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THE ROLE OF OPERATIONAL FACTORS IN SHAPING OF WEAR PROPERTIES OF ALLOYED AUSTEMPERED DUCTILE IRON
PART I. EXPERIMENTAL STUDIES ABRASIVE WEAR OF AUSTEMPERED DUCTILE IRON (ADI) IN THE PRESENCE OF

LOOSE QUARTZ ABRASIVE

ROLA CZYNNIKOW EKSPLOATACYJNYCH W KSZTAETOWANIU WEASCIWOSCI ZUZYCIOWYCH STOPOWYCH ZELIW

SFEROIDALNYCH AUSFERRYTYCZNYCH

CZESC 1. EKSPERYMENTALNE BADANIA ZUZYCIA SCIERNEGO W OBECNOSCI LUZNEGO SCIERNIWA KWARCOWEGO

ZELIW ADI

The paper presents the results of the wear tests of alloyed austempered ductile iron performed on a specially designed test
rig simulating real operating conditions for chain wheels which were selected for testing due to their complex rolling and sliding
form of contact between elements. The chain wheels subjected to tests were operated with the use of loose quartz abrasive and
without it. The studies involved the determination of strength and plastic properties, hardness distributions, microstructure and
linear wear of the ADI in question considered as a function of the austempering temperature. Based on the results obtained,
the following was found: phase transition of austempered ductile iron can take place for combinations typical of industrial
applications, a non-linear increase in the wear as a function of the austempering temperature occurs, an increase in the hardness
of all the analysed types of ADI takes place during the operation without the presence of abrasive, the phase transition of
austenite into martensite in ADI with a lower content of austenite requires higher loads as compared with cast iron containing
40% of austenite.
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W pracy przedstawiono wyniki badan zuzyciowych stopowych zeliw ausferrytycznych na specjalnie skonstruowanym
stanowisku badawczym imitujagcym rzeczywiste warunki eksploatacyjne kot faficuchowych, wybranych do testéw z uwagi na
ztozong toczno-$lizgowa postaé wspélpracy elementéw. Testowane kota taricuchowe byly eksploatowane z udzialem luZne-
go Scierniwa kwarcowego i bez niego. W ramach badaii wyznaczono wlasciwosci wytrzymatoSciowe i plastyczne, rozktady
twardosci, mikrostrukture i zuzycie liniowe rozpatrywanych zeliw ADI w funkcji temperatury ausferytyzacji. Na podstawie
uzyskanych wynikéw stwierdzono: w skojarzeniach typowych dla zastosowan przemystowych moze dojs¢ do przemiany fazowej
ausferytycznych zeliw sferoidalnych, nieliniowy wzrost zuzycia w funkcji temperatury ausferytyzacji, zwigkszenie twardosci
wszystkich analizowanych zeliw ADI przy pracy bez udziatu $cierniwa oraz zaistnienie przemiany fazowej austenitu w mar-
tenzyt w zeliwach ADI o mniejszej zawartoSci austenitu wymaga oddzialywania wyzszych obcigzenn w poréwnaniu z zeliwem
zawierajacym 40% austenitu.

1. Introduction these materials with a large number of parameters affecting
their functional properties.

There are many scientific studies on wear properties of

Currently, a number of industries, particularly those re-
lated to power engineering and mineral extraction, use ma-
chines and equipment at risk of damage due to abrasive wear.
Companies have high expectations associated with the use of
ADIs that offer a number of advantages [1,2,3] as compared
with surface hardened alloy steels. One of the most important
factors predisposing these materials for the use in harsh oper-
ating conditions is that ADIs are resistant to wear almost in
the entire cross-section of the cast.

ADIs are used as materials for machines operating in
harsh conditions [4], although their use is not very widespread.
This may result from a complex manufacturing technology of

cast irons subjected to an isothermal treatment. Among the
most important works it is worth to mention the study by Nili
Ahmadabadi at al. [5], in which the authors proved that appro-
priate isothermal quenching improves mechanical properties
and wear resistance of ADI. Nili Ahmadabadi et al. in another
study [6] compared wear properties of ADI and grey cast iron
with pearlitic matrix containing phosphorus. They found that
the wear resistance of ADI was 2.5 times higher than in the
case of the grey cast iron. The higher wear resistance of ADI
results from the properties of the ausferritic structure contain-
ing bainitic ferrite and retained austenite. Boutorabi et al. [7]
demonstrated in relation to aluminium-containing ADI that the
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wear resistance depends on the combination of the isothermal
process temperature and time. Fordyce and Allen [1] found
that the wear resistance of ADI in the absence of lubrication
was the same as for steel with a high surface hardness.

