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Multi-alloyed white cast iron contains several kinds of carbide forming elements namely V,
Cr, Mo and W to form their own carbides during solidification. In such alloying elements, Mo is
very useful one which not only forms eutectic carbide but also dissolves into matrix to
improve the characteristics of heat treatment. In order to investigate the effect of Mo content on the heat
treatment behavior, the multi-alloyed white cast iron varying Mo content from nil to 7.66 mass% were
prepared. After annealing, test pieces in disk shape were austenitized at 1,373K for 3.6 ks in vacuum
furnace and then, hardened by liquid nitrogen. The hardened specimens were tempered at various
temperatures between 673 and 873K for 12 ks.

As Mo content of the specimen increased, the macro- and micro-hardness in as-hardened state
increased progressively. In tempered state, hardness curves showed secondary hardening, i.e. with
increasing of tempering temperature; the hardness rose first to the maximum value and then decreased.
The reason why secondary hardening takes place is mainly due to the precipitation of special carbides
from martensite by carbide reaction and the martensite transformation from the rest of austenite during
post cooling. The maximum tempered hardness (Hrmax) Was obtained at 798K tempering, regardless of
Mo content of specimens and the highest Hrmax was 946 HV30 in specimen with 4.98%Mo.

Volume fraction of retained austenite (V,) in as-hardened state decreases gradually
with an increase in Mo content. In tempered state, the V, began to decrease remarkably as the
tempering temperature got over 748K in all the specimens. The V, values at Hrmax Were less than 10%

and the V, at Hrmax decreased proportionally from 10% to 2% as the Mo content is increased.
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Chapter |

Introduction

1.1 Background

In the industries of steel-making, mining, cement and thermal power plant,
many types of machines are used for crushing, mixing or pulverizing of ores and their
products. The severe abrasive wear takes place frequently in the parts or components
of such machines. The alloyed white cast irons have been adopted for such parts and
components because of higher wear resistance compared with steels that have
high toughness but low wear resistance.

In the field of the steel industry, the materials for rolling mill rolls have been
developed to improve the quality of products and their productivity. The research and
development have been focused on the improvement of work rolls to achieve
an economical operation. The main purpose is to improve the mechanical properties
like hardness, toughness and wear resistance. This work led the rolls to increase
not only their service life but also the productivity. As examples of typical abrasion
wear resistant materials, the evolution of cast iron materials for last half century is
shown in Fig. 1-1.

The chilled cast iron was replaced by indefinite chilled cast iron (ICCI) which
is called as “Ni-hard”. The Ni-hard cast iron contains 3—6% Ni and 1.5-3%Cr.
Ni is a strong austenite stabilizer to restrain the pearlite transformation and promote
the martensitic transformation of matrix in the as-cast state. In the Ni-hard cast iron,

the wear resistance was improved because the hardness of eutectic MsC carbide was



increased by alloying with Cr to form (FeCr)sC or MsC carbide, as well as
the hardness of matrix, was increased by adding a large amount of Ni for martensite
transformation in the as-cast matrix. However, a considerable amount of austenite is
remained in the as- cast structure due to the Ms temperature lowered by Ni.
It was noted that an excess of retained austenite ( yr) was injurious because
it promoted spalling wear. In the case of a roll, therefore, the research and development
of the other type of material were demanded.

High Cr cast iron was developed in 1970’s. In high Cr cast iron, toughness was
improved more and hardness was also increased much more than both of Ni-hard cast
iron. The addition of Cr ranging 12-30% formed the (CrFe)7Cz or M7Cs carbides as
a eutectic. The M7Cs carbide is much higher in hardness than M3sC carbide.
The morphology of eutectic M7C3 carbide is not ledeburitic but the rod-like shape and
in addition, the eutectic carbides were interconnected. This morphology gives more
toughness than that of ledeburite in Ni-hard cast iron. Moreover, the matrix of high Cr
cast iron could be improved widely by the heat treatment. From this reason, the high Cr
cast iron has been used for a long time as materials for rolling mill rolls and those for
pulverizing mill rolls in mining, cement, and steel making plants. However,
the development of roll materials with higher performance than the high Cr cast iron
was demanded in Japanese steel makers. On the 1990’ s, the multi- alloyed or
multi- component white cast iron was invented by Matsubara research group

collaborating with Nippon steel corp.[1].
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Fig. 1-1 Development and transition of cast iron materials for rolls [1].



Multi-alloyed white cast iron is a new type of alloyed white cast iron containing
several kinds of strong carbide forming elements namely chromium (Cr), molybdenum
(Mo), vanadium (V) and tungsten (W). This white cast iron has been widely applied to
materials of work rolls of hot strip mills in steel making industry and some parts and
components of pulverizing mills in cement industry. In typical microstructure of
the multi-alloyed white cast iron, plural kinds of complex carbides such as MC, M2C,
MeC and M7Cz precipitate as eutectic together with the matrices consisting of austenite,
bainite, and/or martensite included secondary carbides. It is known that the type and
amount of carbides and the matrix structure are determined by the chemical
composition of the cast iron and its heat treatment [ 1-3]. Compared with conventional
roll materials such as Ni-hard cast iron and high Cr cast iron, the multi-alloyed white
cast iron shows superior abrasive wear resistance, high quality, and long service life in
spite of less volume fraction of eutectic carbides [1, 4]. In the steel making industries,
most of the hot strip mill rolls made of high Cr cast iron were replaced with rolls made
of multi-alloyed white cast irons [1, 2, 5, 6].

The alloy composition of the multi-alloyed white cast iron was designed based
on not only the type and morphology of eutectic carbide but also the phase
transformation of the matrix. The basic alloy composition is 5 wt% (as shown by %) of
each carbide forming elements, Cr, Mo, W, V and with 2%C [5, 7, 8]. Cobalt (Co) is
not a carbide former but added to improve corrosion resistance, high-temperature
strength, and thermal stability [5, 9]. The solidification sequence of the cast iron with
basic alloy composition begins with crystallization of primary austenite (yp), followed
by eutectic reaction of austenite and carbide [7, 8, 10]. The carbide forming elements

also dissolve into matrix and effect on the phase transformation. In the heat treatment,



high temperature austenite transforms to bainite and/ or martensite depending on
the kind and amount of alloying element and cooling rate [2, 5, 11]. The mechanical
and wear properties of multi-alloyed white cast irons depend also on kind, amount of
carbides and the matrix structure which differs from the heat treatment. In order to
obtain desired properties, therefore, this cast iron must be heat-treated.

Generally, the hardening and tempering are given to the multi-alloyed white
cast iron in the same way as steels and general cast irons [12]. While the alloyed cast
iron is held at high temperature, retained austenite ( yr) is destabilized by
the precipitation of secondary carbides. Subsequently, the austenite transforms to
bainite and/ or martensite during hardening. During tempering, not only
the precipitation of special carbides occurs by the carbide reaction from martensite but
also the retained austenite (yr) in the as-hardened state is decomposed to precipitate
carbides and the rest of austenite transform into martensite during post cooling.

Molybdenum (Mo) is one of strong carbide formers and forms M.C eutectic
carbide with higher hardness than chromium carbide like M7Cz type. Besides,
a certain amount of Mo is distributed into austenite and improves hardenability of
the cast iron. It is well known that Mo promotes the precipitation of secondary carbides
during heat treatment. Therefore, an addition of Mo is very useful for
multi-alloyed white cast iron.

Nowadays, multi- alloyed white cast irons have been widely applied to
the rolling mill rolls and began to employ the parts of machines in the cement and
mining industries [1]. It was reported that the rolling mill rolls made of multi-alloyed
white cast iron showed higher quality and performance and they increased the service

life 3-5 times as long as the conventional rolls made of Ni-hard and high Cr cast irons



[1, 2, 5]. Unquestionably, the application of this kind of cast iron will be expanded
increasingly to many industrial fields in near future. From these viewpoints,
the research on heat treatment behavior of multi- alloyed white cast iron is very
significant and helpful for more practical applications.

Looking back the last 30 years, the research and development on
the multi-alloyed white cast irons have been carried out systematically on solidification
sequence and phase transformation using the basic alloy composition [8, 11]. However,
the systematic research on the behavior of heat treatment, i.e., a variation of hardness
and retained austenite (yr) Of the cast iron varying the alloy content was a quite few.
From these viewpoints mentioned in Introduction, the following research was

performed systematically.

1.2 Objective of Research

The objective of this research is to clarify the effect of Mo content on
heat treatment behavior of multi- alloyed white cast irons having basic alloy
composition (2% C-5% Cr-5%W-5%V-2% Co). The Mo content of the specimen are
varied from nil to 7.7% and the investigation focuses on the variation of hardness,
the volume fraction of retained austenite (Vy) and their correlations associated with Mo

content and heat treatment conditions.



1.3 Scopes of research

The experiments will be carried out as follows;

1. Heat treatment of annealing at 1,223 K (950 °C), austenitizing at 1,373K
(1,200 °C) and tempering at 673-873 K (400-600 °C) by 50 K (50 °C) intervals.

2. Measurement of macro- and micro- hardness in the as- cast and
the heat-treated states.

3. Measurement of volume fraction of retained austenite (Vy) in the as-cast and
the heat-treated states.

4. Investigate of microstructures by Optical Microscope (OM) and
Scanning Electron Microscope (SEM).

5. To clarify the effect of Mo content on behaviors of hardness and Vy during

heat treatment.

1.4 Advantage of research

1. This research clarifies the effect of Mo content on heat treatment behavior in
relation to hardness, the volume fraction of retained austenite (Vy) and microstructures.

2. This research can provide important data for the practical heat treatment to
improve the mechanical properties and abrasive wear resistance.

3. This research can contribute to expanding the further practical applications

of multi-alloyed white cast iron in the other fields of industries in near future.



Chapter II

Literature Reviews

It is known that high Cr cast iron has been used as not only rolling mill roll
materials but also materials for parts or components of many kinds of machine for
a long time because of its high abrasion wear resistance [1, 5]. In order to upgrade
the productivity, a new type of alloyed cast iron with higher wear resistance and
performance was developed. In the improvement of high Cr cast iron, small amount of
strong carbide formers such as Ti, Nb, V and Mo which form secondary carbides with
high hardness in the matrix, were tried to add in the cast iron. The types and the hardness
of carbides and matrix are shown in Table 2-1 [13]. However, it was aimed to improve
the heat treatment behavior of matrix. Later, relatively large amount of such alloying
elements were added to crystallize their own eutectic carbides during solidification.

