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ROLA CZYNNIKOW EKSPLOATACYJNYCH W KSZTAETOWANIU WEASCIWOSCI ZUZYCIOWYCH STOPOWYCH ZELIW

SFEROIDALNYCH AUSFERRYTYCZNYCH

CZESC II. OCENA SKUMULOWANEGO DZIALANIA SCIERNIWA I WYMUSZEN DYNAMICZNYCH NA WEASCIWOSCI

Simultaneous action of two or more factors accelerating

ZUZYCIOWE SFEROIDALNYCH ZELIW AUSFERRYTYCZNYCH

The study presents results of the second part of wear tests of austempered ductile irons on a specially designed test rig
that allows simulating the real operating conditions of chain wheels. The chain wheels subjected to testing were operated in
conditions characterized by combined action of loose quartz abrasive and an external dynamic force. The studies involved
the determination of the hardness, microstructure and linear wear of the ADIs in question considered as a function of the
austempering temperature and the austenite content. Based on the results obtained, the following was observed: a decrease in
the wear as a function of the austempering temperature and thus in the content of austenite in ADIs; a slight deformation of
graphite after completing the wear test involving external dynamic forces; a negative linear dependence between the linear wear
and the impact resistance. It was found that the increased wear of cast irons with a lower content of austenite may be caused
by the propagation of cracks initiated by damage to graphite nodules, while in the conditions characterized by combined action
of abrasive wear and dynamic load the cast irons with a higher content of austenite and higher impact resistance have better
wear properties.

Keywords: tribology, austempered ductile iron, wear resistance

W pracy przedstawiono rezultaty drugiej czesSci badan zuzyciowych stopowych zeliw ausferytycznych na specjalnie skon-
struowanym stanowisku badawczym imitujgcym rzeczywiste warunki eksploatacyjne kot faricuchowych. Testowane kotfa fafi-
cuchowe byly eksploatowane w warunkach skojarzonego oddzialywania luZnego §cierniwa kwarcowego i zewngtrznej sily
dynamicznej. W ramach badari wyznaczono przebiegi twardosci, mikrostrukture i zuzycie liniowe rozpatrywanych zeliw ADI
w funkcji temperatury ausferytyzacji i zawarto$ci austenitu. Na podstawie uzyskanych wynikéw zauwazono: spadek zuzycia
w funkcji temperatury ausferytyzacji, a tym samym zawarto$ci austenitu w zeliwach ADI, nieznaczne odksztalcenia grafitu
po zakonczeniu testu zuzyciowego z udzialem zewnetrznych sil dynamicznych, zuzycie liniowe i udarno$¢ wykazaly ujemna
liniowg zalezno$¢. Stwierdzono, ze powodem zwickszenia zuzycia Zeliw o mniejszej zawarto$ci austenitu mogta by¢ propagacja
peknigc zainicjowanych uszkodzeniami kulek grafitu oraz w warunkach skojarzonego dziatania zuzycia $ciernego i obcigzenia
dynamicznego lepszymi wlasciwos$ciami zuzyciowymi odznaczaja si¢ zeliwa o wigkszej zawarto$ci austenitu charakteryzujace
si¢ wigksza udarnoscia.

1. Introduction structive processes, i.e. abrasive wear, corrosion and dynamic
load. The factors behind these processes included the abrasive
formed as a result of quarrying, water flowing from rock mass

destructive processes occurs often in practical applications.
Such a situation may lead to the synergism between processes
and the cumulative effect may be much greater than the impact
of each process individually. Combined action of destructive
factors takes place for example in elements of mining ma-
chines. In the case of such machines, the mating elements are
subject to abrasive wear, but they are simultaneously exposed
to dynamic action of the aggregate and the electrochemical
corrosion. Figure 1 shows a sample view of a damaged chain
wheel operated in the conditions of combined action of de-

as well as falling rock fragments.

