Relative wear resistance: E

ADI 280 (0) 1
1 (2.5) 5.9% 8.2%
4 (1.0) 2.8% 6.7%

ion effects, leading to an increase in the Cr content found in the
arbides, 8.2 and 6.7% Cr for alloys C1 and C4, respectively.

Fig. 7 shows the carbide content versus the distance to the
hill in both, the as-cast (samples C1, C2, C3 and C4) and the
eat treated (samples A1, A2, A3 and A4) conditions. The max-
mum carbide content was about 30% for alloys C1 and C2 close
o the chill, while the minimum was about 5% for alloy C4 at dis-
ances far away from the chill. The carbide content after the heat
reatment remains mostly unchanged. The absence of carbide
issolution has been justified [10] by the high thermodynamic
tability of alloyed carbides due to the high chromium content
f the alloys (considering ductile irons production practice) and
ainly the microsegregation effect, which is strongly evidenced

n the last to freeze zones. It can also be observed in Fig. 7 that the
nfluence of the cooling rate on carbide precipitation decreases
s the chromium content decreases.

.3. Mechanical properties

.3.1. Hardness tests
The Brinell hardness was determined at d > 100 mm as the

verage of five determinations, with a maximum standard devi-
tion σn−1 ≈ 6.4 for samples A1-280 and A2-280 and with
n−1 < 4 for the remaining samples. The results for the two
ustempering temperatures are reported in Fig. 8, showing that
he reinforcing effect of carbides increases with the carbide con-
ent following a trend similar to that obtained by using the
quivalent hardness (lever rule) concept [13]. The reinforcing
ffect of carbides on hardness was very similar for the two
ustempering temperatures evaluated.

The Vickers microhardness of the carbides was determined
s the average of three measurements in each alloy in a region
ocated at d > 100 mm where larger carbides are present. Car-
ides hardness of about 1100 HV200 with a maximum dispersion
n−1 = 25 were found in all samples.

.3.2. Wear resistance
Fig. 9 shows the density values for all the alloys measured on

0 mm × 10 mm × 25 mm ground calibrated blocks. In order to
alidate the accuracy of the method used, the density of a SAE
010 block was also measured and reported.

Tables 5 and 6 list the relative wear resistance (E) values
btained for all the CADI samples at the two austempering tem-

eratures, 280 and 360 ◦C. The reported values are the average of
our determinations, with a maximum σn−1 = 0.06. In each case,
he CADI samples were compared against the conventional ADI
0% Cr) austempered at the same temperature, i.e. ADI 280 and

A1-280 (2.5) 1.73
A2-280 (2.0) 1.52
A3-280 (1.5) 1.45
A4-280 (1.0) 1.23
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Fig. 8. Hardness (HBW) and carbide content values for all CADI variants versus
chromium content.
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at the same time show good impact toughness when compared
to alloys with higher Cr content. Nevertheless, for in service
applications (different tribosystems) additional or different con-
siderations could be needed.
ig. 9. Density values as a function of the chromium content for all heats
valuated.

DI 360 samples were used as reference materials. These val-
es show that the reinforcing effect of carbides was higher for
he softer matrix (ADI 360). A similar response with respect
o hardness was also observed in ADI austempered at different
emperatures [2] and also tested by following the ASTM G 65
tandard, even though, the same material variants behave differ-
ntly under more severe abrasive conditions. These results are
lso presented in Fig. 10 in the form of volume loss as a func-
ion of chromium content, showing an important increase in the
einforcing effect of carbides when % Cr is 1.5% or higher.

