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Abstract

Hypoeutectic 26 wt% Cr cast irons with 0-3 wt% Mo were prepared in order to investigate
their abrasive wear behavior. The annealed test pieces were hardened from 1323 K and then
tempered at three levels of temperatures between 673 and 823 K for 7.2ks, the temperature giving
the maximum hardness (Hrmax), lower temperature than that at Hrmax (L-Hrmax ) and higher
temperature than that at Hrmax (H-Hrmax). The abrasive wear resistance was evaluated using Suga
wear test (two-body-type) and Rubber wheel wear test (three-body-type). It was found that
hardness and volume fraction of retained austenite (Vy) in the heat-treated specimens varied
depending on the Cr and Mo contents. A linear relation was obtained between wear loss and wear
distance. The lowest wear rate (Rw) was obtained in both the as-hardened and Hrmax Specimens.
The highest Ry was mostly obtained in the H-Hrmax specimens. Under the same heat treatment
condition, the Ry in Suga wear test was much greater than that in Rubber wheel wear test. The Ry
decreased with increasing the hardness. The lowest Ry obtained in the specimen with a certain
amount of retained austenite, 10-15%V,. The Rw decreased with increasing Mo content in Suga

abrasive test and it decreased little by Mo addition in Rubber wheel wear test.

Keywords: 26% Cr cast iron, heat treatment, hardness, retained austenite, abrasive wear

resistance, Mo effect
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Chapter 1
Introduction

1.1 Background

Alloyed white cast irons containing 15-30 mass% Cr (hereafter shown by %) have been
employed as abrasion wear resistant materials for more than 50 years. The microstructures of
these alloys consist of hard eutectic carbides and strong matrix structure providing the excellent
wear resistance and suitable toughness. It is well known that 15% to 20% Cr cast irons have been
commonly used for rolling mill rolls in the steel plants, while cast irons with 25% to 28% Cr have
been applied to rollers and tables of pulverizing mills in the mining and cement industries. High
Cr cast irons with hypoeutectic composition are preferable than those with hypereutectic
composition because they are free from precipitation of massive primary carbides that reduce the

toughness. [1]

In the hypoeutectic cast iron, as-cast microstructure consists of primary matrix and
eutectic M;C; carbide. Austenite which is stable at high temperature under an equilibrium
condition will transform to ferrite and carbides or pearlite on the way of cooling. Under non-
equilibrium condition, however, the austenite may remain stable or partially transforms to pearlite
or martensite depending on the chemical composition and the cooling rate. [1,2] Austenite is
favored by high cooling rate, high Cr/C ratio and additions of alloying elements such as Ni, Cu
and Mo. [1-3] The supersaturation of Cr and C in austenite decreases the martensite start

temperature (Ms), and resultantly, the austenite could be remained even at room temperature.

Austenite has high toughness and it can be work-hardened to increase the surface hardness
during service, but is limited to the spalling wear resistance. Improved service performance could
be obtained by heat treatment and addition of some alloying elements to provide martensitic
matrix with higher wear resistance. In the most cases, a suitable martensitic matrix produced by
heat treatment used to provide an increase of abrasion wear resistance. To obtain a martensitic

matrix, the cast iron is held in austenite region at 900-1100 °C to enable secondary carbide



precipitation in austenite (so-called as destabilization of austenite) and followed by fan air cooling
to room temperature. The precipitation of secondary carbides in the matrix during heat treatment
must be related to the wear resistance and somewhat to the mechanical properties. [4] The
retained austenite should be normally limited less than 5 vol% by single or multiple tempering to
avoid the spalling during service. [1,3] In practical applications of high Cr cast iron, adequate heat
treatment must be given to the cast iron to get optimal combination of the hardness and the
toughness which is mainly controlled by quantity of retained austenite. Since quantitative
measurement of retained austenite for high Cr cast iron has been performed successfully by X-ray
diffraction method [5-8], it is possible to connect the wear resistance and other properties with the

amount of retained austenite.

The purpose of alloy addition is to suppress the formation of pearlite in the as-cast
condition and to improve the hardenability in the post heat treatment. Since Cr is presented in
both the eutectic and secondary carbides, the rest of Cr is retained in the matrix to suppress the
pearlite transformation and increase the hardenability. Therefore, the supplementary addition of
the third alloying elements such as Mo, Ni, Cu are needed to harden the matrix fully. [1] The
effect of additional alloying element to high Cr cast iron has been extensively reported. [2-4,6,9-
19] It was reported that the highest hardness after heat treatment of 26% Cr cast iron was obtained
by Mo addition. [3] This is because Mo can form its special carbide of Mo,C or M,C type with
extremely high hardness as eutectic and secondary carbides, and this lead to improve the wear

resistance. [11]

The abrasive wear is a type of wear that is brought about by means of hard particles.
Moreover, these particles act to concentrate the stress, leading to operate a plastic deformation in
the matrix on the surface of the cast iron. The wear rate which is measured by the wear loss
depends on several factors, microstructure, kind of abrasive particle, type of relative or mutual
movements, chemical reaction and temperature. [1] Abrasive wear results in a high cost for annual

replacement in mining, ore treatment, cement and other industries.

Abrasive wear may be divided into two types; two-body type and three-body type. [20] In

the two-body type abrasive wear process, the wear takes place when the hard angular abrasive



10

particles contact the wear surface, e.g., hammer and liner of impact crusher. The local stresses
between abrasive particles and wear surface are high enough to crush the particles, leading up to
the heavy plastic deformation on the wear surface. As the wear progresses, the tips of particles are
fixed on the wear surface, and the matrix is removed first. In this case, therefore, the high surface
hardness enough to resist the penetration of particles and the sufficient toughness enough to resist
cracking are required. In order to evaluate the two-body type abrasive wear, an abrasive paper,
which is made by high hardness abrasive particles such as SiC or ALO; fixed on the paper by a
glue, are generally used. Suga wear tester is suitable to evaluate the two-body type abrasive wear

resistance.

In the three-body type abrasive wear, the wear environment consists of two counter
materials and abrasive particles. The stress in this case is lower than that in the case of two-body
type abrasion wear. The stress is not high enough to crush the abrasive particles. It occurs in the
application where moving particles come freely into wearing surfaces. Typical applications
involving this type of wear are for ball and rod mills, pulverizers, like vertical mill and roll
crushers. [21] The toughness of materials composed for these surroundings do with to be smaller
than that composed for the two-body type abrasion and is likely obtained by the materials as hard
as possible. The suitable wear testing machine for three-body type abrasion wear is a Rubber

Wheel wear tester where SiO, particles are used as the abrasives.

Many laboratory tests have been carried out to evaluate the abrasion wear resistance of
high Cr cast irons. However, the test data did not often validly to simulate correctly the wear
behavior occurred in the industrial applications. Therefore, it is considered that the systematic and
detailed studies on the abrasive wear behavior are necessary. Particularly, the systematic
investigation of Mo addition to the heat-treated high Cr cast irons on the wear behavior is much

more important.

There are many researches on the wear resistance of high Cr cast irons [4,7,8,11], and
recently a study on the heat treatment behavior of hypoeutectic high Cr cast iron with various Mo
contents has been reported. [3] The abrasive wear behavior of heat-treated hypoeutectic 16% Cr

cast iron with different Mo content was studied by the previous work. [7,8] However, the research
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on the abrasion wear behavior of heat-treated hypoeutectic 26% Cr cast iron containing

molybdenum using two-body type and three-body type wear testers has not been investigated.

In this study, hypoeutectic 26% Cr cast irons varying Mo content were prepared and they
were heat-treated. Then, two types of abrasion wear tests, Suga abrasion wear test and Rubber
Wheel abrasion wear test, are conducted. The relationships between abrasion wear, hardness,
volume fraction of retained austenite (V,) and molybdenum content are investigated. In addition,

the wear behaviors are discussed in connection with the matrix structure in the cast iron.
1.2 Objective of Research

To clarify the effects of Mo content on heat treatment characteristics, hardness, volume
fraction of retained austenite (V,) and matrix structure, and finally the relations between such
parameters and wear resistance, two-body type and three-body type abrasive wear tests were

carried out.

1.3 Scopes of Research

1.3.1 To heat-treat specimens by annealing, hardening and tempering at 3 levels tempearture.
1.3.2 To measure the hardness.
1.3.3 To measure the volume fraction of retained austenite (V,).

1.3.4 To investigate the behavior of abrasive wear using Suga abrasion wear test and Rubber

Wheel abrasion wear test.

1.3.6 To observe the microstructure by Optical Microscope (OM) and Scanning Electron

Microscope (SEM).