In order to ensure the continuity of the operation of ma-
chines in harsh conditions, materials and technologies ensur-
ing their failure-free functioning are searched for. Austem-
pered ductile irons (ADIs) constitute one of the groups of
materials characterized by good functional properties, includ-
ing very high wear resistance [1,2,3,4]. Despite the fact that
there are many scientific papers concerning ADIs, no studies
on properties of ADIs subjected to the simultaneous action of
multiple destructive processes are available in the literature.
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Fig. 1. A sample view of a damaged chain wheel operated in the
conditions of combined action of destructive processes

In the present two-part work investigates the problem
of the combined action of abrasive wear intensified by loose
quartz abrasive and an external dynamic force. The first part
of the study examines the impact of mating of real elements
(a chain wheel and a chain) in the presence of quartz abrasive
and without it. The chain wheels were made of ADI subjected
to isothermal quenching at 4 different temperatures, which
resulted in formation of details with different operating prop-
erties. 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 temper-
ature 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 in ADIs with a low-
er content of austenite requires higher loads as compared with
cast irons containing approx. 40% of austenite.

In the second part of this study, an additional factor was
taken into account — the external force of impulse character,
which could reduce the service life of the machines by induc-
ing additional stresses in the surface layer.

As already mentioned, the literature of the subject does
not include studies on the combined effect of dynamic forces
and an abrasive on wear properties of cast irons with an ausfer-
ritic structure. However, there are many studies that treat each
destructive process separately. The current state of knowledge
in the area of abrasive wear resistance is presented in the first
part of this paper, while a review of the literature concerning
the impact of deformation and dynamic properties of austem-
pered ductile irons is given below.

The impact of dynamic forces on properties of ADI was
investigated by Myszka et al. in [5]. Experimental studies with
the use of the Taylor test were carried out on samples made
of austempered ductile iron and S215 steel. They revealed a
high degree of strengthening of both ferrous alloys and an
increase in the hardness in the area of dynamic deformation
of samples. However, the increase in the hardness of the steel
samples was significantly lower than in the case of the cast
iron samples. Based on the result of magnetic tests, it was
found that martensite occurred in the cast iron matrix as a
result of deformation and is a product of the paramagnetic
austenite transformation.

Chinella et al. [6] investigated the resistance of ADIs and
steel to penetration and damage from a hit by a ballistic projec-
tile. The resistance of these materials varied depending on the
type of the projectile used. The ADI with lower hardness and
strength was characterised by a better resistance to dynamic
action than the ADI with higher hardness and strength. This
fact was explained by strengthening of the material under the
pressure. A deformation of graphite nodules was also found
after the ballistic test.

Olson et al. [7] observed an improvement in mechani-
cal properties, especially in tensile strength and elongation of
the ADIs subjected to plastic working immediately after the
isothermal quenching.

The impact resistance is a parameter that determines the
suitability of individual materials for the operation in dynam-
ic impact conditions. Grech et al. [8] investigated the impact
of austempering conditions on dynamic properties of austem-
pered ductile iron with a ferritic structure. The results showed
that the austempering parameters, such as temperature and
time, affect significantly the impact resistance of the alloy.
Eric et al. [9] and Milosan [10] proved, independently of
each other, that the impact resistance of ADIs depends on the
austempering temperature and time. In general, they found that
the impact resistance of alloys grows along with an increase of
the austempering time and temperature. The tested parameters
were within a processing window that ensured obtaining an
ausferritic structure.

The impact of the austenite content, which depends on
the process parameters used during austempering, was stud-
ied by Grech et al. [11,12] and Dorazil [13]. They proved
that the impact resistance of alloys increases along with the
percentage content of retained austenite and depends on its
stability. Toktas et al. [14] presented results of research exam-
ining the effect of the type of ductile iron matrix on the impact
resistance of unnotched specimens. There were investigated
matrices with a ferritic, pearlitic and martensitic structure as
well as with upper and lower ausferritic structure. The high-
est impact resistance of the ferritic matrix was proved, but
the best combination of strength and dynamic parameters was
observed in the case of the ausferritic structure. The connec-
tion between the impact resistance, austempering conditions,
austenite content, and the type of the ausferritic structure was
also confirmed in [15,16,17,18,19].