Multi-alloyed white cast iron was developed in Japan about 30 years ago by
Y. Matsubara and his colleagues collaborating with the roll group of Nippon Steel
Corporation [5]. This cast iron has plural and different eutectics in the microstructure
and has been being of widely applied to work roll materials and parts of machines
because of excellent abrasive wear resistance and high strength at elevated temperature
[2, 4, 14, 15]. The multi-alloyed white cast iron has been designed in complex alloy
system of Fe-X-C where X means plural strong carbide forming elements such as V,
Cr, W, and Mo. These elements form special types of carbides such as MC, M.C, MeC

and M7Cz with extremely high hardness [2, 3]. Such carbide forming elements also



dissolve into matrix and affect to the phase transformation of the matrix, especially heat
treatment behavior.

The scheme in the research and development of multi-alloyed white cast iron
began to alloy design and developed to solidification, phase transformation,

heat treatment and abrasive wear behaviors.

Table 2-1 Hardness of carbides and matrix phases [10, 13, 16].

Carbide or matrix Hardness (HV)
FesC 800-1,100
M(FeCr)7Cs 1,200-1,800
M(CrFe)2sCe 850-1100
Mo2C 1,500
M(MoFe)sC 1,800-2,200
wC 2,400
W-C 3,000
M(FeW)sC 1,900-2,100
VC 2,600-2,850
TiC 3,200
NbC 2,400
Ferrite 70-200
Pearlite 250-320
Pearlite (alloyed) 300-460
Austenite (low alloy) 300-600
Martensite 500-1,000
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2.1 Alloy design

The chemical composition of the multi- alloyed white cast iron has been
designed by consideration of not only the type and morphology of carbide crystallized
from the liquid but also the transformation behavior of matrix by heat treatment.
The main purpose is to improve the abrasion wear resistance by introducing hard special
eutectic carbides and matrix strengthened with secondary precipitation of hard carbides.

V is strongest carbide former in the list of candidate elements. It combines with
C to form (V, Fe)C or MC carbide during solidification. The MC carbide has high
hardness than chromium carbide (Cr, Fe)7Cs or M7C3 and this leads to improve hardness
and wear resistance [1, 5]. In addition, V decreases size of eutectic carbide which could
be expected to improve the toughness of cast iron. However, V decreases hardenability
during heat treatment by promoting pearlite transformation [17, 18]. It was reported
that VV promoted the precipitation hardening during tempering due to the carbide
reaction. Therefore, it can be said that V is the most favorable alloying element added
in multi-alloyed white cast iron.

Mo and W are also strong carbide forming elements and form M2C or MsC
carbide. It was reported that Mo tends to stabilize the M2>C carbide while W tends to
form MeC carbide [16]. These carbides have higher hardness than chromium carbides
of M7Cs and M23Cs. Besides, Mo increases strength and improves the hardenability of
the cast iron [1, 4, 5]. Mo increases the amount of retained austenite because it lowers
the Ms temperature [19, 20]. Both of Mo and W promote the secondary precipitation
hardening of matrix by tempering [ 1, 4, 5]. Since Mo and W have similar lattice
parameter and used to form the similar type of carbide, they show similar action in

the cast iron. As the atomic weight of Mo is about a half of W, a parameter of tungsten
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equivalent (Weq) can be introduced to evaluate the total effect of Mo and W. The Weq
is expressed by the following equation.
Weq = 2%Mo + %W (2.1)

There is a report that the fracture toughness of the cast iron was reduced when
Weq Was about 10-11% [4].

Cr is a carbide forming element and forms M-Cs and M23Ce types.
These carbides show good abrasion wear resistance. Cr increases the hardenability of
the cast iron because Cr shifts pearlite transformation to the long time side [12].
It was reported that an increase in Cr content refines the eutectic structure by reducing
the eutectic freezing range [ 12, 15]. The M2C carbides could precipitate when
the Cr/C value about 5. By contrast, the precipitation of MeC carbides took place when
Cr/C value was about 10 [19].

C is the main element in the cast iron that influences on the formation and
amount of carbide and matrix structure. The role of C is divided to two, formation of
eutectic carbides during solidification and dissolution of the remainder into matrix.
In the multi-alloyed white cast iron, there are plural types of carbides crystallized
as eutectics. Here, the carbon balance (Cyal), Which is defined as a parameter to express
the behavior of C dissolving in the matrix, is introduced and it is shown by
the next equation [5, 14].

Chal = %C - Cstoich (2.2)

where %C is the C content of the cast iron and the Csich iS the amount of

C which combines all with carbide forming elements to form their own carbide.
The Cstwich Value can be theoretically calculated using the following equation [5, 14].

Cstoich = 0.060%Cr + 0.033%W + 0.063%Mo + 0.235%V (2.3)
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This equation is valid when M-Cs eutectic carbide does not precipitate in
the cast iron [5]. In the case that M+Cs eutectic exist in the structure, on the other side,
the Cstoich must be calculated by the next equation.

Cstoich = 0.099%Cr + 0.033%W + 0.063%Mo + 0.235%V (2.4)

In the view point of heat treatment, the Cpa IS a very important factor.
The Cpa determines the amount of C dissolved in the matrix more or less than
equilibrium state. A positive Cpa Value means that an excess of C remains in the matrix.
By contrast, a negative Cpa Vvalue means that very little C is left in the matrix.
As for the hot work roll, the MC and M2C carbides are preferred. The Cpa from
equation 2.3 should be kept near 0% [5].

Cobalt (Co) is not a carbide forming element but most of Co distributes to
matrix and then, it affects the phase transformation of matrix, say a decrease in
hardenability. Even that, the Co is added to multi- alloyed white cast iron for
improvement of the strength at high temperature and that of the resistance to softening

due to tempering and the coarsening of grains [5, 6].

2.2 Carbides in multi-alloyed white cast iron

The several types of carbides exist in multi-alloyed white cast iron. They show
a diversity of morphology depending on the chemical composition. The type and
morphology of carbide in multi- alloyed white cast iron was already studied and
the following results were clarified.

MC carbide contains more than 50%V and it precipitates as eutectic carbides
during solidification. The MC carbide is classified into petal- like, nodular and coral-

like morphologies as shown in Fig. 2-1. The change in morphology of MC carbide
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according to the V and C contents in multi-component white cast iron was reported
using the alloy of Fe-5%Cr-2%Mo-2%W-5%Co by Wu et.al [21] and they are shown
in Fig 2-2. The eutectic MC carbide in petal- like morphology precipitates in a low C
cast iron. By contrast, eutectic MC carbide in nodular shape precipitates in the cast iron
with high C content. The structure of MC carbides shown in Fig. 2-1 (c¢) consists of
primary large MC crystals and eutectic MC carbide in granular shape.
The three-dimensional morphology of this eutectic shows in a coral- like morphology
and they precipitated in the cast iron with high V content. The hardness of MC carbide
is about 2,600-2,850 HV [10, 16]. It was reported that the MC carbide is very effective
to the abrasive wear resistance of the cast iron [5]. MC carbide with nodular

morphology will improve the toughness because of less notch effect [5, 22].
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(a) Petal-like (b) Nodular

L S0um |
(c) Coral-like

Fig. 2-1 Two-dimensional microstructures of MC carbide [5].
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Fig. 2-2 Influence of V and C content on the type and morphology of carbide
crystallized from the liquid during solidification of multi- component

white cast iron. (Base alloy: Fe-5%Cr-2%Mo-2%W-5%Co) [21].
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M>C eutectic solidifies finally in the liquid enriched with Mo and W [2, 5, 7].
This carbide can be classified into two types, fine lamellar and coarse plate- like
morphologies, as shown in Fig. 2-3. The MC carbide could transform into MeC carbide
during heat treatment [23]. The effect of Weq value and C content on morphology of
M>C carbide in multi-component white cast iron with 5% each of Cr, VV and Co is shown
in Fig. 2-4. The plate-like M>C carbide is observed in the cast iron with more than 15%
of Weq. The plate-like M2C carbide usually precipitate together with M7Cs carbide in
the cast iron with high C content. The fine lamellar M2C carbide is found to precipitate
in the cast iron with low Weq and low C content. The hardness of M>C carbide is 1,800-

2,200 HV [6, 10, 16, 24].

(a) lamellar (b) Plate-like

Fig. 2-3 Two-dimensional microstructures of M2C carbide [5].
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Fig. 2-4 Influence of Weq value and C content on type and morphology of carbide

crystallized from the liquid during solidification of multi- component

white cast iron. (Base alloy: Fe-5%Cr-5%V-5%Co) [21].
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MeC carbide has a different crystal structure and alloy concentration from M2C
carbide. The MsC carbides with a face- centered cubic lattice precipitate as eutectic in
a fish-bone morphology along the grain boundary. It is composed of Mo, W, Cr and Fe
[4, 7, 25]. Mostly, MeC carbide precipitates as spheroid in the matrix after
heat treatment and this may lead to improving the toughness and wear resistance.
Fig. 2-5 shows schematic explanation for the decomposition processes of M.C eutectic

carbide to MsC carbide. The reactions can be displayed by the following equations [23].

M2C + y-iron — MgC (2.5)
MeC +vy — MsC+MC (2.6)
M2C + y — MsC+MC+M-7C3 (2.7)

duirf, J0 aamesdwa ], Suneduuy

Fig. 2-5 Schematic explanation for decomposition processes of M>C carbide to

MeC carbide [23].



19

The M~7Cs carbide shows rod-like structure that is similar to high Cr cast iron as
shown in Fig. 2-6. Sometimes, it co-exists with MC and MC carbides in the cast iron
with high Weq and high C contents [5]. The hardness of M;Cs carbide is

1,200-1,800 HV [4, 16, 24].

Fig. 2-6 Two-dimensional microstructure of M-Cs eutectic carbide [5].

The effect of solidification rate (Re) and C content on the type of eutectic
carbide in the multi-component white cast iron with basic alloy of 5%Cr-5%Mo-5%W-
5%V-5%Co is shown in Fig. 2-7. It is found that the MC and MC carbides precipitate
at all the range of C content and the rate of eutectic growth. However, M-Cs carbide
precipitates only in the specimens with C content higher than 2.5%, while the MsC

could precipitate in the specimens with more than 3%C and low eutectic growth rate.
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Fig. 2-7 Types of carbides in as-cast microstructure corresponding to carbon content

and eutectic growth rate of multi-alloyed white cast irons [5].