1.3.7 To discuss the effects of hardness, volume fraction of retained austenite (V,) and Mo content

on abrasive wear resistance.
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1.4 Advantages of Research

1.4.1 This research reveals the characteristics in two-body and three-body type abrasion wear of

26% Cr cast iron with different Mo content.

1.4.2 This research clarifies the relationship between hardness, volume fraction of retained

austenite (V) and abrasive wear resistance.

1.4.3 This research clarifies the effect of heat treatment condition and Mo content on abrasive

wear resistance.

1.4.4 These data are keenly profitable for practical heat treatment to improve wear resistance of

26% Cr cast iron with Mo
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Chapter 2

Literature Survey

High Cr cast irons with hypoeutectic composition are commonly used as abrasion wear
resistant materials. The 15-30% Cr cast irons are popular as the cast irons for abrasive wear
resistance. The alloys containing 25-28% Cr have been especially developed for materials with
abrasion and corrosion resistance. The high Cr cast irons are generally used with austenitic or
martensitic matrix. The purpose of Mo addition is to suppress the transformation of pearlite in the

as-cast state and to improve the hardenability during subsequent heat treatment.

In the mining industry, the life of parts and components of machines are subjected to the
services conditions in which the materials are received. They are mainly abrasion wear and impact
stress. It is well known that the abrasive wear is very severe during operation. Therefore, the
improvement of wear resistant materials contributes to not only the reduction of cost but also that
of downtime and the time of maintenance. The performance of high Cr cast iron depends on the
function of microstructure, material properties, abrasion wear resistance, corrosion resistance and
etc. Although the high Cr cast irons with hypo- and hypereutectic compositions have been used,
the hypoeutectic irons have been used mainly as the components. The research and development
of microstructure of cast iron has been done from the viewpoint of alloying and processing. The
main challenge was the studies on carbide structure, such as volume fraction, size and
morphology of carbides, alloying and solidification. The improvement of the matrix structure has

been carried out through subsequent thermal process so-called heat treatment.

2.1 Solidification and Microstructure of High Chromium Cast Iron

High Cr cast irons are based on Fe-C-Cr system. Alloying elements such as Mo, Ni and
Mn are usually added to the cast iron. The chemical compositions of several cast irons for

abrasion resistance are shown in Table 2.1.
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Table 2.1 Chemical composition of abrasion wear resistance cast irons. [10]

Class Type Designation c Mn Si Ni Cr Mo P S Cu
I A Ni-Cr-HC 2.8-36 2.0 0.8 3350  1.4-4.0 1.0 03 015 -
B Ni-Cr-LC  24-3.0 2.0 0.8 33-50 1440 1.0 03 015 -
c Ni-Cr-GB  2.5-3.7 2.0 0.8 4.0 1.0-1.5 1.0 03 015 -
‘D Ni-HiCr 2536 20 2.0 4570 7.0-110 1.5 01 015 -
1| A 12%Cr 2033 2.0 1.5 2.3 11.0-140 30 01 006 1.2
B 15%Cr-Mo  2.0-3.3 2.0 1.5 25 14.0-180 30 01 006 1.2
D 20%Cr-Mo 2033 20 1022 2.5 180230 30 01 006 1.2
m A 25%Cr 2333 20 1.5 25 230300 30 01 006 12

LC = low carbon, HC = high carbon, GB = graphite bearing

The solidification of high Cr cast irons have been studied by many researchers. [6,9-
15,17,22-29] Thorpe and Chicco [22] constructed the liquidus surface phase diagram of Fe-Cr-C
system using accurate experimental technique and high purity materials, and it is as shown in Fig.
2.1. The majority of chemical composition of commercial cast iron for abrasion wear resistance is
12-30% Cr and 2.0-3.6% C. In the hypoeutectic cast irons, the microstructure consists of primary
austenite (yp) and eutectic structure of austenite (yg) and carbides. The reaction is described as

followed,
L>y.+M.C, or 7e +(CrFe),C,

Although most of high Cr cast iron finishes solidifying completely within the eutectic region, a
quasi-peritectic at low temperature may be occur if liquid remains after the eutectic reaction. This

reaction is described as follow,
M.C,+L—>M.,C

The M;C carbides appear at the shell of M;Cs carbide as intervening between M;Cs carbide and
liquid. The high Cr cast irons with hypereutectic composition are generally used as hard facing

alloy being added by some strong carbide formers.

In the range of less than 10% Cr, eutectic of y and M;C carbide is precipitated as follows,

L>y+M,C
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The crystal lattice of M;C; carbide is hexagonal, whereas the M;C carbide is
orthorhombic. The hardness of M;C; carbide is 1400-1800 HV and it is much harder than that of
M;C carbide with 800-1100 HV. [6] As Cr content increases, the eutectic line moves to high
temperature and low C sides, and therefore, the C content in austenite decreases. From Fig. 2.1,

the eutectic carbon content in 12% Cr cast iron is about 4.0% while for 30% Cr cast iron is around

2.8%.

Chromium, wt pet

Carbon, wt pct

Fig. 2.1 Liquidus surface phase diagram of Fe-Cr-C system. [22]

Generally, the wear resistance and the mechanical properties of high Cr cast iron depend
on the type, morphology and that distribution of carbides on matrix structure. [1] In hypoeutectic
cast iron, the eutectic is randomly nucleated in the liquid after solidification of primary austenite
dendrite, and then grows with a cellular interface to solidify as a colony structure. The eutectic

carbides develop in rod-like shape and the rods of carbide join together to form an interconnected

colony structure with lamella cross-section. [2]

The rod-like M;C; carbides become finer with increasing the Cr content and the rate of
solidification. In addition, the size of eutectic colony is also decreased and the carbide spacing is

also reduced with an increase in the Cr content and rate of solidification. G. Powell observed the
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carbide morphology of high Cr cast iron by SEM and reported that both the rod-like and blade-
like of M;C;s carbides in the white cast iron with Cr content more than 12% were not completely
discontinuous but interconnected. [13] Dogan found that the eutectic colony in eutectic cast iron
contains completely rod-like M;C; carbides, whereas the hypoeutectic and hypereutectic high Cr
cast irons have both rod-like and blade-like carbides. [14] It was found that slower growth rates
(smaller undercooling) favored to solidify in the morphology of blade-like carbides, whereas
faster growth rates (larger undercooling) favored that of the rod-like carbides. Volume fraction of
carbide can be calculated as a function of the carbon and chromium contents of the alloy.

Maratray [16] demonstrated the following equations,

Ve =12.33x%C + 0.55x%Cr — 15.2

From the equation, V¢ increases with an increase in C and Cr contents. Laird suggested that it
needs caution if this equation is availed because of limited accuracy. [27] Dupin found that there

is some the difference in the V¢ between the surface and core regions of the casting. [23]

The carbides morphology is closely related to the fracture toughness. The high fracture
toughness is obtained in the cast iron with fine eutectic carbide. In order to refine the eutectic
carbide, the rapid cooling has been used to increase the nucleation of carbide and to suppress the
growth of carbide. By contrast, slow cooling results in larger dendrite arm spacing and coarser the

eutectic carbides. [17]

Alloy addition has been used to modify the carbide structure. Boron additions of 0.1-0.3%
decreased the solubility of carbon in austenite and increased the number of carbide nuclei. As a
result, it produced a large number of fine carbides in as-cast structure. [30] The effect of V on the
eutectic colony size was investigated by Y. Matsubara and et al. [28] It was reported that V
reduces the eutectic freezing range and the size of eutectic carbides as well as that of eutectic

colony is refined.

As introduced earlier, matrix structure is very important factor affecting the abrasive wear
resistance. In hypoeutectic cast iron, the as-cast matrix consists of primary austenite dendrites and

eutectic of as example shown in Fig. 2.2. [6] The austenitic matrix was obtained in the 26% Cr



Mo-free

1% Mo

2% Mo

3% Mo

Fig. 2.2 As-cast microstructures of 26% Cr hypoeutectic cast irons without and with Mo. [6]

17
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cast iron without and with Mo. Fully austenitic matrix gives adequate resistance to the abrasive
wear under the conditions which allow austenite to work-harden during service. However, too
much austenite promotes the spalling wear. Therefore, heat treatment is necessary to control the

amount of austenite for higher wear resistance.