Schissler et al. [8] and Owhadi et al. [9] showed that a
low content of martensite in the microstructure (at a level of
0.1%) has a positive impact on wear properties of cast irons.
The martensite observed by these researchers was formed as
a result of the transition from austenite with relatively low
carbon content in consequence of phase transitions caused by
mechanical stresses. Haseeb et al. [10] also proved that the
TRIP mechanism is responsible for wear resistance of ADIL

Prasanna et al. [11] and Voight et al. [12] found that
the ausferritic microstructure allows obtaining a significant
increase in the relative wear resistance. The influence of the
morphology of graphite on the wear of cast irons was exam-
ined by Zhang et al. [13], Hatate et al. [14] and Ghaderi et al.
[15]. These authors indicated a significant impact of graphite
on wear properties of ADISs.

Liu Ping and Bahadur [16] compared wear resistance of
steel after isothermal quenching process (with the same struc-
ture as the ADI matrix) with the wear resistance of ADI. They
found that the steel had a higher resistance. They substantiated
this fact by a low resistance of graphite to wear processes and
by the propagation of microcracks from the spots formed after
the destruction of graphite nodules.

The study by PourAsiabi and PourAsiabi [17] investigat-
ed the impact of the time and temperature of the isothermal
process on the wear, microstructure and hardness of ADIs con-
taining Mn-Ni-Cu-Mo. It was found that the surface hardness
was decreased for the time of austempering longer than 90
minutes. The lowest value of wear was observed for the time
of austempering equal to 90 minutes.

Kaleicheva [18] investigated the impact of TiN, TiCN
and cBN nano-additives on the structure and wear of ADIs.
She observed an increase in the wear resistance of cast irons
containing nano-additives by 4 to 32% as compared with cast
irons without additives.

Myszka and Wieczorek [19] presented results of studies
on the impact of the wear process in the presence of corundum
abrasive on the properties and microstructure of ductile cast
iron with an addition of Cu and Ni subjected to isothermal
quenching at 3 different temperatures. After the wear tests
have been carried out it was found that the hardest of the
three types of cast iron had the best wear resistance, but the
strengthening of the surface apparently occurred in the mater-
ial with the lowest hardness and best plasticity, containing the
highest amount of retained austenite.

Myszka and Wieczorek [20] performed wear tests for
34CrNiMo 6 hardened steel and three types of austempered
ductile iron containing Mo and Ni. The tests carried out with
the use of loose corundum abrasive revealed that the cast iron
had properties comparable to the investigated steel. Micro-
scopic evaluation as well as hardness and magnetic measure-
ments showed that considerable strengthening occurred in the
surface layer of the austempered ductile iron. For larger loads,
it resulted in a higher wear resistance of ADIs than in the case
of the steel.

These studies present the results obtained in laborato-
ry conditions for rolling or sliding motion. However, sets

of elements mating with one another in the conditions of
rolling-sliding motion are frequently used in the industry. Ex-
amples of elements working in the conditions of such a motion
include gear and chain wheels. The complex nature of the
rolling and sliding motion in conjunction with the movement
of the abrasive may change the manner of wear of mating
elements.

This study starts a series of publications examining prop-
erties of ADIs in the conditions of the rolling-sliding motion
similar to real operating conditions. Conditions similar to real
operating conditions should be understood as a controlled re-
production of factors associated with elements mating, such as
the presence of abrasive, the formation of a corrosive environ-
ment and its intensification, the action of dynamic forces typ-
ical of a given combination, and the action of external forces.
In the available literature, there are no studies on properties of
ADIs subjected to simultaneous action of multiple destructive
processes.

The first part of this study examines the influence of loose
quartz abrasive during mating of real elements — a chain wheel
and a chain. The chain wheels were made of ADI subjected to
isothermal quenching at 4 different temperatures, which result-
ed in formation of details with different operating properties.
The results of the hardness tests were compared with those
obtained for the operation without the presence of abrasive. It
should be mentioned that in the course of the wear tests, the
mating between the chain wheel and the chain was character-
ized by significant dynamics, despite the absence of external
forces.