2.3 Solidification sequence

Solidification sequence of multi- alloyed cast iron with basic chemical
composition (Fe- 5%Cr- 5%Mo- 5%W- 5%V- 5%Co- 2. 0%C alloy) was studied by
Matsubara et. al using quench tests during thermal analysis. Fig 2-8 (a) shows
a thermal analysis curve and Fig 2-8 (b) shows the transition of microstructure when
the melt was quenched into the water from given temperatures [5]. The solidification
sequence can be explained as follows.

First of all, the primary austenite dendrite crystallizes in the liquid, followed by
the precipitation of (y + MC) eutectic and finally, the (y + M2C) eutectic solidifies.

The solidification sequence of this alloy is expressed by the next equations,
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Lo —vp +L1 at 1590 K
L1 — (y+MC) + Lo at 1558 K
Lo — (y + M2C)e at 1422 K

1800

K
g

g

Temperature ,

1400

Time,s

(a) Thermal analysis curve (b) Quenched microstructure

Fig. 2-8 Thermal analysis curve showing quenching positions or temperatures (a), and
transition of microstructures corresponding to quenched positions (b).

(Fe-5%Cr-5%Mo-5%W-5%V-5%Co-2%Co alloy) [21]

There is a research reported on the solidification sequence for multi-alloyed
white cast irons with different combination of alloy contents. Their solidification
sequences are summarized in Table 2-2.

The types of eutectic carbides precipitated in each multi-component white cast
iron are also shown in the table. From lots of quench tests, Wu et. al proposed

a quasi-binary phase diagram at high temperature area of multi-alloyed white cast iron
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with basic alloyed composition, and it is shown in Fig. 2-9. This diagram has

a eutectic reaction of (y+MC) at about 2.8% C. However, two other eutectic reactions

lie in lower temperature region than the (y+MC) eutectic, L — y+M2C and L — y+M7C3

of which reactions occur depending on the C content [2, 5, 7]. It is found that this phase

diagram is very useful to predict the solidification sequences of multi-alloyed white

cast iron.

Table 2-2 Solidification sequences of multi-alloyed white cast irons with different

chemical compositions [5].

Chemical Combination of
Number Solidification Sequence
composition carbide
2%C-5%Cr Lo — yptLs at 1651 K
Coral-like MC-
1 -2%Mo-2%W L1 — (y+MC)e+L at 1631 K
Lamellar M2C
-9%V-5%Co L1 > (y+MC)e+L.  at 1498 K
3%C-5%Cr Lo — yptL1 at 1556 K
Nodular MC-
2 -2%Mo-2%W L1 = (y+MC)e+L2 at 1515 K
Rod-like M7C3
-5%V-5%Co L1 — (y+M7C3)e+L, at 1452 K
3%C-5%Cr Chunky and coral- | Lo — yp +L1 at 1732 K
3 -2%Mo-2%W | like MC L1 > (y*+MC)e+L,  at 1550 K
-9%V-5%Co ROd-Iike M7C3 L1—> (’Y+M7C3)E+L2 at 1453 K
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Fig. 2-9 Quasi-binary phase diagram for M (Fe-5%Cr-5%V-5%Mo-5%W-5%Co0)-C

system [5].

2.4 Heat treatment behavior

There are many papers concerning the heat treatment of high Cr cast irons.
As- cast microstructure of alloyed white cast iron varies depending on chemical
composition and cooling rate. There exist martensite, bainite or pearlite and austenite
in the as-cast matrix [14, 19, 26]. It is considered that pearlitic matrix provides naturally
poor abrasive wear resistance [14]. In high Cr cast iron, an excess of retained austenite
(yr) makes the hardness low and leads to reduce the abrasive wear resistance [12, 26].
The highest abrasive wear resistance in the high Cr cast iron was obtained when
the matrix was martensite [26]. In the case that multi- alloyed white cast iron is
practically applied to hot rolling mill rolls, the retained austenite (yr) is undesirable
because it may transform into martensite during operation and consequently, it leads

failure of roll, say cracking and/or destruction. In order to get the high wear resistance
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by using the multi-alloyed white cast iron, however, the cast iron must be heat-treated
to obtain the optimum combination of hardness and retained austenite (Yr).

The behavior of phase transformation during continuous cooling from
high temperature austenite was investigated using a computer controlled dilatometer
and then, many kinds of continuous cooling transformation (CCT) curves have been
made by Yokomiso et.al. [5]. The CCT diagrams of low and high C multi-alloyed white
cast irons cooled from austenitizing temperatures of 1,273K and 1,373K were reported
and they are shown in Fig. 2-10 (a) and (b), respectively. In spite of the difference in
C content, pearlite and bainite transformations branched away to the top and the bottom
independently. The noses of pearlite and bainite range from 900-980 K and 570 to
640K, respectively. When the austenitizing temperature is elevated to 1373K, both of
the transformations are delayed approximately twice. The temperature to start
the martensite transformation (Ms) appears at 400-500 K in low C cast iron while,
in high C cast iron, it lowers than 400K. This reason is explained that an enrichment of
C in austenite caused by elevating the austenitizing temperature and decreased

the Ms temperature.
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Fig. 2- 10 Continuous cooling transformation (CCT) curves of multi- alloyed

white cast irons with different C content in basic alloy composition

[2, 5].
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As for the research on heat treatment of high Cr cast iron, “Effect of alloying
elements on heat treatment behavior of hypo eutectic high Cr cast iron” was published
by Sudsakorn et.al. In the paper, it was described that the tempered hardness rose
as Mo content increased while other elements showed negative effect [12].

Presently, the published paper which in researched systematically on
the heat treatment of multi-alloyed white cast iron is only on effect of C content by
Wannaporn et.al [27] and Co content by Sasaguri et al [9]. As shown in Fig. 2-11 (a),
the hardness decreases with increasing of Co content in the as-cast and annealed states
but changed little in as-hardened state. In the tempered state shown in Fig. 2-11 (b),
however, the maximum hardness (Hrmax) Was obtained at a certain temperature and
Hrmax increased markedly with an increase in Co content. These results suggest that Co
promotes the secondary hardening due to the precipitation of special carbides and then,

increases the matrix hardness.
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(a) As-cast, as-annealed

and as-hardened states (b) Tempered state

Fig. 2-11 Effect of Co content on the hardness in as-cast, annealed, as-hardened states
(a) and tempering hardness curves (b) of multi-alloyed white cast iron with

basic alloy composition [9].
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And “ Effect of C content on heat treatment behavior of multi- alloyed
white cast iron for abrasive wear resistance” was published by Jatupon et.al [28].
In the results of his studies shown in Fig. 2-12 (a) and (b), the tempered hardness curves
show an evident secondary hardening. In the same way, the Vy is increased
as the C content increases. On the other hand, the Vy in each cast iron was decreased
as the tempering temperature increases. In the specimens with 2.00%C and 2.34%C,

the Vy decreases greatly when the tempering temperature gets over 723K.

Hardness , HV30
HV30

Hardness ,

500 L 0
As- 600 700 800 900 1000
hardened N
Tempering temperature , T/K

500 i 0
As- 600 700 800 900 1000
hardened

Tempering temperature , T/K

Volume fraction of retained austenite , Vy/%
Volume fraction of retained austenite , Vy/%

(@) 2.00%C (b) 2.34%C
Fig. 2-12 Effect of C content and tempering temperature on the heat treatment behavior

of multi-alloyed white cast iron with (a) 2.00%C and (b) 2.34%C [28].
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Experimental procedures

3.1 Preparation of test specimens

The charge calculations were carried out to obtain the target chemical
compositions of test specimens using raw materials such as steel scrap, pig iron,
ferro-alloys and pure metals. The charge materials were melted in a high-frequency
induction furnace with 30 kg capacity. The melt was superheated to 1,853 K
(1,580 °C). After being held for 10 to 15 min., the melt was poured at 1,773-1,793 K
(1,500-1,520 °C) into preheated CO, bonded sand molds in a round bar shape with
cavity size of 25 mm in diameter and 65 mm in length. The schematic drawing of the
mold is shown in Fig.3-1. Instantaneously, the melt in the riser is covered by dry
exothermic powder to prevent the melt from fast cooling. The chemical compositions
of specimens are summarized in Table 3-1. The round bar specimens were cut out by

a wire-cutting machine to obtain the test piece in disk shape with 7 mm in thickness.
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Exothermic powder

Fig. 3-1 Schematic drawing of CO: bonded sand mold for making round

bar specimen.



Table 3-1 Chemical compositions of test specimens.

30

Specimen Element ( wt% )
Weq Chal

No. c |si [mn]cr | mo|w [V |co

No.1 20510511048 513 (0.12|495|509|199| 500 | 0.38
No.2 208 1047|1048 | 509|117 492503201 7.00 | 0.36
No.3 209 1052|050 |5.11|302|506|510(201]|11.00] 0.24
No.4 2000531049 496|498 |498|5.01]|203]15.00| 0.07
No.5 2.06 | 050|047 |5.00|7.66|498|501]|1.98]20.00]| -0.04

Note:  Weq = 2%Mo + %W

Chbal = %C - (0.06%Cr + 0.033%W + 0.063%Mo + 0.235%V)
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3.2 Heat treatment

The conditions of heat treatment process are shown in Table 3-2. The test pieces
coated with an anti- oxidation solution to prevent oxidation and decarburization were
supplied to annealing. In annealing process, the specimens were heated to 1,223 K (950
°C) in an electric furnace and held there for 18 ks and then, cooled in the furnace to
room temperature. For hardening, the annealed specimens were austenitized at 1,373 K
(1,100 °C) for 3.6 ks in a vacuum furnace. The pressure in the furnace was controlled
at about 0.05-0.07 Pa. While the specimens were held at austenitizing temperature,
however, the pressure was preserved at about 250 Pa. After austenitizing, the test pieces
were quenched by a cooled gas nitrogen using Cold Evaporator (CE), which can store
up the liquid nitrogen at extremely low temperature. The evaporated nitrogen gas was
jet-sprayed to the test pieces under the pressure of 400 kPa. The hardened test pieces
were tempered at 673-873 K (400 - 600 °C) at 50 K intervals for 12 ks in

an electric furnace and cooled to room temperature in still air.