As shown in Fig. 2.2, the austenite remains stable in the matrix of each iron. This is
because the supersaturation of C and Cr stabilized austenite and depress the Ms temperature
below room temperature. G. Laird II [17] reported that Cr retards the transformation from
austenite to pearlite. Resultantly, a large amount of austenite remains in the matrix and it leads to
low hardness. However, fully austenitic matrix in the as-cast state is desirable under a certain
wear circumstances that gives a work-hardened wear surface. A fully austenitic matrix is obtained
when [32]

1. Ms temperature is below room temperature.

2. Sufficient alloying elements are added to avoid the pearlite and bainite
transformation.

3. Cooling rate after austenitization is high enough not to precipitate secondary

carbides in the matrix.

In most cases, the martensitic matrix is preferred to provide high wear resistance. For
optimum wear resistance, strength and toughness, an iron with high C and fully martensitic matrix
is required. A certain amount of martensite is usually present in the as-cast microstructure,
predominantly in localized regions adjacent to the eutectic carbides where the depletion of C and
Cr from austenite raised the Ms temperature. If the cooling rate of the casting is slow enough,

partial transformation of austenite to pearlite or bainite may take place. [4]

Alloying elements such as Ni, Cu, and Mo are added to high Cr cast irons to increase the
hardenability and to prevent austenite from pearlite transformation in the case of heavy section
castings. Generally, the alloying element affects the properties of cast iron in two ways. First, it is
partially distributed to the austenite during solidification and determines the matrix structure in
both the as-cast and heat-treated states. This may improves the properties of matrix. Second, the

element remaining in the melt is consumed for the formation of eutectic. In this case, the alloying
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element except for the element distributed into eutectic austenite has no longer any effect on the
hardenability. [6] Though, the alloying elements such as Mn, Mo, Ni and Cu are normally added
to increase the hardenability, the strong carbide formers such as Mo, V and W have been used for
special applications when much the higher hardness is required. [33] Laird et al [27] measured the
Cr content in the matrix of high Cr cast iron in the as-cast state using electron microprobe
analysis. Then, the Cr concentration in the matrix of 3.2%C-28.8%Cr cast iron was only 12.5%.

Therefore, a reasonable amount of alloying elements must be added to get sufficient hardenability.

Austenite tends to reject or accept a certain alloying element when it solidifies. The
growing austenite will reject C, Cr, Mo, V and Nb which are ferrite forming elements but accept
Cu, Ni and Mn which are austenite forming ones. However, Mn dissolves into austenite and
carbide. If a large amount of strong carbide forming elements like Mo and V are added into cast
iron, they are possible to form special carbides of Mo,C and VC which has much higher hardness
than chromium carbide (M7Cs3). [6] There is a report showing that the special carbides are formed
when the content of Mo or V exceeds 2%. [23,24] Mo is added to high Cr cast iron between 0.5-
3.5%. However, it should be added more than 1% for effectiveness. [23] Mo acts to suppress the
pearlite transformation and improves the hardenability. As shown in Fig. 2.3, the austenitic in the
matrix increases when the Mo content is increased. In addition, Mo has little effect on the Ms
temperature, while other elements decrease it largely. Mo is relatively expensive, therefore, the
decrease of Mo addition was considered. The addition of Cu or Ni instead of Mo is now popular
to delay the pearlite transformation and improve the hardenability, because they don’t form

carbide but dissolve into matrix. [17] Inoculation of Ti refines the eutectic structure. [35]
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Fig. 2.3 Relationship between Cr/C ratio and Mo content on matrix structure of high chromium

cast irons. [16]

The tendency for alloying element to segregate to matrix was observed by Laird. [27] The
parameter of segregation ratio (Sr) for each alloying element is introduced using the following

equation,

o
_ A) X Carbide

794

Matrix

Where %X is the weight percent of each alloy. The results of Sr value using the electron
microprobe analysis are summarized in Table 2.2. A high Sr value was obtained in the elements of
C and Cr. This suggested that they are strongly segregated to carbides. The Sr values of Cu, Ni
and Si are zero. It is indicated that these alloys almost dissolve in the matrix. Dupin [23]
investigated the alloy distribution in the austenite dendrite of 17%Cr-2%C cast iron. The results
are shown in Fig. 2.4. A slight increase in C and Cr content from the center of dendrite toward the
periphery of dendrite can be distinguished. A narrow band near eutectic carbides depleted of C
and Cr is due to their diffusion into the eutectic carbides. However, the opposite result is observed

by Si.
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Table 2.2 Segregation ratios for various alloying element in high chromium cast irons. [27]

Alloy C Si Ni Cu Mo Cr Mn

15Cr 1Mo 3C 54 0.0 0.23 n/a n/a 4.8 1.3
18Cr 2.2C 6.2 0.0 0.0 0.0 n/a 4.3 1.2
20Cr 2Mo 1Cu 3C 6.1 0.0 0.0 0.0 22 4.5 1.0
29Cr 3C B.B 0.0 0.0 0.0 n/a 4.6 0.8

n/a = not analysed
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Fig. 2.4 Distribution of alloying elements in austenite dendrite. [23]
2.2 Heat Treatment of High Chromium Cast Iron
2.2.1 Hardening

Hardening is performed after the destabilization treatment of austenite so that the austenite
can transform into martensite. Since the matrix in as-cast high Cr cast iron is austenitic due to
supersaturation of C and Cr, a destabilization is necessary to cause the martensite transformation.
In the heat treatment process, firstly, the austenite is destabilized by isothermal treatment at high
temperature. A usual destabilization temperature for as-cast high Cr cast iron ranges about 950-
1100 °C for 1-6 hours depending on alloy content. Powell [27] reported that the secondary carbide
precipitation occurred while holding at 1000 °C for 25 minutes. However, at least two hours is

need for high Cr cast iron with alloying elements. [1] If the holding time is too long in the case of
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heavy section casting, the number of secondary carbides is decreased by Ostwald ripening

process.
In the case of high Cr cast iron, the destabilization occurs as follows,
y—v* + Secondary carbides (M23Cs, M7C3, nil or very less M;C)

This time, y* is destabilized to be lower alloy concentration than that in the as-cast state. The
types of secondary carbides could be M,3Cs and/or M;Cs depending on chemical composition and
holding temperature. For 25% to 30% Cr cast irons, the M»3;C¢ carbides are mainly formed,
whereas M;C; and M»3Cs carbides form in 15% to 20% Cr cast irons. [37] It has been reported
that the precipitation of secondary carbide produces in two stages, the M,3Cs carbide precipitates
first and then transform to M;Cs; when it is held for a long time. [26,27,37] As a result of the
secondary carbides precipitation, the C and Cr content in austenite is reduced and the Ms
temperature is raised. The high Cr cast irons are usually hardened by fan air cooling after
destabilization treatment to room temperature. An important requirement is that the cast iron must

show sufficient hardenability to avoid the pearlite transformation during cooling.

Fig. 2.5 shows the typical as-hardened microstructure of 16% Cr cast iron with 3% Mo. In
the matrix, the secondary carbides, martensite and small amount of retained austenite can be
observed. [7] The M,C carbides are clearly detected in the SEM micrographs of 3% Mo
specimen. [6] Powell [26] reported that the secondary carbides which precipitated in the matrix

are mostly M»3Cq carbides co-existing with small amount of M;C; carbides.

The destabilization temperature has a major effect on the amount of retained austenite and
final hardness. Maratray and Poulalion [38] showed that the main factors controlling the amount
of retained austenite are chemical composition, holding temperature and cooling rate. For the high
Cr cast iron, the maximum hardness is achieved at the destabilization temperature between 950-
1050 °C as shown in Fig. 2.6. The maximum hardness has been obtained at about 20% V,. [3,38]
S. Inthiech [3] showed that the proportion of retained austenite after destabilization at 1050 °C

was greater than that at 1000 °C destabilization.



i ¢

-

- Setondanicarbids

a) By OM b) By SBEM

Fig. 2.5 Microphotographs of as-hardened specimens with Mo by OM and SEM. [7]
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Maratray [16] suggested that an optimal destabilization temperature for maximum hardness in air

hardening arises from as follows,

1. At high temperature, the solubility of carbon in austenite is high. The high carbon
content depresses the Ms temperature producing the large amount of retained austenite after air
cooling.

2. At low temperature, the carbide precipitation reduces the carbon content in austenite.

The low carbon martensite forms during cooling and the relative low hardness is obtained.