2. Experimental details

Ductile iron EN-GJS-600-3 (PN-EN 1563) with the
chemical composition shown in Table 1 was used for the wear
testing. Castings were made in the form of chain wheels with
the shape shown in Fig. 1.

TABLE 1
Chemical composition of ductile iron EN-GJS-600 [mass%]
c Si Mn S P
3.50 | 2.54 | 0.16 | 0.013 | 0.041
Mg Cr Cu Ni Mo
0.047 | 0.026 | 0.50 | 1.40 | 0.24

Fig. 1. A view of casting of chain whee



The ductile iron castings had a pearlitic-ferritic structure,
a nodule count of 200 graphite nodules per mm? and graphite
nodularity greater than 90%.

After the necessary operations of cleaning and machining
had been carried out, the ductile iron castings were subjected
to a heat treatment in order to obtain an ausferritic structure
typical for ADIs. The parameters of the austempering and
isothermal quenching processes were selected on the basis of
previous studies [19,20]. The process parameters are presented
in Table 2.

TABLE 2
The process parameters used for the production of samples (chain
wheels)

Heat treatment ADI240 ADI270 ADI.310 ADI.360

parameters

Austemtzsm;g 950
temperature,”C
Au'stemtls.mg 180

time, min

Austemperlfig 240 270 310 360
temperature,®C
Au;tempefzng 150

time, min

Isothermal quenching was the main process used to pro-
duce 4 types of austempered ductile iron. It took place for
150 minutes in a salt bath at 4 temperatures: 240°C, 270°C,
310°C, 360°C. This allowed obtaining castings with different
mechanical properties, which were used in the wear tests. Af-
ter the completion of the austempering process, the castings
were cooled in water to remove the salt layer.

The tests of wear properties of ADIs were carried out on
a specially designed test rig that allows reproducing the real
operating conditions of chain wheels. A schematic diagram of

the test rig is shown in Fig. 2.
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Fig. 2. Schematic diagram of the test rig: 1 — Induction motor 22
kW, 2 — Flexible coupling, 3 — Conical-cylindrical reduction gear, 4
— Hydraulic cylinder, 5 — Axle shaft, 6 — Sprinkler system for the test
chamber, 7 — Body of the test rig, 8 — Test samples, 9 — Chain, 10 —
Mounting bracket of the hydraulic cylinder, 11 — Additional chamber
for aggregate

The impact of the operational factors was reproduced by
filling the test box with quartz abrasive, which resulted in its
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continuous presence between the chain wheels made of ADI
and the chain surface.

A diagram of the load generated by the force resulting
from the driving torque is shown in Fig. 3.

" - n

Fig. 3. Load diagram of the sample (chain wheel); designations: 1 —
chain wheel, 2 — chain, F — driving force

Load conditions of the test samples were determined di-
rectly on the test rig by measuring the power consumed by
electric motors using a clamp meter. The determined value of
the power consumed by each motor was 7.5 kW (15 kW in
total). In a further stage of the analysis, the surface pressure
between a chain link and the chain wheel seat was determined.
Reduced stress values at the base of the chain wheel tooth were
also determined using the FEM method (Fig. 4). Input parame-
ters for the FEM simulation and the stress values determined
are presented in Table 3.

STRESS. MPa
2401877

Fig. 4. The results of the FEM simulation used to determine the value
of the reduced stress at the base of the chain star tooth

TABLE 3
Input parameters for the FEM simulation and the stress values
determined in the chain wheel

Parameters Value
Power consumed by 1 motor, kW 7.5
Gear ratio i, 29.6
Rotational speed, rpm 49.7
Linear speed of the chain, m- s~ 0.7

Peripheral force per 1 contact Ft, N |488.0
48.9

Maximum surface pressures, MPa

Reduced maximum stresses, MPa 22
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Two sets of the chain wheels (set was composed of four
different variants of ADI) with the same functional properties
were used for the wear tests. The main wear tests were carried
out in the presence of loose quartz abrasive (Fig. 5). They last-
ed for 200 hours in total: 100 hours for the counter-clockwise
direction of both motors and 100 hours for the clockwise direc-
tion. The samples designated as ADI_240, ADI_270, ADI_310
and ADI_360 were used for this test cycle.

Fig. 5. A view of the chain wheels during the wear tests in the
presence of quartz abrasive

Wheels of the second set (designated as ADI 240_T,
ADI 270_T, ADI_.310_.T and ADI_360_T) were operated for
100 hours (50 hours in the counter-clockwise direction of both
motors and 50 hours for the clockwise direction) without the
presence of loose abrasive.