Table 3-2 Heat treatment processes and conditions.
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Heat Temperature Holding Time
Cooling Condition
treatment (K/°C) (ks)
Annealing 1223/950 18 Furnace Cooling (FC)
Austenitizing 1373/1100 3.6 N2 Quench (N2Q)
673/400
723/450
748/475
Tempering 773/500 12 Air Cooling (AC)
798/525
823/550

873/600
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3.3 Investigation of solidification microstructure
3.3.1 Thermal analysis

The equipment for thermal analysis is shown in Fig. 3-2. The 55 g of sample
was re-melted in an alumina crucible using an electric furnace with SiC resistance under
Ar gas atmosphere. The melt was heated up to 1,773 K (1,500 °C) and then, held for
15 minutes at the temperature. After holding, the melt was cool down to 1,223 K
(950 °C) with approximate 0.3 K/s of cooling rate for thermal analysis. An R type

thermocouples (& ) were submerged into the melt to measure the cooling curve.

@

@ Automatic Recorder

@ R thermocouple
@ Argon gas inlet tube

@ Alumina tube

@ Alumina crucible

@ Graphite rod

@ Silicon carbide resistance furnace
Specimen
_____________ @ Slide plate for quenching

______ Cooling water

Fig. 3-2 Schematic drawing of equipment for thermal analysis.
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3.3.2 Investigation of microstructure

3.3.2.1 Optical microscope (OM)

The microstructure of test piece was observed by an optical microscope (OM).
The heat-treated test piece was polished using SiC emery papers in the order of 80, 120,
180, 320, 400, 600, 1,000 and 1,200 meshes and finally buffed with alumina powder of
0.3 micron in grain size. Etchants and etching method to reveal the microstructure are
summarized in Table 3-3. The etchant type A (Murakami) was adopted to identify
carbide type because carbides show different colors after etching. By contrast,

the etchant type B (Villella) was generally used to reveal the matrix microstructure.

Table 3-3 Etchants and etching methods.

Type Etchant Etching method Observation
KOH 10g
A Immersion at 60°C
KsFe(CN)e 10g Colored the carbide
(Murakami) for 2 minute
Water 100 cc
Picricacid 1 g
B Immersion at room
HCI 5 cc Microstructure
(Villella) temperature
Ethanol 95 cc




35

3.3.2.2 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) was used to observe the detailed
microstructure and morphology of carbide with high magnification. A polished
test piece is etched by the etchant type B (Villella) to reveal the microstructure.
The microphotographs of matrix were taken at magnification of 2,500 and 8,000,

focusing on the matrix areas.

3.3.3 Measurement of volume fraction of retained austenite

The X-ray diffraction method was introduced to measure the volume fraction of
retained austenite (Vy) quantitatively. A special goniometer with simultaneously
automatic rotating and swinging sample stage was used to cancel the preferred
orientation of austenite. The Mo- Ka characteristic line with the wave length of
0.007 nm (0.0711 A°) that was filtered by Zr foil was utilized as a source of
the X-ray beam. The mirror polished specimen was attached to the sample stage and
scanned the goniometer from 24 to 44 degree by 20. The four diffraction peaks on
the chart, which were independent or not interfering from peaks of unnecessary phases,
were selected for V, calculation. The diffraction peak- s adopted were (200) and (220)
planes for ferrite (o) or martensite (M), and (220) and (311) planes of austenite ().
The conditions of measurement are shown in Table 3-4. The V, was obtained by
averaging the values calculated from the three combinations of peaks, 200 - Y311,

0200—2Y(220,311) and Xa(200,220)-y311.



36

Table 3-4 Measurement conditions of volume fraction of retained austenite (V,)

by X-ray diffraction method.

Target metal

Mo

Tube voltage — current

50 kV- 30 mA

Divergence slit: 1°,

Slits Receiving slit: 1.5 mm
Scattering slit: 1°
Filter Zr
Scanning range (20) 24-44 deg
Scanning speed 0.5 deg/min
Step/Sampling 0.01 deg
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3.3.4 Analysis of alloying concentration by electron probe micro-analysis (EPMA)

In order to confirm the type of precipitated carbides in the matrix, the tempered
test piece was etched by the etchant of type B Villella’s reagent shown in Table 3-3.
The alloy concentration of precipitated carbides in the matrix was analysed
quantitatively using EPMA equipped with Energy Dispersive X-ray Spectroscopy

(EDS).

3.4 Hardness measurement

Macro- hardness of the test piece was measured using Vickers hardness tester
with a load of 294.2 N (30 kgf) and micro-hardness of matrix was performed using
Micro-Vickers hardness tester with a load of 0.98 N (0.1 kgf). The measurement of
hardness was carried out randomly at more than five points on a surface of test piece

and the values were adopted.



Chapter IV

Experimental Results

4.1 Microstructure of test specimens in as-cast state
4.1.1 Effect of Mo content on as-cast microstructure

The as- cast specimens varying Mo content were prepared by the metallurgical
method and their microstructures were revealed by Nital reagent first and followed by
Murakami reagent to observe the microstructure by optical microscope (OM).
The results are respectively shown in Fig. 4-1 (a) — (e). It is found that microstructures
of all the specimens show hypo eutectic composition consisting of primary austenite
dendrite and eutectic structure of (y + eutectic carbide). The eutectic structures
crystallize at the boundary region of primary austenite dendrite, and the types of
eutectic carbides precipitating in this series of multi-alloyed white cast irons were
MC carbide in string-like or coral-like, M7Cs carbide in rod-like or ledeburitic and M2C
carbide in lamellar or plate-like morphologies. The eutectic carbides in 0.12% and
1. 17%Mo specimens are MC and M7Cz types and those in the specimens with
Mo content more than 3% are MC and MC types. These results agree well with those
by Wu et al [29] that the M7Cs carbide precipitated in the multi-alloyed white cast iron
with low Weq value (2%Mo + %W), while the M2C carbide precipitated in the cast iron
with high Weq value.

The matrix structure of all specimens is mostly austenite with some martensite.
This is because Mo dissolved in the matrix suppresses the pearlite transformation.
However, the martensite cannot be distinguished clearly from their microphotographs

due to low magnification.



Specimen

Microstructure (by OM)

No. 1
(0.12%Mo)

No. 2
(1.17%Mo)
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Specimen

Microstructure (by OM)
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Specimen Microstructure (by OM)

No. 5
(7.66%Mo)

nl -

W

é G : '."‘ 7, ,q. 7 "}-’;{.
) ‘\J)’“’,@,“‘:‘m%.

Fig. 4-1 As- cast microstructures of specimens with difference Mo content.
(@ 0.12% Mo, (b) 1.17% Mo, (c) 3. 02% Mo, (d) 4. 98% Mo and

(e) 7.66%Mo specimens. (Etched by Nital and Murakami reagents)
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4.1.2 Effect of Mo content on the amount of primary austenite (yp) and eutectic

structures.

In order to know how Mo addition effected on the volume fraction of phases
precipitating from liquid quantitatively, the area fraction (A) of primary austenite
dendrite (yp) and each type of the eutectic in the as-cast specimens were measured.
From the microphotograph, outline of each phase was separated by trace on
the tracing paper and the area fraction (A) is measured using an image analysis
software. The results are shown in Table 4-1. It is found that the A of primary austenite
dendrite changes little in the range of 46.8-48.2%. By contrast, the A of each type of
eutectic varies depending on the Mo content. The (y+MC) eutectic decreases greatly
from 43.8% for specimen No. 1 with 0.12%Mo to 24.2% for No. 5 with 7.66%Mo
as Mo content of specimen increases. The (y+M2C) eutectic appears first in
the specimen No. 3 with 3.02%Mo, the A of No. 3 is 13.3% and it increases to 28.7%
for No. 5 with an increased in Mo content. The A of (y+M7Cz) eutectic changes little in

the specimens with 0.12% and 1.17%Mo.



Table 4-1 Area fraction (A) of primary austenite and eutectic structures.

43

Area fraction of

Area fraction of eutectic structure

(%)
Specimen primary austenite
(%) y+MC v+M7Cs v+M2C
No. 1
46.8 43.8 11.8
(0.12%Mo)
No. 2
47.1 42.5 10. 6
(1.17%Mo)
No. 3
46.7 40.8 13.6
(3.02%Mo)
No. 4
48.2 34.0 18.8
(4.98%Mo)
No. 5
47.3 24.2 28.7

(7.66%Mo)
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4.1.3 Hardness and volume fraction of austenite (Vy) in as-cast state

Macro- and micro-hardness and volume fraction of austenite (Vy) in the as-cast
specimens are shown in Table 4-2. The hardness of specimen No.1 with 0.12%Mo are
625 HV30 and 597 HVO0.1. In specimen No.2 with 1.17%Mo, the hardness are
655 HV30 and 644 HVO.1, respectively. As for specimen No. 3 with 3.02%Mo,
the hardness obtained are 740 HV30 and 718 HVO0.1. In the specimen No.4 with
4.98%Mo, the hardness values are 685 HV30 and 658 HVO0.1. The hardness of
specimen No.5 with 7.66%Mo are 643 HV30 and 617 HVO0.1. The Vy values are 32.29,
35.83, 43.84, 34.71 and 23.06% for the specimens with 0.12%, 1.17%, 3.02%, 4.98%

and 7.66%Mo, respectively.

Table 4-2 Macro- and micro-hardness and volume fraction of austenite (\Vy) in as-cast

specimens.
Macro-hardness | Micro-hardness Vy
Specimen
(HV30) (HVO0.1) (%)
No. 1
625 597 32.29
(0.12%Mo)
No. 2
655 644 35.83
(1.17%Mo)
No. 3
740 718 43.84
(3.02%Mo)
No. 4
685 658 34.71
(4.98%Mo)
No. 5
643 617 23.06
(7.66%Mo)
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4.2 Effect of Mo content on heat treatment behavior
4.2.1 Effect of Mo content in as-hardened state

4.2.1.1 Hardness and volume fraction of retained austenite (Vy)

It is known that the macro- hardness is the sum of matrix hardness and eutectic
carbides. On the other hand, the micro- hardness is the matrix hardness including
the precipitated secondary carbides. The relationship between macro- and micro-
hardness and Mo content of specimen are summarized in Table 4-3. The both of macro-
and micro-hardness show a similar trend against an increase in the Mo content and they
rise with increasing of Mo content. The macro-hardness changed from 882 HV30 for
0.12%Mo to 982 HV30 for 7.66%Mo specimens. The micro-hardness behaves as same
as the macro-hardness and it increases from 829 HV0.1 to 935 HV0.1 with an increase
in of Mo content. The Vy decreases greatly from around 40% for 0.12%Mo and

1.17%Mo specimens down to 15% for 7.66%Mo specimen as Mo content increases.
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Table 4-3 Macro- and micro- hardness and volume fraction of austenite (Vy) in

as-hardened specimens with different Mo contents.