From Fig. 2.7, the maximum hardness is obtained at about 1025 °C. The amount of retained

austenite (V) increases with increasing the austenitizing temperature.
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Fig. 2.7 Effect of destabilization temperature on hardness and volume fraction of retained

austenite. [16]
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The addition of alloying element also affects the amount of retained austenite due to the
stabilization of austenite. The carbon content in the matrix has greatest influence on the Ms
temperature. Increasing the carbon content can increase the hardenability and the hardness.
However, it also increases the amount of retained austenite. There is a report concerning Ms
temperature or hardenability by S.Inthidech. [6] The hardenability increases with an increase in
Cr/C value and with an addition of Ni, Cu and Mo. The volume fraction of retained austenite in
the as-hardened state of 16% Cr cast iron was increased by Ni, Cu and Mo additions but decreased
by V addition as shown in Fig. 2.8. Cu and Ni almost dissolve in the austenite and lower the Ms
temperature. Mo and V, strong carbide forming elements, prefer to dissolve in the eutectic
carbides during solidification. Only the rest of elements consumed in carbide formation dissolves

in the austenite and affects the Ms temperature.
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Fig. 2.8 Effects of alloying elements on the volume fraction of retained austenite (V,) in the as-

hardened state of 16% Cr cast iron. [6]
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2.2.2 Tempering

Tempering is the final heat treatment stage to produce the desired properties of materials.
Tempering is always recommended after hardening. The main purpose is to decompose martensite
and retained austenite to control the hardness, of course, the residual stress caused by hardening
should be reduced by tempering. The main reaction is to destabilize the retained austenite to bring
about the martensite transformation on cooling. Sudsakorn [6] reported that the secondary

hardening in tempering of high Cr cast iron is considered to occur by the following reactions;

I. Decomposition of as-hardened martensite, that is to say, precipitation of

secondary carbides from martensite. Finally, this ends with “carbide reaction”.

II. Decomposition of retained austenite in the as-hardened state, in other words,

precipitation of carbides from retained austenite.

III. Transformation of retained austenite after precipitation of secondary carbides

into martensite during cooling.

Each reaction acts the part of an increase in hardness. However, the increasing degree of hardness
could be greater in the reactions (I) and (III), but the effect of reaction (II) is probably small.
Martensite formation after tempering is attributed to the precipitation of secondary carbides in the
retained austenite during tempering. Because of the reduction of C and Cr contents in the retained
austenite, Ms temperature increases and martensite transformation appears on cooling to room

temperature.

The tempering temperature and holding time must be carefully chosen to avoid over-
tempering that leads to a decrease in hardness and strength of the matrix. Tempering temperature
between 200 and 450 °C is too low to make the retained austenite transform, and temperature in
the range of 500 to 600 °C is appreciated. [1] Maratray [38] reported that in the range of
tempering temperature from 480 °C (753K) to 650 °C (923 K), M;Cs carbide is more stable than
M;C; carbide and so M,3C¢ carbide could precipitate from retained austenite at the temperature
over 480°C (753 K). [34] Sare and Arnold [4] said that tempering treatment of 27% Cr cast iron

at 500 °C (773 K) reduced the retained austenite below 10 vol%. In 15% Cr cast irons with C



27

content less than 1.5%, the toughness is increased with increasing the tempering temperature. [1]
For over 1.5% C, the toughness is not controlled by varying the tempering temperature but

controlled by the amount of eutectic carbides.

The effect of alloying elements on the hardness and V, during tempering was reported by
S. Inthidech. [3] It was found that the hardness curve showed the secondary hardening. The
degree of secondary hardening was greatest in Ni bearing specimen followed by Cu, Mo and V,
respectively and the cast iron with Mo showed the highest hardness. Fig. 2.9 shows the tempering
behavior of 26% Cr cast irons with and without Mo. The tempered hardness curves show evident
secondary hardening due to the precipitation of secondary carbides and the transformation of
austenite to martensite. The degree of secondary hardening increases with increasing of Mo
content. The amount of retained austenite decreases when the tempering temperature rises. The
maximum hardness is obtained at the tempering temperature 500-525 °C. The temperature over
this temperature, the hardness is decreased due to the coarsening of secondary carbides. It is
also found that the cast irons with large amount of retained austenite give a large degree of

secondary hardening and the hardness is higher than that in its as-hardened state.
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2.3 Abrasive Wear

Wear can be defined as the removal of materials from the surface of body moving in
contact with another material or counterpart. The rate of wear depends on several factors such as
surface microstructure, type of materials, relative movement, chemical action, service
circumstance like moisture and temperature. Abrasive wear occurs due to the action of abrasive
particles or fragment on the surface of component. It occurs usually in the various kinds of
machines which are used for digging, crushing, milling or pulverizing and rolling in the fields of
mining, iron and steel, electric power plant and cement industries. Abrasive wear can be described
as two basic types, Two-body and Three-body types as shown in Fig. 2.10. Two-body type
abrasive wear occurs when two working surfaces are contacted to grind those angular materials.
The stress in this wear process is high enough to crush the particles. On the other hands, three-
body type abrasive wear occurs in the portion where freely moving particles exist between the
surfaces of components. The stress is not high enough to cause crushing of the abrasive particle.
This type of wear takes place in the ball mills and tube mills in the cement, steel and mining

industries.

There are many mechanisms for abrasive wear. Fig. 2.11 shows the ideal cross section of
wear grove. Area Al is a size of wear groove, while A2 is a size of materials welled plastically to
the side of groove. The wear rate (Rw) is calculated using the following relation, [40]

(Al _Az)

RwW=-—-—+=
Al

The mechanism of wear can be summarized as follows,

1. Ploughing: the material displaces either side of the wear groove as shown in Fig. 2.12

(a). There is no materials remove directly in the wear process. So, the area of A2 equals to area of

Al.

2. Cutting: the material is removed as debris of microchip without displacement. Volume

of wear loss equals to that of material removal as shown in Fig. 2.12 (b).
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Fig. 2.12 Example of ploughing, cutting and fragmentation in the worn surface using scratch test.

[41]

3. Fragmentation: cracks form the surrounding and at the surface of wear groove as shown in Fig.
2.12 (c). This crack leads to formation of spall and removal of material. The volume of wear loss

may exceed the volume wear groove.

It has been suggested that the parallel movement between abrasive material and
worn surface produces the ploughing and cutting, while relative vertical motion leads to
fragmentation. The plastic deformation behavior of materials also determines the wear

mechanism

There are several methods to investigate the wear resistance of materials, and they
are summarized in Fig. 2.13. For each test, standard condition of load, dimension of specimen,
wear distance are used and the mass loss due to abrasion wear is measured. It is well known that

there are many factors to determine the wear resistance. The microstructure plays very important
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role. In high Cr cast iron, the microstructure varies depending on size of casting or solidification

rate, alloy addition and heat treatment conditions.

Low Stress

| gbrasive abrasive
«o particles

Dry sand rubber wheel

High Stress

abrasive
papar

N

direction of travel

) siee or Copper

eolnterhody
Boyes/Avery wear tes! Pin wear test
Gouging
Abrasve =
Jaw crusher Pendulum gouging

Fig. 2.13 Schematic drawings of abrasive wear tests. [20]

In general, wear resistance is related to the type and morphology of carbides and the
matrix structure. [17-19,42] The effects of carbide type and its hardness can be apparently
estimated comparing the hardness of carbides with that of the abrasive materials. It is well known
that high Cr cast iron contains the eutectic carbides of M;Cs type which has a higher hardness than
that of the abrasive materials like quartz and garnet. This cast iron shows the excellent wear
resistance against these minerals. The addition of Mo, V or Nb to high Cr cast iron can improve
the abrasion wear resistance due to the increase in the hardness. It was reported that the rate of

wear increased with an increase in the hardness and with a decrease in the size of abrasive
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particles. [1,40,43] Table 2.3 shows the relative hardness of abrasive materials and carbides in
high Cr cast iron. The hardness of M;C; carbide is higher than those of quartz and garnet which
commonly encountered in service of mining industry. However, the hardness of M;C; carbide is
lower than the hardness of silicon carbide and alumina. From these points of view, it is considered
that addition of V which forms very hard vanadium carbide provides the excellent wear

resistance.