After the completion of the wear tests, the microstructure
of wheels from both sets was examined, Vickers HVO0,1 hard-
ness was determined as a function of the distance from the
surface, and the Brinell hardness test was performed in the
contact area between the wheel and the chain.

Before the main tests have been started, the area of 24
surfaces of seats of all the chain wheels used in a given test
cycle was measured in the area of contact with the chain using
the software for the Zeiss Acura measuring machine. A view
of a chain wheel during measurements is shown in Fig. 6.
Approx. 300 points along a predefined route of the tip of the
machine’s measuring head were read and recorded during the
measurement.

Fig. 6. A view of the castings used for the wear tests during the
measurements on the coordinate measuring machine (CMM)

After the completion of the test cycle, the surface of 24
seats of all the chain wheels used in a given test cycle was
measured again in the area of contact with the chain. In order
to determine the linear wear, the distance 6; between the i-th

measuring point was measured before and after the tests. It is
expressed by the following dependence:

0i= \/ (Xi1—Xi2)* + (Yi1—¥i2)* + (Zi1-2i2)° ey

where:

X1 — x coordinate of the i-th point before the test,

Xi2 — x coordinate of the i-th point after the test,

Yi1 — ¥y coordinate of the i-th point before the test,

Yia— ¥ coordinate of the i-th point after the test,

zi,1 — z coordinate of the i-th point before the test,

Zi2— z coordinate of the i-th point after the test.

Based on the determined values of wear ¢;, the maximum
value for the test surface 6; yax was calculated.

0;Max= Max {6;} 2

The 8; pax values determined for all 24 areas measured for a
given wheel were averaged.

21: 0i MAX
OAVR_MAX= T 3)
where:
N — the number of surfaces of the seats of the chain wheel
(N = 24).

The davr_max value was adopted as a measure of abra-
sive wear for the chain wheel. Apart from the d4yvgr_max value,
the standard deviation S s and the standard deviation of the
average value S;, were also determined as a measure of the
scatter of results in relation to the average value.

3. Results and discussion

3.1. The structures and characteristics of ADI before
abrasion

Together with the castings used for the wear tests, there
were produced also Y wedge castings, from which test sam-
ples for testing the mechanical properties after the heat treat-
ment were made. The results obtained are summarized in
Table 4, while Figures 7, 8 and 9 show plots of the mea-
sured values as a function of the austempering tempera-
ture.

In Fig. 7 it can be easily noticed that the strength of
castings decreases along with an increase in the austempering
temperature. This dependence results from an increase in the
content of high-carbon austenite along with an increase in
the austempering temperature. A similar dependence is illus-
trated in Fig. 8, where a decrease in the hardness occurs for
higher temperatures of the austempering process. In this case,
also retained austenite may cause a decrease in the hardness.



TABLE 4
Mechanical properties of the ADIs tested (measurement uncertainty

determined for f=N-1=4 and a =0.05)

Mechanical Properties | ADI 240  ADI 270

Tensile Strength TS, MPa| 1507+4,6 1372+4,8
Yield Strength YS, MPa | 1072+4,4  936+4,5
Impact Toughness K, J 54+1,1 72+1,1

Elongation A5, % 3+0,1 4+0,1
Hardness H, HB 415+4 388+4

Mechanical Properties | ADI 310 ADI_360
1132,0+3,9 1028,1+3,8

804,2+3,6 652,0+3,9

Tensile Strength TS, MPa
Yield Strength YS, MPa

Impact Toughness K, J 84+1,1 124+1,1
Elongation A5, % 5+0,1 10+0,1
Hardness H, HB 33143 283+3
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Fig. 7. The maximum strength and the yield strength as a function of
the austempering temperature (the maximal measurement uncertainty
was 4.8 MPa determined for f=N-1=4 and a =0.05)
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Fig. 8. The HB hardness as a function of the austempering tempera-
ture (the maximal relative measurement uncertainty of hardness was
1% determined for f=N-1=4 and a =0.05)

In turn, the increase in the content of austenite causes an
increase (Fig. 9) of plastic properties of the castings charac-
terized by the following parameters: impact resistance K and
elongation AS.

Guzik [21], Dymski et al., [22] and Dziadur [23] also
found that an increase in the austenite content resulted in a
decrease in the mechanical strength and hardness as well as
in a simultaneous increase in the plasticity of ADI.