The authors dealing with the problems associated with
the wear of ADIs and the dynamic impacts on functional
properties emphasise unanimously the importance of phase
transitions resulting from mechanical loads. The problem of
the phase transition associated with mechanical factors was
discussed synthetically in [20]. An ausferritic matrix is formed
for certain process parameters associated with isothermal heat
treatment of ductile iron. It consists of two types of austenite:
the thermally and mechanically stable austenite and the me-
chanically unstable austenite. Mechanical stability of austenite
is associated to a significant degree with the carbon content.

Mechanical instability of austenite at the ambient tem-
perature is similar to the characteristics of austenite in TRIP
(TRansformation Induced Plasticity) steel. TRIP is a transfor-
mation induced by stress or deformation. Deformation-induced
transformation of austenite into martensite (TRIP) is well
known and documented for steel [21, 22]. Under this



transformation, the austenite that fulfils specific conditions
and is subjected to deformation transforms into martensite
(deformation-induced martensite).

This transformation can be explained by thermodynam-
ic processes associated with the martensitic transformation.
The transformation is diffusionless and both the austenite and
the martensite formed from it have identical chemical com-
positions. However, each of these phases has a different free
energy — respectively G* and G?, which will vary along with
the temperature (Fig. 2). The state of equilibrium of these
phases (G* = G?) will be achieved at the temperature T,
below which a free energy difference AG will appear. This
difference will grow along with the increase of supercooling
that will reach the temperature Mg at a certain moment. At
this temperature, an excess of free energy AG will initiate the
martensitic transformation.
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Fig. 2. The dependence between the temperature of the thermal and
deformation-induced transformation of austenite and martensite, the
free energy AG and the mechanical energy U (based on [20])

However it was documented that an increase of the me-
chanical energy may result in a decrease/increase of the tem-
perature My, depending on whether this energy supports or
inhibits this transformation [22]. The martensitic transforma-
tion starts when the following dependence is satisfied:

AGL Y = AGY +U (1)

where: )

AG),’" - free energy of the y — o’ transformation at
the temperature M,

AGL_[)"/ — free energy of the y — «’ transformation at
the temperature Mp,

U — mechanical energy.

The temperature, at which the martensitic transformation
supported by mechanical energy starts, is designated as Mp
(Fig. 2). It was found that the transformation will not occur
above this temperature, even if the maximum amount of free
energy is supplied to the system [22]. Mechanically unstable
austenite may occur in any type of austempered ductile iron.
It is characterized by a susceptibility to static and dynamic
impacts if the stresses induced in the material have a suf-
ficiently high value. It was found that the occurrence of a
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deformation-induced transformation can be identified almost
in every process associated with exceeding the yield point and
with the deformation of ausferrite. The issue of the transition
of austenite into martensite in austempered ductile irons has
been described also in [23,24,25,26].

2. Experimental details

Experimental studies were conducted on the test rig de-
scribed in detail in the first part of this paper. The combined
effect of the abrasive wear caused by loose quartz abrasive
and the action of an external force was reproduced by filling
the test box with quartz abrasive and adding steel beaters hit-
ting the chain wheel during the wear tests. In relation to the
abrasive wear in the presence of an external dynamic force,
the term “abrasive-dynamic wear” was used in this paper.

A diagram of the load generated by the force resulting
from the driving torque and an external dynamic force is
shown in Fig. 3. Figure 4 presents a view of the test rig during
the wear tests, as well as the manner of mounting the beaters.