Table 2.3 Hardness of abrasive materials related to hardness of microstructure of high Cr cast

iron. [20]
Abrasive Material Hardness Microstructural Constituent
Encop HY
2660 280C WVanadiom carbide
Silicon carbide 2585 250C-2600
Corundum {Al,Os) 2020 1300-2000
1735 1200-1800 M+Cs-type carbide
1060-1240 M:C-type carbide
Gamet 1360
Quartz (silica) 840 S00-1280
770-80C Hizh-carbon mariensire
350-400 Austenite

Under high stress abrasion, the effect of volume fraction of carbide (Vc) on wear
resistance depends on the hardness of abrasive materials. If softer abrasive material than carbide
hardness is used, the wear resistance increases with increasing Vc. However, when the harder
abrasive material is used, an increase in Vc do not show the significant effect on wear resistance.
As shown in Fig. 2.14, it is found that the wear loss increases with an increase in V¢ when SiC is
used. This is because the harder abrasive material could indent into carbides leading to spalling

and pitting. The inverse relation is obtained when garnet is used as abrasive material. [40]
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Fig. 2.14 Effect of volume fraction of carbide on abrasive wear loss. [40]

Dogan et al. [14] reported that the carbides aligned appareled to the wear surface give the
best wear resistance by a pin on disk abrasion test. He also studied the abrasion wear resistance of
as-cast 15% and 26% Cr cast irons. As shown in Fig. 2.15, the wear rate decreased with
increasing the volume fraction of carbide when matrix is the same. It can be also concluded that
the abrasive wear resistance of as-cast 26% Cr cast iron, which has more austenite in the matrix
and high volume fraction of carbide, is better than that of as-cast 15% Cr cast iron with bainitic
and pearlitic matrix and with lower volume fraction of carbide. In the same way, wear resistance
increases with an increase in the macro-hardness as shown in Fig. 2.16. It has been reported that
the increasing of the carbide volume fraction resulted in the decrease of wear rate to the soft
abrasives such as hematite and phosphate rock, because of protection of the matrix by carbides in

eutectic microstructure. [43]
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As described previously, the volume fraction of carbide has shown the strong influence on
the wear resistance. The 30% volume fraction of carbide provides the best abrasion wear
resistance in the heat treated white cast iron. [35] Although wear resistance is generally increased
with increasing the volume fraction of carbides, the wear behavior varies depending on the wear

system or wear mechanism under the service condition.
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It has been said that the higher the matrix hardness, the greater is the wear resistance. The
matrix influences on the degree to protect the carbide. If the matrix is not protected and
preferentially removed, the carbide may fracture and spall. It was reported that the pearlitic matrix
showed the poor wear resistance. [44] The austenitic matrix is preferred under the harder abrasive
material, while the martensitic matrix shows the best wear resistance with softer abrasive material.

[15] This occurs according to the work hardening effect.

The heat-treated high Cr cast irons with martensitic matrix have a higher wear resistance
but sometimes poorer toughness than austenitic and pearlitic matrix. [1,4,9,10,14,18,19,29,31,34-
36] By Dogan et al, [15] the pearlitic matrix has extremely poor wear resistance compared with
the matrix mixed with austenite and martensite. An austenitic matrix leads to better abrasion wear
resistance compared with the pearlitic matrix because of work-hardening ability of austenite on
the worn surface. Sare et al [4] reported that the volume fraction of retained austenite which gives
the highest wear resistance lies in 40-50% for gouging abrasion as shown in Fig. 2.17. Sare et al
[34] also studied on high stress abrasion pin test and reported that the largest wear resistance is
obtained in the as-hardened state containing volume fraction of retained austenite more than 20%.
As shown in Fig. 2.18, the results of a pin-on-disk test result by Zum Gahr [40], showed that an
increase in retained austenite leads to greater wear rate with garnet as abrasive. When SiC is used,
by contrast, the wear loss decreases with increasing of retained austenite. It could be due to the

stain-induced-martensite and high toughness of austenite.
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It was found that the wear resistance was related to carbon content. As shown in Fig. 2.19,
the wear loss decreased as the C content increased to 3% at about eutectic composition of 30% Cr
cast iron, and then became steady. It has been suggested that as C content increases, the volume
fraction of carbides increased high enough to protect the matrix. In fact, the toughness will
decrease when the C content increases over eutectic composition, but the wear resistance is

balanced due to the precipitation of brittle hyper-eutectic carbides.

Phasit et al [8] used Suga abrasion wear tester and Rubber Wheel abrasion wear tester to
investigate the two-body type and three-body type abrasion wear behaviors in hypoeutectic 16%
Cr cast iron containing molybdenum. It was found that the wear rate was decreased with an
increase in Mo content because Mo improves the hardenability in the heat treatment and promotes
the precipitation of Mo carbides with high hardness. Sudsakorn et al [7] studied the abrasive wear
of hypoeutectic 16% Cr cast iron containing Mo. The data are not so scattered as Sare’s results [4]
as shown in Fig. 2.20, and the smallest wear rate was obtained at 20 to 25% V,. Fig. 2.21 shows
the effect of hardness and Mo content on the wear rate. It is clear from this results that the wear
rate decreased proportionally as the macro-hardness is increased regardless of Mo contents of cast

irons. When the wear rate is connected to the Mo content, as shown in Fig. 2.22, however the
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wear rate trends to decrease totally with increasing the Mo content. It can be suggested that an
increase in Mo content up to 3% improves the wear resistance of hypoeutectic 16% Cr cast iron.
Using a ball mill test, the effects of carbide volume fraction and matrix structure on the abrasive
wear resistance of high Cr cast iron balls tested were investigated by Albertin and Sinatora.[43]
As shown in Fig. 2.23, it was found that the martensitic matrix showed the highest wear resistance
against three kinds of abrasives of phosphate rock, hematite and quartz. When the ratio of
hardness of the abrasive and matrix (H,/Hy,) is taken into consideration, it was found that the wear

resistance decreased as the H,/H,, increased as shown in Fig. 2.24. [43]
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Fig. 2.19 Relationship between wear loss and C content of 30% Cr cast iron. [29]
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Chapter 3
Experimental Procedure
3.1 Preparation of Specimens

The schematic drawings of process to make ingot and test pieces are shown in Fig.3.1. The
charge calculations are carried out for the target chemical compositions of hypoeutectic 16% Cr
cast irons. As raw materials, mild steel scrap, pig iron, ferro-alloys, pure metals are used. The total
weight of 30 kg of charge materials is melted down in a high frequency induction furnace with
alumina (AL,O;) lining and superheated up to 1853 K (1580 °C). After holding, the melt is poured
at 1773-1793 K (1500-1520 °C) into the preheated CO, mold in Y-block shape of which cavity
size of specimen is 50x50x200 mm. After pouring, the melt is immediately covered with dry
exothermic powder to hold the temperature of riser (Fig.3.1(a)). The chemical compositions of the
test specimens are summarized in Table 3.1.

The riser part was cut off from Y-block ingot and the substantial block is supplied for
annealing to remove the casting stress and micro-segregation produced during solidification. The
substantial block is coated with an anti-oxidation solution to prevent the block from oxidation and
decarburization. The block in an electric furnace was heated up from room temperature to 1173 K
(900°C) with a heating rate of 0.1 K/s and held for 18 ks (5 hours) and follow by cooling in the
furnace to the room temperature. In order to make test pieces for abrasion wear test, the block was
sliced into pieces with 7 mm in thickness using a wire-cut machine called EDM (Electric

Discharge Machine). The process of making test pieces is shown in Fig. 3.1(c).

Table 3.1 Chemical composition of specimens.

) Element (wt%)
Specimen
C Cr Si Mn Mo
No.1 2.66 26.08 0.47 0.55 0.18
No.2 2.64 26.12 0.50 0.56 1.02
No.3 2.63 25.92 0.44 0.45 1.97
No.4 2.71 25.98 0.47 0.53 2.96
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Fig. 3.1 Process of making test pieces.
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3.2 Heat Treatment Procedures

The conditions of heat treatment are listed in Table 3.2. The sliced test pieces were also
coated by the anti-oxidation solution and dried at 473K (200°C) in an electric furnace. They were
heated up to 1323 K (1050 °C) for austenitization. After holding for 5.4 ks (1.5 hours), the test
pieces are hardened by fan air cooling. The hardened test pieces are tempered in a furnace at 3
levels of temperatures from 673 to 873 K. The tempering temperatures were determined according
to the reference [3] and they are shown in Table 3.3. After tempering, the test pieces are cooled to

the room temperature by fan air cooling.

Table 3.2 Heat treatment condition.

Heat Treatment . . .
Process Annealing Hardening Tempering
3 levels
Temperature (K) 1173 1323 between
Holding Time (ks) 18.0 5.4 7.2
. " Furnace Fan Air . .
Cooling Condition Cooling Cooling Fan Air Cooling

Table 3.3 Tempering temperature.|3]

Tempering temperature (K)
Specimens
L'HTmax HTmax H'HTmax
26%Cr Mo-free 673 723 773
26%Cr-1%Mo 673 748 800
26%Cr-2%Mo 673 748 800
26%Cr-3%Mo 673 748 823
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3.3 Observation of Microstructure
3.3.1 Optical Microscopy

To observe the microstructure by means of an optical microscope (OM), the specimen is
polished using emery papers in the order of #180, 320, 400 and 600 and finished by a buff cloth
with extremely fine alumina powder of 0.3 um in diameter. The microstructure is revealed using

the etchants shown in Table 3.4.