(7.66%Mo)

Macro-hardness | Micro-hardness Vy
Specimen
(HV30) (HVO0.1) (%)
No. 1
882 829 39.09
(0.12%Mo)
No. 2
902 853 40.25
(1.17%Mo)
No. 3
934 884 36.70
(3.02%Mo)
No. 4
941 892 28.05
(4.98%Mo)
No. 5
982 935 14.56
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4,2.1.2 Variation of microstructure in matrix

In order to investigate the microstructure of as- hardened specimens,
the polished specimens were etched by Villella’s reagent and then observed by scanning
electron microscope (SME) with focusing on the austenite dendrite. The microstructure
in all the as-hardened specimens are shown in Fig. 4-2 (a) — (e). It is well known that
the morphology of eutectic carbides changes a little during heat treatment. Paying
attention to the matrix microstructure, however, the matrix is composed of
fine secondary carbides (Sc), martensite (M) and retained austenite (YRr).
The precipitation of secondary carbides occurs during austenitizing, and they are clearly
revealed and seem to increase in number with an increase in Mo content. It was reported
that the secondary carbides are mostly MC or M2C types [7]. The martensite phases
transformed from the destabilized austenite can be found all over the matrix but the
variation of amount of martensite cannot be clarified from these microphotographs.

From above results, it is clear that the microstructure in as-hardened state is
quite different from that in the as-cast state. This demonstrates that the austenite in
the as- cast condition is destabilized by the precipitation of fine carbide during
austenitizing, and resultantly the unstable austenite transforms into martensite during

post cooling.



Specimen

Microstructure (by SEM)

No. 1
(0.12%Mo)

No. 2
(1.17%Mo)
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Specimen Microstructure (by SEM)

No. 5
(7.66%Mo)

% W >
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7.66%Mo

Fig. 4-2 Microstructures of as-hardened specimens with difference Mo contents.
(@) 0.12%Muo, (b) 1.17%Mo, (c) 3.02%Mo, (d) 4.98%Mo and (e) 7.66%Mo

specimens. (Etched by Villella’s reagent)
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4.2.2 Effect of Mo content in tempered state
4. 2. 2. 1 Macro- hardness, volume fraction of retained austenite (Vy) and

tempering temperature.

After hardening from austenitizing at 1,373 K for 3.6 ks, the specimens were
tempered at several temperatures from 673 to 873 K. The relationship between
macro-hardness, Vy, and tempering temperature are shown in Fig. 4-3 (a) for specimen
No. 1 (0.12%Mo), (b) for No. 2 (1.17%Mo), (c) for No. 3 (3.02%Mo), (d) for No. 4
(4.98%Mo) and (e) for No. 5 (7.66%Mo), respectively. The data of hardness and
Vy values in as-hardened state were plotted in each figure for better understanding of
the tempering behavior.

In each tempering curve, the hardness drops greatly from that in as- hardened
state when the specimen is tempered at 673K. After that, the hardness begins to rise to
the maximum point, and subsequently, it lowers over a certain tempering temperature.
In other words, the tempered hardness curve shows an evident secondary hardening.
It is believed that this variation of hardness is related to the phase transformation of
matrix. The increase of hardness is due to the precipitation of secondary carbides from
austenite during tempering and the rest of austenite transforms to martensite during post
cooling. Additionally, a decrease in the amount of austenite is one reason. The mutual
relations between the increasing of martensite and the decreasing of retained austenite
(yr), as well as the precipitation of secondary carbides, determine the matrix hardness.

In the specimen No. 1 with 0.12% Mo as shown in Fig. 4-3 (a), the hardness
drops sharply when the specimen is tempered at 673 K. As tempering temperature
increases, subsequently, the hardness continues to rise gradually, until the maximum

hardness is obtained at 798 K. When it is tempered over 798 K, the hardness decreased
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greatly due to over tempering. Here, the degree of secondary hardening (AHSs) is defined
as the difference in hardness between the maximum tempered hardness (Htmax) and
the hardness at which the degree of secondary hardening begins. The Htmax 0of 855
HV30 was obtained at 798 K tempering and the AHs is 98 HV30. With respect to
the austenite, around 40%Vy existed in as- hardened state decreases gradually as
the tempering temperature rises and then it gets to about 4% at 873 K tempering.

The Vy value at the Hrmax is 8%.

1100 —'—ﬁ ¥ ¢ ¢ 1 1 7T T T 71T 17 T ¥+ 7 1T 1T 71771 ] 100
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I 00 _.“.“““.‘E;.“.“.“.A“:,“.“.“.“.“i..“.“.“.“.E“““.“.u‘ 60
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Fig 4-3. (a) Relationship between macro-hardness, Vy and tempering temperature of

specimen No. 1 (0.12%Mo)
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In the case of specimen No. 2 with 1.17%Mo in Fig. 4-3 (b), the tempered
hardness curve shows similar behavior to that in specimen No. 1. The hardness in
as- hardened state decreases greatly in tempering at 673 K and it also shows
the secondary hardening with the Hrmax 0f 886 HV30 obtained at 798 K tempering.
Then, AHs is 99 HV30. The Vy in as-hardened state was about 40% and it almost
the same as the case of specimen No.1. The Vy gradually reduces with an increase in
the tempering temperature and finally, the Vy of 3% was left at 873 K temping.

The Vy at the Hrmax is 10%.
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hardened Tempering temperature, K

Fig 4-3. (b) Relationship between macro-hardness, Vy and tempering temperature of

specimen No. 2 (1.17%Mo)
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The tempered hardness curve of specimen No. 3 with 3.02%Mo is shown in
Fig. 4-3 (c). The tempered hardness curve shows a tendency similar to those of
specimen No.1 and No. 2. The hardness increases gradually as the tempering
temperature rises to the Hrmax of 913 HV30 at 798 K tempering. Over 798 K,
it decreases remarkably. The AHs is 109 HV30 and the 37%Vy in as-hardened state
decreases greatly by the tempering and decreases to 3%Vy at 873 K. The Vy at

the HTmax iS 8%
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Fig. 4-3 (c) Relationship between macro-hardness, Vy and tempering temperature of

specimen No. 3 (3.02%Mo)
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Fig. 4-3 (d) shows the tempered hardness curve and the change in Vy of
specimen No. 4 with 4.98%Mo. The hardness curve shows similar behavior to those of
the specimen No. 1, No. 2 and No. 3. The hardness in each tempering is the highest in
the four specimens. The tempered hardness increases to the Htmax of 948 HV30 at
798 K. The AHs is 115 HV30. The Vy in tempered state begins to reduce abruptly over
the tempering temperature of 748 K and that at 873 K tempering is 2%. The Vy at Hmax

is 6%.
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Fig. 4-3 (d) Relationship between macro-hardness, Vy and tempering temperature of

specimen No. 4 (4.98%Mo)
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In the case of the specimen No.5 with highest Mo content of 7.66%Mo is shown
in Fig. 4-3 (e). The tempered hardness curve shows roughly similar behavior to those
of the other specimens in the group. However, the increasing rate of hardness before
arriving at Hrmax is small and not sharp compared with others. The Hrmax 0f 916 HV30
was obtained at 798 K tempering. The AHs of 50 HV30 is lowest. The relation of
Vy vs. tempering temperature shows good correspondence to that of the hardness vs.
tempering temperature; As the Vy lowers, the hardness rises. The Vy of 15% in
as- hardened state begins to drop from the tempering temperature of 773 K tempering
with an increase in the tempering temperature. On the other side, the retained austenite
(yr) disappears when the specimen is tempered at 873K. The Vy value at the Hrmax is
about 2%.

In all the specimens described above, the reason why the hardness decreases
remarkably by tempering over the temperature at the Htmax is mainly due to

the coarsening of precipitated secondary carbides.
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Fig 4-3 (e) Relationship between macro-hardness, Vy and tempering temperature of

specimen No. 5 (7.66%Mo)
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4, 2. 2. 2 Micro- hardness, volume fraction of retained austenite (Vy) and

tempering temperature.

The hardness of matrix can be widely varied by heat treatment and it controls
the mechanical properties of cast alloy including wear resistance. Therefore,
it is valuable to measure the micro-hardness of matrix relating to the condition of
heat treatment. The relationship between micro- hardness, volume fraction of
retained austenite (Vy) and tempering temperature are shown in Fig. 4-4 (a), (b), (c),
(d) and (e) for each specimen.

According to the figures, it can be seen that the curves of tempered hardness
adopting the micro- hardness show very similar trend to those constructed by
macro- hardness. Even in specimen No.5 with highest Mo content of 7. 66%,
the secondary hardening appears clearly. In every specimen, the micro-hardness lies at
lower position than the macro- hardness. This proves that in macro- hardness,
the hardness of the eutectic carbide is added to the matrix hardness. Therefore,
the secondary precipitation hardening in the matrix makes the Htmax Show outstanding
on the tempered hardness curve compared with those by macro-hardness.

The AHs values are 112 HVO0.1 for specimen No. 1, 118 HVO0.1 for No.2,
123 HVO0.1 for No.3, 149 HVO.1 for No. 4 and 71 HVO.1 for No.5, respectively.
From micro- hardness curves, the Hrmax values were 808 HV0.1 for specimen No. 1,
843 HVO0.1 for No. 2, 884 HVO0.1 for No. 3, 905 HVO0.1 for No. 4 and 889 HVO0.1 for
No. 5, respectively.