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

A set of chain wheels designated as ADI 240D,
ADI_270_D, ADI_310_.D and ADI_360_.D was used for the
wear tests. The main wear tests were carried out in the pres-
ence of loose quartz abrasive. They lasted for 200 hours in
total: 100 hours for the counter-clockwise direction of both
motors and 100 hours for the clockwise direction. The re-
search methodology, the selection of materials for testing and
the method of determining the wear parameters were the same
as in the first part of this study.

Introduction of an additional dynamic load in the form of
beaters did not change significantly the stress values occurring
during the operation of the chain wheel in the area of mating
with the chain as compared with the operation of chain wheels
in conditions of abrasive wear alone. This finding was made
on the basis of a simulation with the use of the FEM method.
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Fig. 4. Test rig A. View of the box of the test rig during the tests;
B. Vew of the test rig with the following elements installed: chain
wheels (1), chains (2) and beaters (3), which induce the dynamic
load

3. Result and discussion

As in case of the wear tests of chain wheels made of ADI
carried out only in the presence of quartz abrasive, an observa-
tion was made that the abrasive was crushed between mating
surfaces of the teeth and the chain. After approx. 10 hours of
operation, crushing of the abrasive significantly decreased and
the size of quartz grains was less than 20 um.

The leading destructive process was microcutting (pre-
sented better in Fig. 12), by loose quartz abrasive with hard-
ness higher than that of wheel surface. Figure 5 shows clear
abrasions in mating surfaces of the tooth and the chain caused
by abrasive wear. The abrasions were smooth and shiny, while
small cavities could be seen in some mating areas. There are
neither signs of adhesive damage nor an impact of thermal
overheating caused by friction.

After removing the shafts with the wheels subjected to
testing, measurements were performed using the coordinate
measuring machine in order to determine the value of the
linear wear (Table 1).

TABLE 1
The determined parameters characterizing the dynamic and abrasive
wear
Ds;f;j;;): OAvR_Mmax, mm  Ss, mm  Ssy, mm
ADI_360_D 0.78+0.09 0.22 0.045
ADI_310_.D 0.89+0.11 0.27 0.055
ADI 270D 0.91+0.12 0.30 0.06
ADI_240_D 0.99+0.13 0.31 0.064

ADI 240 D ADI 270 D

ADI 310 D ADI_360_D
Fig. 5. Traces of local abrasions on surfaces of teeth of the chain
wheels tested

Figure 6 shows a plot of the wear values determined as a
function of the austempering temperature of ADIs. A decrease
in the linear wear along with an increase in the austempering
temperature of the cast irons can be observed in this figure.
The plot is characterized by a completely different dependence
than the one presented in the first part of this paper for chain
wheels subjected to the abrasive wear. First of all, a linear de-
pendence between the wear and the austempering temperature
can be seen.

After measurements of teeth geometry had been per-
formed, distributions of Vickers hardness HVO,1 (Fig. 7) were
determined and Brinell hardness was measured (Table 2). The
plots obtained are characterized by considerable variability of
the Vickers hardness in the range from 0 to 0.5, however a
relatively small difference between the maximum value deter-
mined and the core hardness is observed.
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Fig. 6. The wear of test samples as a function of the austempering
temperature

After the wear tests, samples for metallographic examina-
tions were cut out from the area of mating between the chain
wheel and the chain. Then the samples were ground, polished
and etched with a 2% Nital solution. The microstructures ob-
tained are shown in Fig. 8-11.

Figure 8 shows the microstructure of ADI isothermal-
ly quenched at the temperature of 240°C (ADI_240_D) after



the tests. Nodular graphite and lower ausferrite (composed of
ferrite, austenite and probably small amounts of martensite)
can be identified in the structure. In the image of the mi-
crostructure obtained at the magnification 200x, oblique cav-
ities caused by the action of wedge-shaped abrasive can be
observed. The deformation of the graphite nodules is relative-
ly small. Locations of deeper cavities include generally the
areas vacated by graphite nodules.
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Fig. 7. The Vickers hardness HVO,1 as a function of the distance
from the surface of chain wheels (the maximal relative measurement
uncertainty was 1% determined for f=N-1=4 and « =0.05)