Table 3.4 List of etchants.

Type Etchant Etching method Attack
A Picric acid 1 g+ HCI 5 Immersion at Carbide and
cc + Ethanol 100 cc room temperature matrix
B HNOs3 5 cc + Ethanol Immersion at Matrix
95 cc room temperature

3.3.2 Scanning Electron Microscopy

For more discussions, the microstructure involving secondarily precipitated carbides are
observed in detail using a Scanning Electron Microscope (SEM). A polished specimen is lightly
etched using the etchant A to reveal the microstructure. The microphotographs mainly focusing on

the carbide morphology in matrix are taken with high magnification.

3.4 Hardness Measurement

Macro-hardness of test pieces is measured by means of Vickers hardness tester applying
the load 0f 297 N (30 kgf) and micro-hardness by Micro-Vickers hardness tester applying the load
of 1 N (100 gf). In each test pieces, the hardness is measured five at different places and their

average values are adopted.



46

3.5 Measurement of Volume Fraction of Austenite (V)

3.5.1 Theory for Measurement of Austenite by X-ray Diffraction Method

Quantitative measurement of austenite in matrix is not so easy because the bulk test
specimen with strong orientation of dendrite must be used. In the methods to measure the volume
fraction of austenite, X-ray diffraction method is convenient when the texture is cancelled as if the
powder sample is used.

The basic equation of diffraction intensity of a phase is expressed as

Iua = K(FF*)(LPF)me™™A(0)Vi/vi® (3.1)
where, K =proportional constant
FF* = structure factor of the unit cell of the interest phase, equal to 4f* and 16f for
diffraction lines of a(martensite/ferrite) and y (austenite), respectively, where f
is the atomic-scattering factor of the species of atom which make up the unit

cell : frelates to (sin 6)/A

LPF = Lorenz Polarization Factor, (1+cos*20)/sin’0cos®

m = multiplicity factor, the number of {hkl} planes in a unit cell
™ = Debye —Waller temperature factor where

M = (Bsin’0)/A* : B is a material constant

A(B) = absorption factor, independent of 0 if sample is flat

Vi = volume fraction of the phase

Vi = volume of unit cell
Let, K* = KxA(0) (3.2)
and Ryq = [FF*(LPF)me™™]/vi (3.3)

Here, Debye-Waller temperature factor is negligible. Substitutes K™ and Ry in the equation

(3.1) to be equation (3.4),
Ihkl = K’thlVi (34)

When several peaks in the diffraction pattern participate in the calculation, the above equation

is shown by the next equation (3.5),

Tl = K'(ZRua)(Vi) (3.5)
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Therefore, peaks of ferrite and/or martensite (o) and peaks of austenite (y) are respectively

shown as
2l = K'(ZRo)(Va) (3.6)
S, = K'(SR)(V,) (3.7)
Besides,
Vot+V,+Ve = 1 (3.8)

Where, V. is the volume fraction of other phase.
Assume only oo and y phases exist in the specimen, the equation (3.8) is,
Vo +V, = 1 (3.9)

The relationship between V, and V, from the equation (3.6) and (3.7) can be expressed by the

next equation,
Vo = [Z1o-ZR,/ZL,-ZR]XV, (3.10)

Solving the equation (3.9) and the equation (3.10) to obtain the volume fraction of austenite
which relates to the diffraction peak intensity and R values, the following equation is finally

given,
\& = 1/ [1+H(aZleZR/Z1,ZRy)] (3.11)

For the determination of the amount of austenite, R values must be obtained by equation
(3.3), and Ia and Iy values by measuring the areas under the diffraction peaks of o and vy.

Resultantly, the volume fraction of austenite (Vy) is attained numerically.

3.5.2 Equipment and Measuring Condition

The quantitative measurement of Vy is carried out using X-ray diffraction method which
was developed for steel by R.L. Miller and then for high chromium white iron by C. Kim [5]. The
measuring condition is demonstrated in Table 3.5. In this experiment, the simultaneously rotating
and swinging sample stage was employed to cancel the influence of preferred orientation or
textural configuration of austenite in the cast iron. The sample stage is shown in Fig.3.2. Fig.3.3

illustrates the results of preliminary tests using the same specimens as this experiment to prove the
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advantage of using of this sample stage. It is evident that the peaks of y220 and y311 are stronger
in the specimen with rotating and swinging (a) than those in the both cases of only rotating (b) and
of without rotating and swinging (c). On the other hand, the peaks of 0200 and o220 are weak
when the sample stage with rotating and swinging is used. However, the V, calculated from the
diffraction pattern measured using the rotating and swinging sample stage is higher than the other
cases. It is because the rotating and swinging could cancel the preferred orientation or texture of
austenite. This sample stage is used in this research.

For this investigation, the test piece was prepared by grinding surface and followed by
polishing it in the same way as the test piece for microphotography. Mo-Ka characteristic line
with a wavelength of 0.007 nm (0.711 A°®) was used as a source of X-ray beam.

Table 3.5 Condition of X-ray diffraction to measure the volume fraction of retained austenite

Target metal Mo
Tube Voltage - 50KV - 30mA
Current
Slits Divergence Slit: 1°, Receiving Slit: 1.5 mm,
Scattering Slit: 1°

Filter Zr

Scanning Range 24-44 deg

Scanning Speed 0.5 deg/min

Step/Sampling 0.01 deg

Fig. 3.2 Photograph of special sample stage for retained austenite measurement by X-ray

diffraction.
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3.5.3 Calculation of Volume Fraction of Austenite

In this investigation, the crystal planes of peaks adopted for the calculation are (200), (220)
of ferrite or/and martensite and (220), (311) of austenite because these four peaks are independent
or not interfering from peaks of other phases like carbides. The diffraction patterns of three
specimens with different Vy are shown for comparison in Fig.3.4 Reason why the o, peak in
these patterns is not taken into account is that this peak is overlapped with a strong peak of
chromium carbide. The integrated areas of these peaks are obtained using an image analyzer
(Nireco Model Luzex IIIU). The calculation of Vy is done by the three combination of peaks, o200
— Y311, Oao0 — 2Y(220,311) and Xa(200,220) — y311. The average of values calculated from three

combinations is plotted.
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3.6 Abrasion Wear Test
3.6.1 Suga abrasive wear test

The surface roughness of test pieces are controlled less than 3um using a grinding machine.
The surface roughness is measured at three location using a roughness tester. A schematic
drawing of Suga wear tester is illustrated in Fig.3.5. Under a load of 10 N (1kgf), the abrading
wheel (44 mm in diameter and 12 mm in thickness) fixed by a 180 mesh SiC abrasive paper on
the circumference is revolved intermittently, moving back and forth for 30 mm per one stoke on a
same area of the test piece in dry condition. The revolving speed of the abrading wheel is 0.345
mm/s and the worn area is 360 (12x30) mm”. The abrading wheel rotates 0.9 degree by every one
stroke. Therefore, it completely rotates one revolution or 360 degree after moving back and forth
for 400 strokes. After testing, the specimen is cleaned with acetone in an ultrasonic cleaner and
then dried. The weight loss of the test piece is measured using a high precision digital balance

with 0.1 mg accuracy. The test is repeated up to eight times for one test piece.

Specimen
moving direction

-
Specimen = )
Abrading
wheel

Applied load

Fig.3.5 Schematic drawing of Suga abrasion wear tester.
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3.6.2 Rubber Wheel abrasion wear test

The schematic drawing of Rubber Wheel abrasion wear tester is shown in Fig. 3.6. The
silica sand of AFS 60 grade is used as the abrasives. The sands are fed to the contacting face
between the rotating rubber wheel with 250 mm in diameter and test piece. The test is conducted
at a rotating speed of 120 rpm. The rate to feed the abrasives is approximate 250-300 g/min. The
load applied is 8.7 kgf. After the rubber wheel rotates for 1,000 revolutions or at wear distance
785.5 m, the specimen is got off and cleaned in an ultrasonic acetone and then dried. The weight
of the test piece is measured using a high precision digital balance with 0.1 mg accuracy. The test

is repeated four times or up to the wear distance 3142 m per one test piece.