The tempering temperatures at which the Hrmax of micro-hardness is
obtained agree exactly with those obtained by macro-hardness. From all the results,

it can be said that the variation of macro-hardness is little affected by eutectic carbides
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but based on that of the micro- hardness. Therefore, it is not problem to discuss

the heat treatment behavior of matrix by using macro-hardness.
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Chapter V

Discussions

5.1 As-cast microstructure of test specimens varying Mo content
5.1.1 Effect of Mo content on variation of microstructure

In order to understand solidification sequence from as- cast microstructure,
thermal analysis is generally introduced. As an example, thermal analysis of 7.66%Mo
specimen was carried out and the analysis curve is shown in Fig. 5-1. It is found that
solidification sequence starts with precipitation of primary austenite (yp) from the melt,
followed by eutectic reaction of L— (y+MC)e and that of L— (y+M2C)g, continuously.
This result agrees well with the research by Wu et al [21]. To determine the temperature
of each solidification accurately, the first deviation of the curve (dT/dt) was obtained
by adopting the points of temperature and time about 1,200 on the curve. The first
deviation curve shows the peaks of freezing points for some phases. The first peak in
Fig. 5-1 is considered to be the precipitation of primary austenite dendrite (yp), followed
by the reactions of (y+MC) eutectic and (y+M2C) eutectic, respectively.

Comparing the deviation graph with the thermal analysis curve as shown in Fig.
5-1, the temperatures for the phases to solidify can be determined and it is summarized
as follows.

The first peak is primary austenite dendrite and it is expressed by,

L—>vp at 1,574K

The second recalescence in the curve is considered to be the following eutectic

reaction,

L >(y+MC)e at 1,557K



Then, the last one represents another eutectic reaction,
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Fig. 5-1 Comparison of thermal analysis curve and first deviation graph of specimen
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The solidification curves of specimens with 3.02, 4.98 and 7.66%Mo are
respectively shown in Fig. 5-2. It is found that the three recalescence points on
the curves of specimen with 3.02 and 4.98%Mo are very similar to that of the specimen
with 7.66%Mo shown in Fig. 5-1. However, the temperatures at the recalescence are
remarkably different. The solidification sequence of 3.02%Mo specimen is represented

by the reactions show by the next formulas,

L= v at 1,592K
L = (1+MC)e at 1,557K
L — (y+M2C)e at 1,450K

As for the specimen with 4.98%Mo, the solidification sequence is shown by

the following reactions.

L— vp at 1,589K
L — (y+MO)e at 1,565K
L — (y+M:C)e at 1,473K

The relationship between start of solidifying temperature of primary austenite
(yp), eutectic reactions and Mo content is shown in Fig. 5-3. It can be seen that the start
of solidifying temperature of primary austenite decreases a little from 1,575 to 1,600K
as the Mo content increases. As for the freezing temperature of the (y+MC) eutectic,
it seems not to change. In the case of the (y+M2C) eutectic reaction, by contrast,
it increases gradually with an increase in Mo content ranging from 1,450 to 1,500K.
When the solidification range of (y+MC) eutectic is considered, it decreases clearly

with increasing the Mo content.
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It is profitable to know the change of constituent of each phase in
the microstructure by the addition of Mo. The area fraction of each phase in the as-cast
microstructure was measured using an image analyzer and the result is shown in
Fig. 5-4. The area fraction of primary austenite and total of eutectic structures do not
change, the area fraction of primary austenite and total eutectic carbide are about 47%
and 53%, respectively, even if Mo content increases. However, the area fraction of
eutectic structure varies greatly depending on the Mo content. The (y+M7Cs3) eutectic
which appears in the specimen with very low Mo content decreases with an increase in
Mo content and disappears at Mo content over 1.17%. Instead of it, (y+M2C) eutectic
appears at Mo% more than 3.02% and increases in proportion to Mo content.
On the other hand, the area fraction of (y+MC) eutectic decreases progressively as
the Mo content increases. These results show in good accordance with those of thermal
analysis curves show in Fig. 5-2. It can be explained that the solidification temperature
range of (y+MC) eutectic decreases by an increase of solidification temperature range
of (y*M2C) eutectic with increasing the Mo content. Therefore, it can be understood
that the solidification of (y+M2C) eutectic affects that of (y+MC) eutectic. This is

because an increase in Mo content promotes the (y+M2C) eutectic significantly.
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5.1.2 Effect of Mo content on hardness and volume fraction of retained austenite

(Vy) in as-cast state

It is known that the macro-hardness is sum of the hardness of matrix and eutectic
structure. On the other side, the micro- hardness is the hardness of matrix only.
The effect of Mo content on macro- and micro- hardness and V, value in the as-cast
state is shown in Fig. 5-5 for all of specimens. The macro- and micro-hardness increase
gradually to the maximum value as Mo content increases to 3.02%. After that, they
decrease as the Mo content increases. The increasing of hardness in the former state
should be due to a rise of amount of M2C eutectic carbide which has higher hardness
than M-Cs; eutectic carbide as well as a decrease in amount of M7Cs. The decreasing of
hardness in the later stage over 3.02%Mo is considered because of a decrease in
the amount of MC eutectic carbide which has higher hardness than M2C carbide.

The Vy in the as-cast iron increases in the former state and decreases in
the later stage with an increase in the Mo content. An increase in the Vy is due to
the fact that an increasing of Mo content in austenite lower the Ms temperature.
The highest Vy value of 43.84% is obtained in the specimen with 3. 02%Mo.
On the other side, a decrease of the Vy in specimens with more than 3%Mo is caused
by the reason that more C and Mo consumed to form M.C eutectic carbides at the end
of solidification. In other words, the reduction of C and Mo contents in austenite

solidified make the Ms temperature rise and then, more martensite exists.
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69

5.2 Effect of Mo content on hardness and volume fraction of retained austenite

(Vy) in as-hardened state

It is believed that the eutectic carbides change little during
heat treatment. Therefore, the variation of hardness by heat treatment depends on
the phase transformation of matrix, i.e. the micro-hardness. The relationship between
macro- and micro-hardness, Vy value and Mo content in as-hardened state is shown in
Fig. 5-6. The macro-hardness increases progressively as the Mo content increases.
The micro-hardness shows similar behavior to the macro-hardness. The reason for
an increase in hardness is due to an increase in a number of eutectic M2C carbides with
high hardness and the precipitation of special secondary carbides together with more
martensite in the matrix. It is found from Fig. 5-6 that the micro-hardness locates overall
at lower position than the macro- hardness. This is because the macro- hardness
expressed by the total hardness of eutectic carbide and matrix.

The Vy continues to decrease with raising the Mo content. This suggests that
the amount of martensite is increased together with the more precipitated
secondary carbides. The precipitation of secondary carbides results in reduction of
C and alloying elements in austenite. Subsequently, the Ms temperature is raised and

Vy is down.
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5.3 Effect of Mo content on microstructure, hardness and volume fraction of

retained austenite (Vy) in tempered state
5.3.1 Variation of matrix microstructure in tempered specimens

Matrix hardness or micro-hardness of multi-alloyed white cast iron is closely
related to the transformation behavior of matrix. In order to discuss the change in
the microstructure by tempering, as- hardened and transformed microstructures of
specimens with greatly difference in Mo content was investigated in detail by
using SEM. The microstructures of as-hardened specimen is shown in Fig. 5-7 (a) and
those of tempered specimens of which hardness are lower than Htmax, Hrmax and higher
than Htmax are shown in Fig. 5-7 (b), (c) and (d) for specimen No. 2 with 1.17%Mo.
The microstructure of specimen No. 5 with 7.66%Mo takes by the same condition as
specimen No. 2 is shown in Fig. 5-7 (a) - (d).

In the Fig. 5-7 (a), as-hardened specimen with 1.17%Mo has a large amount of
austenite coexisting with martensite and secondary carbides in matrix. There exist some
secondary carbides in large size in some matrices. They could be indissoluble carbides
precipitated previously during annealed. In the matrix of test piece tempered at 723K
that is a temperature lower than Hrmax, the amount of retained austenite does not so
different from the as-hardened specimen. However, the newly precipitated fine carbides
are observed. When the tempering temperature is increased to 798K at which Hrmax was
obtained, much more fine carbides can be seen as well as the secondary carbides are
increased. On the other side, the retained austenite is decreased while the martensite is

increased.
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Fig. 5-7 SEM micrographs of specimen No.2 with 1.17%Mo. (a) As-hardened from
1,373K, (b) Tempered at 723K (lower than Hrmax), (¢) Tempered at 798K

(Htmax) and (d) Tempered at 873K (higher than Hrmax).
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It is reported that the precipitated secondary carbides are MC, M>C MeC or
M23Cs types which depend on the chemical composition of the cast iron [7].
The secondary carbides are found in granular morphology. At 873K tempering, on
the other hand, the secondary carbides lower in amount but enlarge in size. In this point,
either martensite or retained austenite cannot be distinguished. Under this tempering
condition, the coarsening of carbides by over-tempering occurred. It is believed that
the over-tempering suppresses the secondary hardening greatly.

The results of specimen with 7.66% Mo are shown in Fig. 5-8 (a) — (d),
as-hardened matrix structure consists of secondary carbides in large massed shape and
martensite and retained austenite can be seen clearly. The distribution of secondary
carbides is similar to that of specimen with 1.17% Mo. However, the amount of retained
austenite is much smaller and the size of secondary carbides is relatively larger.
It is clear that many carbides in small size precipitate secondarily by tempering at 723K,
as well as the retained austenite is decreased. The precipitation continues at 798K
tempering by which the Htmax is obtained. When tempering temperature is elevated to
823K, the coarsening of the fine carbide takes place and most of fine carbides disappear.

By comparing the micro-hardness of Htmax for the 1.17% Mo specimen with
that for 7.66% Mo, it is found that the micro-hardness of 7.66%Mo specimen is higher
than that of 1.17%Mo specimen. The reason is mainly due to the difference in the kind
and amount of precipitated secondary carbides but the amount of martensite can be one
reason. Therefore, it can be said that an increase in Mo content contributed more to
increase the precipitation of secondary carbides and the martensite transformations

from retained austenite during tempering except for the case of over-tempering.