Values of the maximum hardness HV 4y, core hardness HV corr
and Brinell surface hardness HB surface obtained for the chain
wheels tested in the presence of a quartz abrasive and a dynamic
load (the maximal relative measurement uncertainty was 1%

determined for f=N-1=4 and « =0.05)

Designation | HVyax  HVcore HB

ADI 360D | 606+6 508+5  395+4
ADI_310.D | 5085 432+4 3794
ADI 270D | 536+5 463+5 34243
ADI 240D | 468+5 400+4 27943

Fig. 8. Microstructure of ADI_240_D (magnification: upper picture —
200x, lower picture — 1000x; 1 — bainitic ferrite, 2 — austenite
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The microstructure of the ADI.270_D matrix (Fig. 9)
consists of lower ausferrite with the austenite content of ap-
prox. 20%. In the image of the microstructure obtained at the
magnification 200x, wedge-shaped signs of damage after the
destruction of graphite nodules can be seen. In some cases the
area between microcuts crumbled away. The spherical shape of
graphite nodules in the surface layer was maintained without
changes.

Fig. 9. Microstructure of ADI_270_D (magnification: upper picture —
200x, lower picture — 1000x); 1 — bainitic ferrite, 2 — austenite, 3 —
graphite

Fig. 10. Microstructure of ADI_310_D (magnification: upper picture
— 200x, lower picture — 1000x) ); 1 — bainitic ferrite, 2 — austenite,
3 — graphite

As compared with the variants discussed earlier, the

ADI_310_D variant (Fig. 10) is characterized by shallower
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cavities, without distinct directionality, and clusters of graphite
located at the surface. The shape of graphite departs signifi-
cantly from the spherical shape (presented in Fig. 12), typical
for the graphite located at a surface exposed to the action of
abrasive [27,28]. The matrix of ADI_310_D consists of upper
ausferrite with the austenite content of approx. 27%.

Figure 11 shows the microstructure of the cast iron desig-
nated as ADI_360_D. The matrix microstructure is also com-
posed of upper ausferrite, however the content of austenite is
approx. 40%. On the surface of the sample there are visible
shallow cavities perpendicular to the surface. It is character-
istic that ferrite plates in the surface layer (at a depth down
to approx. 0.2 mm) are highly fragmented, while ferrite plates
below this depth are almost twice bigger.

Fig. 11. Microstructure of ADI_360_D (magnification: upper picture
— 200x, lower picture — 1000x) ); 1 — bainitic ferrite, 2 — austenite,
3 — graphite, 4 — zone of particulate ferrite

The fact that there is more damage to the surface as a
result of a decrease of the impact resistance suggests a con-
siderable importance of the effect of austenite content on the
complex dynamic and abrasive excitations occurring in the test
rig. When comparing the results of wear tests for the abra-
sive variant and the dynamic-abrasive variant (Table 3 and
Fig. 13) as a function of the percentage content of austen-
ite, it can be noticed that the plots are quite different. In
the case of the abrasive variant, the wear generally increases
along with an increase in the austenite content, while for the
dynamic-abrasive variant the wear decreases along with an
increase in the austenite content. The linear wear values are
very similar only for the austenite content equal to 27%.

When expressed in percentage (Table 4), the use of the
beaters simulating an external dynamic load caused an in-
crease in the wear by almost 29% for the cast iron with the
austenite content of 12%, while for the cast iron containing
27% of austenite the increase was approx. 12%. The wear of
cast irons with a higher content of austenite (27% and 40%)
decreased by 4 and 19%, respectively.