.3.3. Impact tests
The results of the impact toughness (J) versus chromium con-

ent in all the material variants studied are shown in Fig. 11.

or an easier interpretation the carbide content is also shown
esides the chromium content. As expected, the impact tough-
ess decreased as the Cr or carbide contents increased, but

able 6
elative wear resistance (E) values for CADI samples austempered at 360 ◦C;

eference material, ADI 360

ample (% Cr) Relative wear resistance: E

DI 360 (0) 1
1-360 (2.5) 1.95
2-360 (2.0) 1.76
3-360 (1.5) 1.6
4-360 (1.0) 1.08

F

ig. 10. Volume loss values as a function of the chromium content for samples
ustempered at 280 and 360 ◦C. (procedure, ASTM G 65 standard).

eaching a cuasy-steady level at ∼7 J for a % Cr > 1.5 for the
wo austempering temperatures. In order to compare with CADI
amples, conventional ADI 280 and ADI 360 were also evaluated
btaining impact toughness values of 101 and 138 J, respec-
ively. The maximum standard deviation was σn = 2.4 for the
ADI samples and σn = 16.2 for the reference conventional ADI

amples. There was also an influence of the ausferritic matrix in
he impact toughness. For all the Cr contents the samples austem-
ered at 360 ◦C have higher toughness than those austempered
t 280 ◦C, since the feathery microstructure of the former have
igher ability to deform than the acicular microstructure of the
ater.

The analysis of the wear tests and the impact toughness results
re also reported in Table 7 showing that the alloy with 1.5% Cr
A3-280 and A3-360) and also alloys A2-360 (2% Cr) and A4-
80 (1% Cr) have a good balance between wear resistance and
mpact toughness, under the current experimental conditions.
hese material variants have shown an important improvement

n abrasion resistance with respect to the ADI variants, while
ig. 11. Impact toughness versus chromium content for ADI and CADI samples.
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Table 7
Ranking of wear resistance for all the samples evaluated, besides the impact
toughness for each variant

Sample Volume loss (mm3) Impact toughness (J)

A1-280 23.29 6.8
A2-280 26.57 6.8
A1-360 27.14 8.3

A3-280 27.86 9.8
A2-360 30.14 11.3
A4-280 32.71 25
A3-360 33.14 12.2
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[
Sci. Technol. 15 (1999) 878–884.
DI 280 40.29 101.5
4-360 48.86 26
DI 360 52.86 138

. Applications of CADI in real parts

Under ideal conditions, the use of a material for a new
pplication should be evaluated through field tests, even with
heir associated difficulties such as higher cost, sample tracking,

achine shut downs, etc.
The performance of wheel loader bucket protection plates

ade of CADI containing 1.0 and 2.0% Cr and austempered at
00 ◦C is currently being assessed by field tests, using a conven-
ional ADI also austempered at 300 ◦C as reference material.
his type of solicitation was deliberately chosen in order to get
brasive conditions different to that evaluated in the lab.

. Conclusions

It has been possible to obtain carbidic ADI (CADI) with dif-
erent amount of carbides using Cr as the main alloying element.
he carbide contents for Cr between 1 and 2.5% were in the

ange of 5–21%. Most carbides were stable during the austen-
tizing stage of the austempering and the amount of dissolved
arbides was very low or negligible.

The presence of carbides in the microstructure may increase
he wear resistance by up to 100% with respect to a conventional
DI austempered at the same temperature. Under the present

xperimental conditions the presence of carbides in the alloys

ontaining 1.5% Cr or more produced a significant reinforce-
ent of the matrix with respect to abrasion.
As expected, the impact toughness decreased with the amount

f chromium, but reaching a cuasy-steady level at ∼7 J for

[

[

265 (2008) 1–7 7

% Cr > 1.5 for the two austempering temperatures investi-
ated. Alloys containing 1% Cr showed higher values of impact
oughness (∼25 J). Under the current experimental conditions
he highest wear resistance was obtained for sample A1-280,
ith the highest chromium content (2.5% Cr) and the lowest

ustempering temperature (280 ◦C). Nevertheless, when impact
oughness needs to be taken into account other material variants
hould be looked at. For the two austempering temperatures
valuated the alloy with 1.5% Cr (samples A3-280 and A3-360)
nd also the alloys with 2.0% Cr (samples A2-360) and 1%
r (samples A4-280) showed very good balance between wear

esistance and impact toughness.
The performance of wheel loader bucket protection plates

ade of CADI is currently being assessed by field tests in order
o get the material response under different abrasive conditions.
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