(2) As-hardened

(Hardness: 982 HV30 and 935 HV0.1, Vy: 14.56%)

(b) Specimen tempered at 723K
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75



76

: % Z % ,R’
ke, T Lo

' {. '.'4.. X g
L ROS L SR

7.66%Mo
(c) Tempered at 798K

(Hardness: 916 HV30 and 889 HVO.1, Vy: 1.50%)

(d) Tempered at 873K

(Hardness: 7589HV30 and 729HVO0.1, Vy: 1.09%)
Fig. 5-8 SEM micrographs of specimen No. 5 with 7.66%Mo. (a) As-hardened from
1,373K, (b) Tempered at 723K (lower than Hrmax), (¢) Tempered at 798K

(Htmax) and (d) Tempered at 873K (higher than Hrmax).
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5.3.2 Effect of tempering temperature on hardness and volume fraction of retained

austenite (Vy)

After hardening, the specimens were tempered at several temperatures.
The effect of tempering temperature on the macro- and micro-hardness and Vy of each
specimen is respectively shown in Fig. 5-9 (a) — (e). The macro-hardness shows similar
behavior to the micro-hardness of all the specimens; that is, both of the hardness drops
sharply from as-hardened state and then increases gradually to them maximum hardness
as the tempering temperature increases. The Hrmax of macro- and micro- hardness are
obtained at same temperature, where the matrix structure is composed of martensite,
secondary carbides with some retained austenite. In the tempering over the temperature
at which Hmax is obtained, the hardness continues to decrease greatly due to
the cohesion of secondary carbides and the transformation of austenite to ferrite.

When the specimen tempered at the lowest temperature of 673K, the hardness
drops largely from that in as- hardened state because the martensite is tempered.
However, the precipitation of fine secondary carbides takes place. As the tempering
temperature is evaluated, the depletion of alloying element in austenite occurs by
the precipitation of secondary carbides and it raises the Ms temperature. Resultantly,
more martensite is produced since this phenomenon continues to around 773K where
the carbide reaction starts, the hardness also continues to rise. Here, the carbide reaction
in the tempering is displayed by the schematic flow chart in Fig. 5-10.

In the tempering at over 773K, the carbide reaction explained in Fig. 5-10 is
already occurring, i.e. each alloying element forms every pure carbide like VC, Mo.C,
and W.C. Because they have much higher hardness compared with those of

M-type carbides, the total hardness increases more to reach the Hrmax obtained by 798K
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the tempering temperature gets over 798K, however,

the agglomeration of their pure carbides takes due to the Ostwald ripening effect.

This reaction makes the hardness drop remarkably.
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Fig. 5-10 Schematic flow chart explaining tempering mechanism from martensite and

carbide reaction in si-tu of multi-alloyed white cast iron.
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As described in previous section, the tempering curves of macro- and
micro- hardness showed similar trend. The macro- hardness is overall higher than
the micro-hardness in all the specimens because the macro-hardness is the sum of
hardness of eutectic carbides and the matrix. The differences between the macro- and
micro- hardness at the Hrmax are 47 HV in 0.12% Mo, 43 HV in 1.17% Mo, 29 HV in
3.02%Mo, 41 HV in 4.98% Mo and 27 HV in 7.66%Mo specimens, respectively.

A reduction of Vy in matrix contributes to the increase of hardness reasonably.
As the tempering temperature is increased, the Vy began to decrease markedly over
748K. This means that the transformation rate of austenite to martensite is high in
the range of 748 - 823K. It can be understood that an increases in a number of
precipitated carbides reduces stability of retained austenite and encourages for austenite
to transform into martensite. Conversely, the temperature rises to the over-tempering
region over 823K, austenite transforms to pearlite or ferrite and therefore,

the Vy decreases close to nil.
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5.3.3 Relation of hardness and retained austenite in tempered state

As mention before, the hardness and Vy vary depending on the tempering
temperature and Mo content. The morphology of eutectic carbide changes little during
tempering because of low temperature. Therefore, the hardness in tempered state is
influenced mainly by the constituent phases in matrix.

The relationships between macro- and micro-hardness and Vy of all tempered
specimens are presented in Fig. 5-11 (a) and (b). Though the data are scattered in
a range, the macro- and micro-hardness show similar behavior and they increase to
the maximum value and then decreases as the Vy increases. The distribution of macro-
hardness is located at higher hardness position and some specimens with macro-
hardness more than 900 HV30 is obtained at about 2 to 16% Vy.
As for the micro-hardness, the distribution and scattering are similar to the case of
micro-hardness. The maximum values of 940 HV30 for macro-hardness and 905 HV0.1
for micro-hardness are obtained at the Vy of 5% and so. Such maximum values are
mostly obtained in the test piece with 4.98% Mo. The specimens with low hardness at
low Vy are due to the over-tempering. On the other hand, the decrease in hardness over

the maximum hardness is due to a rise of Vy value.
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5.3.4 Effect of Mo on the maximum tempered hardness (Htmax)

The effect of Mo content on the Htmax and Vy at Hrmax is shown in Fig. 5.12.
The Htmax values of macro- and micro-hardness show similar variation corresponding
with Mo content of the specimen. Both of hardness increase to the highest value at
4.98%Mo and then, decrease a little as Mo content increases. The Vy value at the Hrmax
is a little increased at 1.17% Mo and then, continues to decrease proportionally as the
Mo content rises. It is found that the Vy value at Htmax Of each specimen is overall less
than 10%. This suggests that even if the test piece shows the maximum hardness in
tempering, a certain amount of austenite remains.

From above results, it is believed that the Mo content of the cast iron affects
the maximum hardness significantly. To explain the variation of the Htmax,
the SEM observation of specimens with Hrmax are carried out focusing on the matrix in
the specimen and their microphotographs are shown in Fig. 5-13 (a) — (e). The matrix
microstructures of all specimens consist of secondary carbide (Sc), martensite (M) and
retained austenite (yr). The size and amount of secondary carbides, as well as the
amount of retained austenite, are different by increasing the Mo content.
The fine secondary carbides are observed in 0.12 - 4.98% Mo specimens but coarse
secondary carbides are found in 7.66% Mo specimen. It seems that the secondary
carbides are increased in number as Mo content increases except for 7.66% Mo
specimen. Even if the precipitated secondary carbides are mainly MC or MeC types
[27], the M2C carbide could precipitate secondarily as same as the specimens with
high Mo content such as 4.98% and 7.66% Mo. Since the special carbides have
extremely high hardness, those carbides promote the secondary hardening greatly.

In the case of 7.66% Mo specimen, however, the large massed carbides produced by



86

cohering of fine carbide increases in number and they lowers the matrix hardness.
A decrease in hardness of martensite which is caused by the reduction of C in austenite

can be another reason.
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Fig. 5-12 Effect of Mo content on maximum tempered hardness (Htmax) and volume

fraction of retained austenite (Vy) at Hrmax.
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(c) Specimen No. 3 (3.02%Mo)

(d) Specimen No. 4 (4.98%Mo)
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7.66%Mo

(e) Specimen No 5 (7.66%Mo)
Fig. 5-13 SEM microphotographs of specimen with Hrmax. (2) 0.12%Mo, (b) 1.17%Mo,

(c) 3.02%Mo, (d) 4.98%Mo and (e) 7.66%Mo specimens.



90

As discussed previously, the variation of hardness is mainly affected by the type
and amount of precipitated carbides in matrix. Therefore, the identification of
secondary carbides was tried by EDS analyzes. In each tempered specimen, fifteen
carbide particles were picked up and quantitative analysis of four alloying elements,
Cr, Mo, W and V, were carried out. The results are summarized in Table 5-1. Since it
was impossible to obtain the absolute values of alloy concentration because the size of
carbides are too small for the X-ray beam to irradiate within area of carbide particle.
However, it can be found which carbide shows the highest value of element. It can be
presumed from Table 5-1 what kinds of carbides are existing in the matrix of specimen.
In the specimen No. 1 with 0.12%Mo to No. 3 with 3.02%Mo, VC as V-rich and Cr23Cs
as Cr-rich carbides precipitated. In specimen No. 4 with 4.98% Mo, MeC as
(Mo, W)-rich carbide precipitated additionally, and so three kinds of special carbides
existed in the matrix. In the matrix of specimen No. 5 with highest Mo content of
7.66%Mo, however, the secondary carbides were all M¢C carbides. From there results
it can be understood that the specimen No. 4 showed the highest value of Hrmax due to

the precipitation of many M»C special carbides with very high hardness.
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Table 5-1 Estimation of the type of secondary carbide precipitated in tempered matrix.

Type of secondary carbide
Specimen
V-rich (Mo, W)-rich Cr-rich

No. 1 (0.12%Mo) 3 12
No. 2 (1.17%Mo) 5 10
No. 3 (3.02%Mo) 3 12
No. 4 (4.98%Mo) 1 6 8
No. 5 (7.66%Mo) 15




92

5.3.5 Effect of volume fraction of retained austenite (Vy) in as-hardened state on

maximum tempered hardness (Htmax).

In order to clarify how the Vy in as-hardened state effect on the hardness in
tempered state, the Hrmax values are connected to the V, in as-hardened state and
the relationship is shown in Fig. 5-16. In the relation, the high values of Hrmax are
obtained in the region from 15 to 28% V,. The Hrmax decreases over 30% V, in
as-hardened state because the excessive retained austenite remains after tempering and
it reduces the matrix hardness more than the secondary hardening by the precipitation
of carbides and the transformation of martensite. It is clearly from the fact that
15-30% VY in the as-hardened state is necessary to obtain the high Hrmax values over
about 900 HV30 by tempering. This demonstrates that the Vy in as-hardened state
contribute more to the secondary hardening, that is, the precipitation of special carbides

and the transformation of austenite to martensite during tempering.
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Fig. 5-14 Relationship between maximum tempered hardness (Htmax) and volume

fraction of retained austenite (Vy) in as-hardened state.
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5.3.6 Effect of Mo content on degree of secondary hardening (AHSs)

As shown in Fig. 5-9, the tempered hardness curve of each specimen displays
the secondary hardening evidently. It is considered that the Mo content as well as
the V, in as-hardened state should affect the degree of secondary hardening (AHs) of
which definition was described in section 4.2.2.1. Relationship between AHs and
Mo content is shown in Fig. 5-15. As the Mo content rises, the AHs increases to
the largest AHs at 4.98% Mo. After that, the AHs is lowered remarkably toward
7.66% Mo. It is noted that the AHs of micro-hardness is overall higher than that of
macro-hardness. The largest AHs for micro-hardness is 150 HVO0.1 and it is obtained at
4.98% Mo.