P X ,
Fig. 12. Microcuts (1) and deformation of graphite nodules (2) in
microstructure of ADI_310_D; 3 — Direction of force
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Fig. 13. The wear of test samples as a function of the percentage
content of austenite

TABLE 3
Comparison of the linear wear values obtained for the abrasive
variant (right part of the table) and for dynamic-abrasive variant
(left part of the table)

Designation OAVR_MAX» Designation OAVR_MAX»
of sample mm of sample mm
ADI_360_D 0,783 ADI_360 0,934
ADI_310_-D 0,886 ADI 310 0,924
ADI_270_D 0,914 ADI 270, 0,801
ADI_240_D 0,993 ADI_240, 0,707




TABLE 4
Relative difference of the linear wear Ad yr, %
Designation Absvr, %
(ADI_240_D - ADI_240)/ ADI_240_D | 28.78%
(ADI 270_D - ADI_270)/ ADI 270D | 12.42%
(ADI_310_D - ADI_310)/ ADI.310.D | -4.29%
(ADI_360_D - ADI_360)/ ADI_360_D | -19.27%

Figure 14 shows plots of the linear wear §4yx of the sam-
ples tested for the abrasive-dynamic wear variant as well as
plots of the impact resistance as a function of the percentage
content of austenite. An inversely proportional dependence be-
tween the wear and impact resistance values determined was
observed. The value of the Pearson’s correlation coefficient
determined for the linear wear and the impact resistance was
r,, = - 0.989, which suggests a negative linear relationship
between these features.

120

- - E
¥ L oso E
2 »
g 3
80 {
.
0,600 &§
[ ‘ °
8 6 | =
o | =
E : 0,400
40 |
|
204 - ‘ 0,200
¢ Impact Toughness M Linear wear
0 ! | I 0,000
0% 5%  10% 15% 20% 25% 30% 35%  40%  45%  50%
Austenite, %

Fig. 14. Linear wear of the test samples for the abrasive-dynamic
wear variant and the impact resistance of the samples as a function
of the percentage content of austenite
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Fig. 15. Linear wear of the test samples for the abrasive wear vari-
ant and the impact resistance of the samples as a function of the
percentage content of austenite

Figure 15 shows plots of the linear wear §4yx of the sam-
ples tested for the abrasive wear variant as well as plots of the
impact resistance as a function of the percentage content of
austenite. The value of the Pearson’s correlation coefficient
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determined for this case was ry, = 0.856, which suggests that
relationship between the features is not very strong and that
in the case of the abrasive wear the impact resistance is not
the main feature affecting the wear of cast irons.

In the case of the abrasive wear variant, the main parame-
ter affecting the wear is rather the hardness. This is confirmed
by Fig. 16, which shows plots of the linear wear d4yx of the
samples tested for the abrasive wear variant as well as plots
of the Brinell hardness HB as a function of the percentage
content of austenite. The value of the Pearson’s correlation
coefficient determined in this case was 1y, = - 0.942. A neg-
ative linear relationship between the linear wear and Brinell
hardness can be seen in this case.
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Fig. 16. Linear wear of the test samples for the abrasive wear variant
and the HB hardness of the samples as a function of the percentage
content of austenite

Figure 17 shows a comparison of plots of Vickers hard-
ness HVO0,1 for chain wheels worn in the presence of abrasive,
with an external force and without it. It is easy to notice that,
except for the case of the cast iron quenched at the temperature
of 310°C, higher values of the Vickers hardness occur after
the wear in the presence of abrasive without an additional
dynamic force than in the case of the abrasive-dynamic wear.

Table 5 summarises the values of the hardness difference
for the abrasive wear variant and the abrasive-dynamic variant
(AHV y4x and AHB). The hardness differences AHV ;4x and
AHB increase along with a reduction of the austenite content
in the cast irons tested.

The results of tests concerning the linear wear and the
hardness of ADI surfaces indicated an important role of op-
erational factors (e.g. loads and the presence of abrasive) in
shaping of wear properties, which to a significant degree de-
pend on phase transitions.