Hopper

___ Abrasives,
x Silica sand
(AFS 60)

| W=

Weight

"~Specimen Holder
Specimen

Rubber lined wheel

Fig. 3.6 Schematic drawing of Rubber Wheel abrasion wear tester. [8]
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Chapter 4

Experimental Results and Discussions

4.1 Characterization of test specimen
4.1.1 As-cast state

As a typical, microphotographs of 26% Cr cast irons without and with Mo are shown in Fig.
4.1. Every microstructure consists of primary dendrite and (y+M,Cs) eutectic structure. The
morphology of (y+M;C3) eutectic is similar to each other but the sizes of eutectic colony and
eutectic carbide particle are different. It is found that the carbide particle size gets coarser with an
increase in Mo content. Mo is a strong carbide forming element and it forms Mo,C (M,C) carbide
during solidification. It was reported that the M,C eutectic carbides precipitate with 2% Mo at the
boundary of eutectic colonies in 20% Cr cast iron.” In this experiment, the M,C eutectic carbide
could precipitate from the melt with Mo more than 2% that it can be found from the SEM
microphotographs. Mo is simultaneously distributed into matrix and affects its transformation.
The matrix all specimens are all austenitic and possibly some martensite may exist there. This is
explained by the fact that Mo delays pearlite transformation and lowers the Ms temperature.

Effect of Mo content on hardness and Vy of as-cast specimens is shown in Fig. 4.2. The

hardness decreased gradually with an increase in Mo. The change in microhardness shows a
similar behavior to that in macrohardness. The Vy increases gradually as the Mo content
increases. Here, it can be concluded that an increase in Vy and a decrease of martensite by

increasing Mo content cause low hardness.
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Fig. 4.1 Microphotographs of as-cast hypoeutectic 26% Cr cast irons without and with Mo.
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Fig. 4.2 Effect of Mo content on hardness and Vy of as-cast specimens.

4.1.2 Heat treatment state

The as-hardened microstructures of 26% Cr cast irons with and without Mo are shown in
Fig. 4.3. The matrix structure consists of a large number of fine precipitated carbides, martensite
and retained austenite. It was reported that the secondary carbides which precipitated in the as-
hardened state of high chromium cast irons are mostly M;Cs carbides co-existing with M»3Cs
carbides.'” The retained austenite which existed more in the as-cast state is destabilized to
precipitate fine secondary carbides during holding at the austenitizung temperature, and then
transforms into martensite during cooling.

Hardness and V, of test specimens are summarized in Table 4.1. These test pieces with
different hardness and V, were supplied to the abrasive wear test. It is found that hardness and the
V, change depending on the heat treatment condition and Mo content.The V, in the as-hardened
state is higher than that in the tempered state, and it is clear that the V, value of L-Hrmax specimen

is greater than those of Hrmax and H-Hrmax specimens.



57

¢) 3% Mo

Fig. 4. 3 As-hardened microstructures of hypoeutectic 26% Cr cast irons without and with Mo.

(A: Austenite, M: Martensite, SC : Secondary carbide)
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Table 4.1 Hardness and volume fraction of retained austenite (V) of specimens with different heat

treatment conditions.

Specimen .
Macro-hardness Micro-hardness V. %
Heat treatment (HV30) (HVO0.1) Vo 70
Mo content ..
condition

As-hardened 810 755 6

L-HTmax (673 K) 743 724 4
Mo-free

Hrmax (723 K) 769 741 2

H-HTmax(773 K) 751 726 1

As-hardened 865 762 8

L-Hrmax (673 K) 782 737 5
1% Mo

HTmaX (748 K) 8 1 8 752 4

H-HTmax(800 K) 714 636 1

As-hardened 898 816 16

L-Hrmax (673 K) 845 757 9
2% Mo

Hrmax (748 K) 866 780 5

H-Hrmax(800 K) 854 768 4

As-hardened 873 780 16

L-Hrmax (673 K) 831 766 9
3% Mo

Hrmax (748 K) 835 768 7
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4.2 Suga abrasive wear test
4.2.1 Relationship between wear loss and wear distance

In this experiment, series of heat-treated specimens shown in Table 4.1 were used. The
relationship between wear loss and wear distance by Suga wear tester of all specimens is
presented in Fig. 4.4 - 4.7, respectively. In all of the figures, the wear loss increases in proportion
to the wear distance. Total wear losses of specimens with different heat treatment condition at
about 192 m wear test are summarized in Table 4.3. Since the linear relations were obtained
between wear loss and wear distance in all the specimens, the parameter of wear rate (Rw) which
is expressed by the slope of each straight line is introduced. The Rw values of all the specimens
are summarized in Table 4.4. It is found that the Rw varies by the heat treatment condition and

Mo content.

Table 4.3 Total wear loss at 192 m of Suga abrasion wear test with a load of 9.8 N (1 kgf) for

specimens with and without Mo.

Total wear loss by Suga wear test at 192 m, mg.
Specimen
As-hardened L-Hrmax Hrmax H-Hrmax
Mo-free 74.4 79.9 75.9 82.1
1% Mo 73.7 78.0 71.2 81.9
2% Mo 65.9 68.2 70.1 74.7
3% Mo 71.9 74.2 68.3 78.7

Table 4.4 Wear rate (Rw) by Suga abrasion wear test (two-body-type) of heat-treated specimens

with different Mo content. Load : 9.8 N(1kgf).

Wear rate (Rw) , mg/m
Specimen
As-hardened L-Hrmax Hrmax H-Hrmax
Mo-free 0.39 0.42 0.40 0.43
1% Mo 0.38 0.41 0.37 0.43
2% Mo 0.34 0.35 0.36 0.38
3% Mo 0.37 0.38 0.35 0.41
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with 1% Mo by Suga abrasive wear test.
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4.2.2 Relationship between wear rate (Rw) and hardness
In this study, the effects of macro-hardness on the wear rate (Ry) of Suga abrasion wear
tests is presented in the Fig.4.8. From this diagrams, it is found that the Ry decreases proportion

to macrohardness, as the macrohardness increases. The relation is expressed by the next equation,
Rw =-4.2x 10" x HV30 + 0.72 (R =0.88)

It is clear that the more macro-hardness is, the better wear resistance is obtained. In

tempered state, therefore the specimen with Hrpy,y has the largest wear resistance.

0.8 T T
(a) Suga wear test & Mo-free
_ i O 1% Mo
- ] O 2% Mo
¢ 3% Mo

Wear rate, Rw / mg.m
o o
N ~
RS s
L]

600 700 800 900 1000
Hardness , HV30

Fig. 4.8 Relationship between wear rate (Rw) by Suga abrasive wear test and macrohardness of

specimens.

4.2.3 Relationship between wear rate (Rw) and V,

The relationship between Ry and V, of tested specimens in Suga abrasive wear test is
shown in the Fig.4.9. There appears minimum Rw at 10-15%V,. This suggests that a certain
amount of V, could contribute to improve the abrasive wear resistance. These results agree
roughly with the experimental results reported by other work. [7] The Rw decreases remarkably
up to 15%V, with a decrease in V, and over 15%V,, it increases little as the V, increases. The
decrease in Ry until 15%V, is due to an increase of hard martensite and an increase of V, to

improve the toughness and the precipitation of secondary carbides of M;Cs; and My3Cs in the
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matrix. The reason of gradual increase in Rw when V, get over each critical values about 15%V,,
it is due to that an increase in the V, promote the work hardening effect by increased martensite
transformation and it contributed the wear resistance. In the area of very low V,, the Ry is
relatively high in these both two wear tests because matrix is mostly pearlite and coarse secondary

carbides.

4.2.4 Relationship between wear rate (Rw) and Mo content

In order to explain the effect of Mo content on the Ry clearly, the relation of Rw and V, is
are expressed by each specimen and they are shown in Fig.4.10. The effect of Mo content on the
Ry is clearly shown and it is found that the Ry is decreased or wear resistance is increased with
increasing Mo content of specimen. It could be explained by the fact that Mo increases the
hardness of not only matrix but also eutectic carbide. Under the high stress abrasive wear, the
abrasive particles with extremely high hardness (2500-2600 HV) 3) cut through both of the
eutectic carbide and matrix. So, an increase in hardness by Mo addition could check the crack

propagation, and resultantly, the Rw decreased.
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4.3 Rubber wheel abrasive wear test
4.3.1 Relationship between wear loss and wear distance

The results of Rubber Wheel wear tester are displayed in Fig. 4.11-4.14 for specimens
with different Mo content, respectively. It is found that the wear loss increased in portion to the
wear distance in all the specimens and the relation is shown at the upper part of each figure. The
total wear loss and Rw value are correspondingly summarized in Table 4.5 and Table 4.6. It is
clear from the results that the smallest Rw is obtained in the as-hardened and Hrmax specimens.