The observations of the microstructure were performed
using the OLYMPUS X70 optical microscope with 50x —
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1000x magnification. Figure 10 presents the microstructure of
ADI_240, ADI_270, ADI_310 and ADI_360 cast irons before
the wear tests.

@
Elongation A5, %

Impact ToughnessK, J

a0 | “

*
f=N-1=4, a=0,05
2

-
F WKD] S AS[%]
20 | 1 {
o ! ! o

220 240 260 280 300 320 340 360 380

Austempering Temperature, °C

Fig. 9. The impact resistance K and the elongation A5 (the measure-
ment uncertainty of impact resistance was 1.1 J and for elongation
was 0.1% determined for f=N-1=4 and a =0.05) as a function of the
austempering temperature

D.
Fig. 10. Microstructure of ADI_360 (A), ADI_310 (B), ADI_270 (C)
and ADI_240 (D) cast irons before the wear tests; magnification:
1000x; 1 — bainitic ferrite, 2 — austenite, 3 — graphite
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Figure 10A shows the microstructure of ADI isothermal-
ly quenched at the temperature of 360°C (ADI_360). Nodular
graphite and upper ausferrite composed of bainitic ferrite and
stable austenite can be identified in the structure. The total
content of austenite was estimated at the level of 40%. Figure
10B shows the microstructure of the cast iron designated as
ADI_310. Its structure is also composed of graphite and upper
ausferrite, however the content of austenite is 27%. The struc-
ture of ADI_270 (Fig. 10C) and ADI_240 (Fig. 10D) consists
of nodular graphite and lower ausferrite composed of ferrite,
trace amounts of martensite and low-carbon austenite, the con-
tent of which was at the level of 20% and 12% respectively.

Figure 11 shows a plot of the content of retained austenite
in the ADIs tested as a function of the austempering temper-
ature. A linear dependence between the content of retained
austenite and the temperature of isothermal quenching can be
seen in this plot.

45%

40% |

35%

R*=0,9941
30%

25%

20% |

Austenite, %

15% - x L
f=N-1=4, a=0,05

220 240 260 280 300 320 340 360 380
Austempering Temperature, °C

Fig. 11. The austenite content in the test samples as a function of the
austempering temperature (the maximal relative measurement uncer-
tainty was 5% determined for f=N-1=4 and « =0.05)

3.2. Results of wear tests without the presence of
abrasive

Chain wheels of the second set: ADI_240_T, ADI_270_T,
ADI_310_T and ADI_360_T were tested on the wear bench
without the presence of abrasive. A rolling and sliding contact
typical for chain conveyors occurred between the wheels and
the chains. Due to a certain slack of the chain, the operation
of the elements in contact was characterized by a variability
of the load, which resulted from the mating of the chain with
the wheel teeth. This type of the dynamics will be referred to
in this study as induced by internal factors.

During the tests of the chain wheels without the presence
of abrasive, no traces of abrasion were found and linear wear
values were not determined (the uncertainty of the measure-
ment was higher than the linear wear values).

Plots of Vickers HV hardness determined in the area of
contact between the wheel and the chain as a function of the
distance from the surface are presented in Fig. 12, while values
of the maximum hardness HV ;,x, core hardness HV core and
Brinell surface hardness HB surface are listed in Table 5.

Based on Fig. 12 and Table 5, it can be concluded that
the hardness of the surface layer decreases along with an in-
crease in the temperature of the isothermal process and thus

an increase in the content of retained austenite. The hardness
distribution in the cross-section shows a significant variation
in the range from 0.02 to 0.5 mm from the surface. Many ex-
tremes in this range can be observed, but in each case a local
maximum occurs, the value of which is considerably higher
than the hardness of the core that is not subject to transitions.
This clearly proves the occurrence of phase transitions already
in the case of mating without the presence of abrasive. The
action of the chain itself, and more precisely its vibrations in
the mating area, may induce the transition of retained austenite
into martensite. This transition takes place more intensively for
variants of this ADI characterised by a higher initial content
of austenite. The problem of transition of retained austenite
into martensite will be discussed in more detail in the second
part of this paper.