The impact of operational factors (i.e. the abrasive and
the dynamic loads) caused a change in the character of the
plots of the hardness and wear as a function of the austenite
content. The vibrations of the chain occurring in the area of
mating between the wheel and the chain, induced by the im-
pulse of the force F,y, opposite to the force F;, could impact on
the martensitic transformation and microstructure of ADI (for
example, on the Fig. 11 can see fragmentation of ferrite plates
in the surface layer). A reduction in the hardness of the surface
layer for the abrasive-dynamic wear variant suggests a lower
intensity of the transformation of austenite into martensite.
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Fig. 17. A comparison of plots of Vickers hardness HVO0,1 for chain
wheels worn in the presence of abrasive, with an external force and
without it

However, the decrease in the intensity of phase transitions
in the matrix was not the main reason for an increased wear
of cast irons with a lower content of austenite (ADI_240_D
and ADI_270_D). Lower ausferrite is characterized by a better
wear resistance [29] and a greater strength [32] than the upper
ausferrite.

Causes of an increased wear of cast irons with a lower
content of austenite should be sought in graphite. During the
wear tests, it happened that beaters hit the tip of the tooth of

the chain wheel tested. The number of hits was significant, i.e.
approx. 3.6:10°. As already mentioned, the hits did not cause
any increase of stresses at the contact with the chain, but
they could generate microcracks on the surface and damage
graphite nodules. The graphite occurring in the ADI structure
is susceptible to mechanical damage, thus hits of the beaters
could lead to fracture of graphite nodules.

TABLE 5
Values of the hardness difference for the abrasive wear variant and
the abrasive-dynamic variant ( AHV4x and AHB)

Designation AHV yax | AHB
ADI 240 - ADI_240_.D| 166 97.8
ADI 270 - ADI270_.D| 149 [103.6
ADI_310 - ADI_310-D 6 -37.8

ADI_360 - ADI_360_D 57 9.2

Sharma [30] and Vrbka et al. [31] found a 60 — 82% de-
crease in the resistance to fatigue pitting in lubricated austem-
pered irons subjected to shot peening as compared with sur-
faces not subjected to shot peening. Shot peening is a dynamic
treatment affecting the stress conditions in the surface layer. In
the case of ADIs it initiates phase transformations of austen-
ite into martensite. However, shoot peening causes damage
to graphite and even its complete destruction. The resulting
cracks and the voids formed after the removal of graphite con-
tributed to propagation of damages into the matrix of ADIs.

Chawla et al. [32] examined properties of the microstruc-
ture of ADIs subjected to the action of dynamic forces. They
found that a crack always started at the contact of graphite nod-
ules and the matrix, while it was generally propagated along
the austenite and ferrite plates. The authors also noted that the
direction of crack propagation depended on the direction of
the load applied.

In the case considered in this study, cracks initiated at
the contact between graphite and the matrix could facilitate
the propagation of cracks deep into the material, which could
in turn facilitate microcutting of the surface layer of the chain
wheels by crushed abrasive. A relationship between the wear
and the impact resistance was found under this study. A lower
impact resistance, despite a higher strength of lower ausfer-
rite, could be the reason for an easier propagation of cracks
in conditions of the impact of the dynamic load induced by
beaters. In the case of ADIs with a higher content of austenite
(ADI_360_D and ADI_310_D), which are characterized by a
higher impact resistance, a fewer number of cracks in the ma-
trix and even in the graphite could be observed due to their
better plastic properties.

4. Conclusions

1. Based on the tests of chain wheels performed in controlled
conditions of abrasive wear with the participation of ex-
ternal dynamic forces, there was found a decrease of the
wear as a function of the austempering temperature, and
thus a decrease in the content of austenite in ADIs.



Slight deformations of graphite after completing the wear
test with the participation of external dynamic forces were
identified.

An observation was made that in the case of abrasive wear
with the participation of external dynamic forces, there
occurred a negative linear dependence between the linear
wear and the impact resistance.

In the conditions of the combined effect of the abrasive
wear and the dynamic load, cast irons with an increased
content of austenite have better wear properties and are
characterised by a higher impact resistance.
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