The largest Rw value is obtained in the H-Hrmax Specimen

Table 4.5 Total wear loss at 3143 m of Rubber Wheel abrasion wear test with a load of 85.3 N (8.7

kgf) for specimens with and without Mo.

Heat Total wear loss in Rubber Wheel wear test at 3143 m. (mg.)
Treatment
Condition | As-hardened | L-Hrmax Hrmax H-Hrimax
Mo-free 146 208 174 180
1% Mo 179 213 171 247
2% Mo 165 177 149 168
3% Mo 166 203 184 307

Table 4.6 Wear rate (Rw) by Rubber Wheel abrasion wear test (three-body-type) of heat-treated

specimens with different Mo content. Load : 85.3 N (8.7 kgf).

Wear rate (Rw) , mg/m

Specimen
As-hardened L-Hrmax Hrmax H-Hrmax
Mo-free 0.046 0.067 0.054 0.057
1% Mo 0.056 0.068 0.054 0.078
2% Mo 0.051 0.055 0.047 0.052
3% Mo 0.053 0.066 0.059 0.096
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26% Cr cast iron with 2%Mo.
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26% Cr cast iron with 3%Mo.
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4.3.2 Relationship between wear rate (Rw) and hardness

Relationship betweens Rw and macro-hardness by Rubber Wheel abrasion wear test is
shown in Fig. 4.15. The Rw values decrease in proportion to the macro-hardness without
scattering regardless of heat treatment condition and Mo content. The relations are expressed by

next equations,
Rw=-1.6x 10* x HV30 + 0.19 (R=0.73)

It is clear from above relations that the higher macro-hardness provides better wear resistance. In
order to clarify the sensitivity of hardness, the slopes of lines in Fig. 4.8 for Suga abrasion wear

test and in Fig. 4.15 for Rubber Wheel abrasion wear test are calculated. The ratio of is about 2.6.
This means that the hardness affected the Rw 2.6 times more in Suga abrasive wear test than that

in Rubber wheel abrasive wear test.
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Fig. 4.15 Relationship between wear rate (Rw) and macro-hardness of heat-treated specimens

with different Mo content.
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4.3.3 Relationship between wear rate (Rw) and V,

The amount of retained austenite also affects the wear resistance of high Cr cast iron. The
relationship between Rw and V, is shown in Fig. 4.16. Though, the data are scattering a little, Rw
decreases gradually to the minimum point and then increases again as V, increases. The equation
1s as followed;

Rw = (2.8x10™) x (Vy)* - (5.7x107) x (Vy) + 0.08 (R =0.58)

The smallest Rw is obtained at about 10-15% V,. This suggests that a certain amount of V,
improves the abrasion wear resistance. This result agrees with the results from the other
researches using different wear test methods, pin-on-disc test, which is about 20% V,. [44] The
decrease in the Rw with raising the V, is considered due to the work hardening effect of retained
austenite. In the case of very low V, value, some pearlite possibly appears there which reduces the
wear resistance. In the case of high V, value, excessive retained austenite reduces not only the

hardness but also work hardening effect. Resultantly, the Rw increases gradually as the V, rises.
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Fig. 4.16 Relationship between wear rate (Rw) and volume fraction of retained austenite (V,) of

heat-treated specimens with different Mo content.
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4.3.4 Relationship between wear rate (Rw) and Mo content

The effect of Mo content on Rw by rubber wheel abrasive wear test is shown in Fig. 4.17.
It seems that Mo does not show significant effect on Rw. The Rw values in Rubber Wheel
abrasion wear test are little scattered and it seems independent on the Mo content. Although Mo
raises the macro-hardness, the Rw values are slightly decreased. This is because the stress
concentration on the worn surface is quite low in this test and the hardness of silica sand abrasive
particles with about 1200 HV is smaller than that of eutectic M;C; carbide with 1500-1800 HV.
[3] Therefore, the matrix region with lower hardness was preferentially worn by silica sands. It
was reported that the removal rate of matrix controls greatly the fracture of carbide and then, the
work hardening of austenite is hard to appear effectively because of the low stress concentration.
[1,15,17] In this case, the harder matrix provides the better resistance to the abrasive wear. From
this viewpoint, it is considered that the matrix could have a major effect on the Rw. In order to
explain this result, the micro-hardness of matrices in the test pieces with Hmax in Table 4.1 was
compared. Looking over the micro-hardness, 741 HVO0.1 for Mo-free, 752 HVO0.1 for 1%Mo, 780
HVO0.1 for 2%Mo and 768 HVO0.1 for 3%Mo specimens, it is found that the matrix hardness
changes little to an increase in the Mo content. This can support that the Rw varied little by Mo
addition, compared with the reasonable change of the Rw in Suga wear test.
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Fig. 4.17 Effect of Mo content on wear rate (Rw) of all the specimens.
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4.4 Mechanism of Abrasive wear

In order to comprehend the abrasive wear behavior, the worn surface of 1%Mo specimen
with Hrmax Was observed by SEM. The representative examples of worn surface appearance are
shown in Fig. 4.18. In Suga wear test, the abraded regions showing fine lines caused by scratching
correspond to the matrix region. On the microphotographs, it is found that the eutectic carbides
are worn very little by scratching and more by spalling or pitting, and that much rougher worn
surfaces are formed in the portion of matrix by grooving and tearing. The matrix is preferably
shaved or worn and removed more than the eutectic carbides. The crack forms probably in the
eutectic carbides because the load concentrates on the carbides. Once the cracks are produced, the
spalling of carbides begins to take place. The tearing and grooving were observed because the
ductile matrix with austenite can be deformed easily without cracking by the stress of abrasive
particles.”’ Therefore, the grooving is limited in the matrix region and the tearing could originates
at the grooves in the matrix.

In Rubber wheel wear test, the lines displaying the wear direction are not observed. This is
because the abrasive particles move freely on the surface of test piece. The worn surface consists
of the pitting in the matrix region and the scratching in the eutectic area. The matrix removes first
followed by the fracture of carbides.

In the cross-sectional microstructures, the worn surface by Suga wear test is smooth and
flat. This means that the abrasive particles passed through both of matrix and carbides
simultaneously. However, it is also found that the wear of matrix is more violent than that of
eutectic carbide, particularly in the primary matrix region. For the specimen of Rubber wheel
wear test, the matrix has a concave surface and seems to be worn preferentially compared with the
eutectic area, i.e. the matrix removes first followed by the fracture of carbides. It can be said that
the removal rate of matrix is related to not only the total wear rate but also the fracture rate of

carbide.
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Direction Suga wear test Rubber wheel wear test
Eutectic
Parallel
Cross-
sectional

Fig. 4.18 Parallel and cross-sectional microstructures of worn surfaces of 1%Mo specimen with

Hrmax. (S: Scratching, G: Grooving, P: Pitting and T: Tearing.)
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Chapter 5
Conclusions

The abrasive wear behavior of heat-treated hypoeutectic 26% Cr cast irons without and
with Mo was investigated. After annealing, the specimens were hardened from 1323 K and
tempered at three levels of temperatures, the temperature giving the maximum hardness (Hrmax),
and the lower and higher temperature than the Hrpax temperature, (L-Hrmax, H-Hrmax). The effects
of hardness, volume fraction of retained austenite (Vy) and the heat treatment conditions on the
abrasive wear behavior were clarified. The following conclusions have been drawn from the

experimental results and discussions.
1) The linear relationship was obtained between wear loss and wear distance in both of the
two-body type Suga wear test and the three-body type Rubber wheel wear test. The
highest wear resistance was obtained in the as-hardened or Hrmax sSpecimens.The lowest

wear resistance was obtained in H-Hrmax Specimen.

2) The Rw decreased with an increase in the hardness. The hardness had more effect on Rw

in Suga wear test than that in Rubber wheel wear test.

3) The smallest Ry was obtained in the tempered specimen containing a certain quantity of

retained austenite, 10-15%V,.

4) The Rw decreased gradually with increasing Mo content in Suga wear test. On the other

hand, the Rw varies little by Mo addition in Rubber wheel wear test.

5) The macrohardness showed a strong effect on the Rw in Suga wear test. By contrast, matrix

hardness or microhardness gave a major effect on the Rw in Rubber wheel wear test.

6) The matrix was preferably shaved off or worn off, and removed faster and more than the
eutectic area. When this process continues, the cracks causes in the eutectic carbides, and

resultanly, the spalling occurs and the eutectic carbides are removed.
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