TABLE 5
Values of the maximum hardness HV 4y, core hardness HV corg
and Brinell surface hardness HB surface obtained for the chain
wheels tested without the presence of quartz abrasive (measurement
uncertainty determined for f=N-1=4 and a =0,05)

Designation HVMA)( HVCORE HB
ADI 240_T 657+7 579+6  391+4
ADI 270_T 560+6 483+5 379+4
ADI_310_T 488+5 429+4 32143
ADI_360_T 514+5 399+4 277+3
700
650 -4
0 \v/\\
S A —
T 550 '\
2 s00
= | —
g 450 —
T 200 _,_i e
350
300
0 1 2 3 4 5
Distance, mm
——ADI_240 T =——ADI_270 T ——ADI_310 T ——ADI_360_T

Fig. 12. The Vickers hardness HVO,1 as a function of the distance
from the surface of chain wheels operated without the presence of
abrasive (the maximal relative measurement uncertainty was 1% de-
termined for f=N-1=4 and a =0.05)

3.3. Results of wear tests in the presence of abrasive

In the first period of wear testing of chain wheels made of
ADI conducted in the presence of quartz abrasive (Fig. 5), the
abrasive was significantly crushed between mating surfaces of
the teeth and the chain. After approx. 10 hours of operation,
the intensity of crushing of the abrasive decreased and the
size of quartz grains was smaller than 50 ym. As a result of
friction between mating elements, the temperature of the chain
wheels increased up to 55°C.



The presence of crushed abrasive with a significant hard-
ness intensified the abrasive wear. The leading destructive
process was microcutting by loose abrasive (Fig. 13), but no
microcutting by the grains fixed to the mating surface was
observed. After the completion of the wear test, clear signs
of abrasion in the mating surfaces of the tooth and the chain
were observed. The abrasions were smooth and shiny (Fig.
14A), while small cavities and scratches could be seen also in
some mating areas (Fig. 14B).

Fig. 13. A view of the microcuts (1) in the abrasion area of ADI_310

B.
Fig. 14. A view of the area of mating of the chain wheel (ADI_360)
with the chain
A. A macroscopic view of the abrasion in the area (1) of mating,
B. A view of scratches (2)

After the shafts had been removed from the test rig, mat-
ing surfaces of chain wheels were measured using the coor-
dinate measuring machine and abrasive wear parameters were
determined (Table 6). The values determined were present-
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ed graphically in Fig. 15 as a function of the austempering
temperature.

TABLE 6
The determined parameters characterizing abrasive wear
(measurement uncertainty determined for f=N-1=23 and o =0.05)

Designation of sample |0avr_yax, mm Ss, mm Sz, mm
ADI_360 0.93+0.12 0.28  0.057
ADI_310 0.92+0.10 0.24 0.05
ADI_ 270 0.80+0.08 0.18 0.037
ADI_240 0.71x 0.08 0.18 0.037

1,100

1,000

E 0,900
E
s R?=0,9873
; 0,800 (3
3
‘5 0,700 f=N-1=23,u=0,05 I
0,600
0,500
220 240 260 280 300 320 340 360 380
A ing p ure, °C

Fig. 15. The wear of test samples as a function of the austempering
temperature

After measurements of teeth geometry had been per-
formed, distributions of Vickers hardness HVO0,1 were deter-
mined (Table 7 and Fig. 16).

TABLE 7
Metallic radii of rare earth metals and magnesium [12]
Designation | HVyax  HVcore
ADI 240 772+8 6066
ADI_ 270 657+7 536+5
ADI 310 542+5 425+4
ADI_360 525+5 409+4

The plot of wear of the test samples as a function of the
austempering temperature (Fig. 15), in contrast to the plots
of strength parameters (Fig. 7), hardness (Fig. 8) and plas-
ticity (Fig. 9), does not show linearity, but is described by a
second-order polynomial equation. The linear wear values ob-
tained for variants of ADI_310 and ADI_360 are very similar.

The reduction in the wear observed for ADI_360 can
be explained by the occurrence of the transition of retained
austenite into martensite. The occurrence of the transition is
also proved by the Vickers hardness distributions (Fig. 16)
obtained for variants of ADI_360 and ADI_310, particularly
by similar maximum values of HV,4x (Table 7).