From these findings, it can be said that the secondary hardening is accomplished
due to the change in matrix structure which is determined by precipitation of secondary
carbides including the formation of pure carbide occurred in the carbide reaction.
The transformation of martensite from the rest of austenite is an additional reason.
In addition, it is considered that the transformations mentioned just before are mainly
influenced by the Vy value in as-hardened state. Therefore, the difference between
Vy in as- hardened state and Vy at Htmax (A Vy), which means the amount of reduced
austenite during tempering, were related to the AHs.

Relation of the AHs vs. AV is shown in Fig. 5-16. The highest AHs is obtained
at 22%AVy. In the region of AVy less than 22%, the AHs is reduced greatly as the AVy
decreased. Even if the AVy rises to around 30%, the AHs does not decrease so much
and keeps the AHs over 100 HVO.1. This suggests that relatively large amount of AVy
IS necessary to get a large degree of secondary hardening. Since the Vy in as-hardened

state is determined by the amount of Mo dissolved in austenite matrix, the AHSs is
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indirectly influenced by the Mo content of the specimen. So, it can be explained that
Mo promotes the secondary hardening by precipitating more special Mo carbide with

high hardness.
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Fig. 5-15 Relationship between degree of secondary hardening (AHs) and Mo content.
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Chapter VI

Conclusions

The Mo content was varied widely from 0.12% to 7.66% Mo in multi-allayed
white cast irons with basic composition, and the effect of Mo content on
heat treatment behavior was investigated. First of all, the as-cast microstructures of
test specimens were verified by the thermal analysis technique. The as-cast specimens
were annealed at 1223K for 18 ks. After annealing, the test pieces in disk shape were
austenitized at 1,373K for 3.6 ks in a vacuum furnace and then hardened by quenching
with jet-spray of liquid nitrogen. The tempering was done at the temperatures between
673 Kto 873 K by 50 K interval for 12 ks. The microstructure was observed by optical
microscope (OM) and scanning electron microscope (SEM). The hardness was
measured by the Vicker's hardness tester and volume fraction of retained austenite (V)

was calculated by the method of X-ray diffraction method (XRD).

6.1 Effect of Mo content on microstructure and heat treatment behavior
6.1.1 Microstructure of as-cast specimens

1) All the as-cast specimens show hypo eutectic structure which consists of
austenite dendrite and eutectic structures. The eutectic structures of (y+MC) and
(y+M7Cs) types were observed in the 0.12 and 1.17%Mo specimens and (y+MC) and
(y+M:2C) eutectics were found in 3.02%, 4.98% and 7.66% Mo specimens.

2) According to thermal analysis curve, solidification of specimens with

Mo content more than 3% begin with primary austenite (yp), followed by the eutectic

reactions of L — (y+MC)e and then, L — (y+M2C)g, respectively. The solidification
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temperature range of (y+MC) eutectic decreases but that of (y+M-.C) eutectic increases
with an increase in Mo content.

3) The area fraction of primary austenite (yp) and the total amount of eutectic
structures were almost constant of 47% and 53% , respectively, regardless of
Mo content. However, the area fraction of (y+MC) eutectic is decreased while (y+MzC)
eutectic is increased with an increase in Mo content.

4) As Mo content increases, the start to solidify temperature of (y+M2C) eutectic

increases.

6.1.2 Microstructure of as-hardened specimens

The matrix of all the specimens was composed of precipitated
secondary carbide, martensite and retained austenite (yr). It seems that the amount of
secondary carbide and martensite increased as well as the retained austenite decreased

with increasing the Mo content.

6.1.3 Microstructure of tempered specimens

1) The matrix structure of tempered specimen was consisted of
secondary carbides much more than those in as-hardened state and martensite together
with retained austenite (yr) except for the specimens tempered over 798K in which
coarser secondary carbides and ferrite existed. The amount of carbide was increased by
elevating tempering temperature but on the contrary, the amount of
retained austenite was lowered.

2) Analyzing alloy concentrations of the secondary carbides in matrix, the type

of secondary carbide could be classified to V-rich, (Mo, W)-rich and Cr-rich carbides.
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In the specimen No. 1 with 0.12% Mo to No. 3 with 3.02% Mo could found only
V-rich and Cr-rich carbides. The (Mo, W)-rich carbide was found in the specimen with
4.98% Mo together with Cr-rich and V-rich carbides. In the specimen with 7.66% Mo,

only Mo-rich carbide existed.

6.2 Effect of Mo content on macro-and micro- hardness and volume fraction of

retained austenite (Vy)
6.2.1 As-cast state

1) The macro-hardness which is measured as the sum of hardness of eutectics
and matrices together, while micro- hardness is measured in only matrix including
secondary carbides and other phases. Therefore, the macro-hardness always shows
higher value than micro-hardness.

2) Both of Macro- and micro-hardness are increased to the maximum value at
3.02%Mo and then decreased with an increase in Mo content.

3) The volume fraction of retained austenite (Vy) showed similar trend to
the hardness, and it is increased continuously as Mo content increases to 3.02% Mo.
As Mo content increases more over 3.02%Mo, the Vy decreases because more Mo and
C are consumed to form the (y+M:2C) eutectic during solidification. As a result of

decreasing the Mo and C contents in matrix, the Vy decreases.

6.2.2 As-hardened state
1) The macro- and micro-hardness are increased progressively with an increase
in Mo content because the amount of secondary carbide rises. The highest macro- and

micro-hardness are obtained in the specimen with highest Mo content of 7.66%.
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2) The volume fraction of retained austenite (Vy) decreases markedly when

Mo content is raised over 1.17%Mo.

6.2.3 Tempered state

1) The tempered hardness curve shows an evident secondary hardening at which
lots of fine secondary carbides precipitate and the volume fraction of retained austenite
(V) is low. Especially, the carbide reaction from martensite formed by hardening takes
place actively, and martensite transformation from the rest of austenite also occurs.

2) The Vy value in each specimen trends to decrease as the tempering
temperature increases and greatly in the tempering at 748 - 823K.

3) The tempered hardness with more than 900 HV30 is obtained in specimens
which have the Vy value of 2 to 18% that corresponds to the specimens with 3.02% to
7.66%Mo.

4) The 15-35% Vy in the as-hardened state is necessary to get the hardness over
900 HV30.

6.2.4 Relationship between maximum tempered hardness (Htmax) and volume

fraction of retained austenite (Vy) in heat-treated state

1) The maximum tempered hardness (Htmax) Was obtained at 798K tempering
in all of specimens.

2) The Hmmax increased first and thereafter, decreased with an increase in
Mo content. The highest Htmax value of 946 HV30 and 906 HVO. 1 are obtained in
the specimens with 4.98%Mo and 5.56%V,.

3) The Vy values at Hrmax Of all the specimens are less than 10%, and

the highest Hrmax value is obtained at 5.6%V,.
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4) The degree of secondary hardening (AHs) increases as Mo content rises from
nil to 4.98% where the difference of Vy between Vv in as-hardened state and that at

Htmax (AVY) is 22.5%.
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Table 1 Example of tracing outline of each phase from microphotograph for area

fraction measurement.

Specimen No. 1 (0.12%Mo)
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Specimen No. 4 (4.98%Mo)
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Primary austenite v+ MC v+ M2C
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The variation of matrix microstructure in heat-treatment

(a) Specimen No. 1 (0.12%Mo)
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(b) Specimen No. 2 (1.17%Mo)
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(c) Specimen No.3 (3.02%Mo)
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(d) Specimen No.4 (4.98%Mo)
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(e) Specimen No. 5 (7.66%Mo)
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Table 2 Macro- and micro-hardness and volume fraction of retained austenite (V,) of

specimens
: Volume fraction
Tempenng Hardness :
- ) ¢ of retained
ecimen emperature -
P P K Macro Micro austenite (Vy)
(K) (HV30) (HVO0.1) (%)
As-cast 625 597 32.29
As-hardened 882 829 39.09
673 757 696 27.13
723 767 708 26.74
Specimen No. 1
(0.12%Mo) 748 791 735 25.43
773 838 799 14.00
798 855 808 7.88
823 833 729 3.96
873 683 644 3.37
As-cast 655 644 35.83
As-hardened 902 853 40.24
673 787 725 30.26
723 797 729 28.78
Specimen No. 2 748 815 733 2551
(1.17%Mo)
773 835 771 17.60
798 886 843 10.05
823 865 834 7.84
873 756 688 3.15
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: Volume fraction
Tempering Hardness _
: of retained
Specimen temperature . :
) Macro Micro austenite (Vy)
(HV30) (HVO0.1) (%)
As-cast 740 718 43.84
As-hardened 934 884 36.70
673 804 761 26.73
723 818 768 26.58
Specimen No. 3
748 842 778 25.77
(3.02%Mo)
773 873 815 17.62
798 913 884 8.13
823 897 856 3.70
873 788 743 3.17
As-cast 685 658 34.71
As-hardened 941 892 28.05
673 830 756 27.78
723 838 780 24.85
Specimen No. 4
748 875 810 22.34
(4.98%Mo)
773 898 865 16.36
798 946 905 5.56
823 930 893 2.52
873 830 799 1.96
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: Volume fraction
Tempering Hardness _
: of retained
Specimen temperature :
) Macro Micro austenite (Vy)
(HV30) (HVO0.1) (%)
As-cast 643 617 23.06
As-hardened 982 935 14.56
673 866 818 9.65
723 883 828 9.55
Specimen No. 5
748 896 856 9.44
(7.66%Mo)
773 907 880 6.38
798 916 889 1.50
823 906 875 1.29
873 758 729 1.09
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Table 3 Degree of secondary hardening (AHs), The differences of V, in as- hardened

state and Hrmax (AV,) and AV, ration.

Degree of secondary The differences
hardening (AHs) of Vy in as- _
AV, ratio
Specimen hardened state
Macro Micro (%)
and HTmax (AVy)
HV30 HV0.1
( ) ( ) %)
Specimen No. 1
97.8 112.2 31.2 79.8
(0.12%Mo)
Specimen No. 2
98.6 118.4 30.2 75.0
(1.17%Mo)
Specimen No. 3
109.2 123.2 28.6 77.9
(3.02%Mo)
Specimen No. 4
115.4 148.8 22.5 80.2
(4.98%Mo)
Specimen No. 5
50.2 71.4 13.1 89.7
(7.66%Mo)
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