After the wear tests, the samples for metallographic ex-
aminations were cut out from the area of mating between the
chain wheel and the chain. Then the samples were ground, pol-
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ished and etched with a 2% Nital solution. The microstructures
obtained are shown in Fig. 17.
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Fig. 16. The Vickers hardness HV0,1 as a function of the distance
from the surface of chain wheels operated in the presence of abra-
sive(the maximal relative measurement uncertainty was 1% deter-
mined for f=N-1=4 and a =0.05)

G. H.
Fig. 17. Microstructure of ADI_240 (A, B), ADI.270 (C, D),
ADI_310 (E,F), and ADI_360 (G, H) cast irons after the wear tests

The microstructures at the 1000x magnification are al-
most identical to those presented in Fig. 10. They confirm the
phase composition determined for individual variants of the

isothermal treatment, as well as the concentration of austenite.
No martensite is observed in this microstructure.

In the case of the ADI_240 variant (Fig. 17A), very shal-
low oblique cavities caused by abrasion can be seen, while
the number of deformed graphite nodules is relatively low.
The ADI_270 variant (Fig. 17C) has features very similar
to the previous one, but cuts are a bit deeper. The ADI_310
variant (Fig. 17E) is characterized by even deeper cavities as
compared with those discussed earlier and by more deformed
graphite nodules. There is also a large cavity formed after the
area between the two microcuts had crumbled away. Locations
of deeper cavities include generally the areas vacated by de-
formed graphite nodules, which are most exposed to damage.
The character of damage to ADI_360 (Fig. 17G) is similar as
in the case of ADI_310, but the damage is larger.

Figure 18 shows for all 4 variants of ADI deformed under
the pressure of graphite grain.

According to Myszka [32], the most important factor that
affects the abrasive wear resistance of the austempered duc-
tile iron is the type of matrix microstructure which depends
mainly on austempering parameters. It was found that a harder
material with the microstructure consisting of packages of thin
ferrite plates separated by stable austenite will require more
energy to separate it from the base material during abrasion. A
material characterized by higher plasticity and a higher content
of austenite (mechanically stable and unstable), strengthened
with the participation of deformation transition, will behave
similarly. The role of the matrix was confirmed also in the
present study.

However, the results of the examinations of the mi-
crostructure of the surface clearly indicate the impact of
the deformed non-nodular graphite on the intensification of
wear. This is confirmed by the research results presented by
Al-Ghonamy et al. in their study [33], under which a depen-
dence of the wear on the morphology of graphite was found.

When comparing separately the hardness distributions ob-
tained for chain wheels worn in the presence of abrasive and
without it for the variants of austempered ductile iron obtained
at the same austempering temperature (Fig. 19), it can be not-
ed that differences in the maximum hardness HV ;4x increase
along with a decrease in the content of retained austenite. The
values determined are summarized in Table 8.

TABLE 8
Comparison of the hardness difference AHV y/4x

Designation AHV yax
ADI 240 - ADI_240_.T 115
ADI 270 - ADI_270_-T 97
ADI_310 - ADI_310_-T 54
ADI_360 - ADI_360_-T 11




Fig. 18. Deformation of graphite grains (1) in the microstructure of
ADI 240 (A), ADI_270 (B), ADI_310 (C) and ADI_360 (D) cast irons
in area near the surface

As mentioned above, the mating between the chain wheel
and the chain without the participation of abrasive caused
significant strengthening of the surface as a result of phase
transition of austenite into martensite. A slight difference in
AHV 4x observed for ADI_360 indicates that almost the en-
tire austenite subjected to the transition in the surface layer was
transformed into martensite. The difference in the AHV yax
hardness increases along with a decrease in the austempering
temperature. This indicates clearly that in the case of ADIs
containing less austenite the phase transition requires higher
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loads caused for example by the action of abrasive on the
surface.
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Fig. 19. Comparison of plots of Vickers hardness HVO,1 for chain
wheels worn in the presence of abrasive and without it
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4. Conclusions

The study based on the hardness tests proved that in com-
binations typical for industrial applications a phase tran-
sition of austempered ductile iron may take place.

Based on tests of chain wheels performed in controlled
conditions of abrasive wear, a non-linear increase in the
wear as a function of the austempering temperature was
found.

An observation was made that the wear resistance of the
cast iron with the highest content of austenite increased
due to the action of the abrasive.

An increase in the hardness of all the analysed ADIs was
found in the case of the operation without the presence of
any abrasive.

It was found that the increase in AHV;4x hardness of
the surface layer of chain wheels subject to wear in the
presence of the abrasive and without it was getting greater
along with a decrease in the austempering temperature.
It was also found that the occurrence of the phase transi-
tion of austenite into martensite in ADIs with lower con-
tent of austenite required higher loads as compared with
cast iron containing 40% of austenite.
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