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Chapter I 

Introduction 

1.1 Background 

Alloyed white cast irons have been developed for materials resistant to 

abrasive wear for about haft a century. The main purpose of their researches was to 

improve the abrasive wear resistance and toughness. At the moment, the alloyed white 

cast irons have been widely used in steel-making, mining, cement industries and 

thermal power plant, where various types of machines are working for crushing or 

pulverizing minerals. In the machines, the surface of the parts and components is 

heavily damaged by abrasive wear. This failure is directly accessed to the initial cost. 

Therefore, the technical innovation to increase the wear performance of materials with 

an acceptable cost has been requested.  

The transition of alloyed white cast irons for steel rolling and mineral 

pulverizing mill rolls is shown in Fig. 1-1. The alloyed white cast iron changed from 

low-alloyed white cast iron through Ni-hard cast iron to high chromium (Cr) cast iron. 

The high Cr cast iron was most popular abrasive wear resistance materials for a long 

time because of superior wear performance. However, a large volume fraction of      

Cr carbide existing in high Cr cast iron reduces the toughness to cause failure under 

an addition of impact load. Therefore, the development of a new alloy which has more 

toughness and higher wears resistance has been requested. To achieve this purpose, 

the cast iron containing multiple types of carbides with higher hardness has to be 

designed than the chromium carbides and lower volume fraction of carbides for 

toughness. 
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After a lot of researches, the multi-alloyed white cast iron was developed 

around 30 years ago. This cast iron contains multiple carbide forming elements such 

as chromium (Cr), molybdenum (Mo), tungsten (W) and vanadium (V). The carbides 

formed in the multi-alloyed white cast iron were MC, M2C, M6C, M7C3 and M23C6 

types. It is well known that MC, M2C, M6C carbides are secondarily precipitated in 

high speed tool steel, and M7C3 and M23C6 carbides precipitate in high Cr cast iron. 

These complex carbides have extremely high hardness and they improve the abrasive 

wear resistance. In the cast irons, carbide forming elements form their own special or 

complex carbides and the rest of them distributes into the matrix. The alloys dissolved 

in the matrix precipitate as secondary carbides by heat treatment and they promote the 

secondary hardening. 
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Fig. 1-1 Transition of alloyed white cast iron for steel rolling and mineral pulverizing 

mill rolls [1]. 

The basic alloy composition of multi-alloyed white cast iron was determined 

by the following reasons. Since the target of the resemble and development was hot 

rolling mill rolls of which the Cr content ranged from 17% to 22% Cr, the total 

content of carbide forming elements was set to be 20%, expediently 5 mass% of each 

Cr, Mo, W and V [1, 2]. In addition, Cobalt (Co), which does not form its carbide, 

was added in order to improve the high temperature properties, such as hardness and 
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toughness. In this alloy system, hypoeutectic composition is preferably chosen 

because of toughness. During solidification, the primary austenite (γP) solidifies first 

and followed by eutectic reaction of (γ+carbide). The carbide structures, that is, type 

and morphology of crystallized carbides depend on the kind and the amount of 

carbide forming elements and solidification rate [2]. On the other side, heat treatment 

of alloys after solidification is very important because the matrix structures that is 

related to the mechanical or wear properties can be controlled and modified [3]. 

Generally, the heat treatment of multi-alloyed white cast iron consists of 

annealing, hardening and tempering processes in the same way as high Cr cast iron or 

tool steel [4]. During holding at austenitizing temperature, the austenite is destabilized 

by the precipitation of secondary carbides and then transforms to martensite or bainite 

during cooling to room temperature. The precipitation of special carbides due to 

carbides reaction occurs during tempering at high temperature. The retained austenite 

after holding transforms into martensite in the post cooling. As a result, the matrix 

with high hardness and better wear resistance are obtained. 

After the great efforts of researches, a large number of the multi-alloyed white 

cast irons have been practically applied to hot strip mill rolls and recently the cast iron 

is tried to apply to the pulverizing mill materials in the cement and mining industries. 

It is reported that the rolling mill roll made by multi-alloyed white cast iron shows 

much higher performance than the conventional roll made by Ni-hard and high         

Cr cast iron [4]. It is convinced that this cast iron will be applied more and more in 

many industrial fields in the future.  
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In industrial applications, the abrasive wear can be classified into two-body 

and three-body-types [3, 5-7]. In the case of two-body-type abrasive wear, the wear 

occurs when abrasive materials give the concentrated stress on the surface of machine 

parts leading to heavy plastic deformation. The parts receiving such a wear are 

exampled as the frames of jaw crusher and impact crusher. In laboratory test, the 

abrasives used for the two-body type wear test are emery papers which SiC or Al2O3 

particles are fixed on the paper by glue. The Suga abrasive wear tester is suitable to 

evaluate this type of wear resistance. In case of three-body-type abrasive wear, the 

abrasive particles move freely on the surface of machine parts. The example of such 

wear circumstances can be seen in the ball mills and tube mills to pulverize the 

cement clinker, coal and blast furnace slag. In this case, wear stress is normally lower 

than two-body type wear testing. The suitable test equipment for the three-body-type 

wear is a rubber wheel abrasive wear tester [5, 7]. 

The abrasive wear behavior in the industrial application is very complex and 

varies according to wear environment, type of abrasives, contacting angle, magnitude 

of load applied and the microstructure of materials [5]. In spite that the wear tests in 

many laboratories have been carried out, the test data are often invalid for the 

practical use [5, 8]. Therefore, it is considered that more researches to evaluate the 

abrasive wear have to be tried using different types of wear testers. 

With respect to the multi-alloyed white cast iron for abrasive wear resistant 

materials, on the other hand, it is necessary that systematic research on the 

improvement of microstructure should be carried out. From another prospective, it is 

very interesting and helpful to study the effect of heat treatment on the 
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microstructures, and this could lead to the practical applications in the industrial field. 

The researches on solidification sequence and heat treatment behavior of             

multi-alloyed white cast irons with basic alloy composition have been already 

reported [9, 10]. However, the systematic research on the abrasive wear behavior 

related to the heat treatment is not carried out yet.  

1.2 Objective of research 

In this study, firstly the effect of C content on the behavior of heat treatment, 

that is, the variation of micro- and macro-hardness and volume fraction of retained 

austenite (Vγ) of multi-alloyed white cast irons with basic alloy composition will be 

studied. Next, the abrasive wear tests of multi-alloyed white cast irons heat-treated 

under the some special conditions are investigated using Rubber wheel (three-body-

type) abrasive wear tester. Then, their correlation of abrasive wear resistance, 

hardness, and volume fraction of retained austenite (Vγ) are clarified. 

1.3 Scopes of research 

The experiments are carried out as follows: 

1. Preparation of test specimens of multi-alloyed white cast irons with various 

C content and basic chemical composition of carbide forming elements. 

2. Heat treatment of annealing at 1123 K, hardening from 1323 and 1373 K 

austenitizing and tempering at 673-873 K with 50 K intervals. 

3. Measurement of micro- and macro-hardness in heat-treated specimens. 

4. Measurement of volume fraction of retained austenite (V) in heat-treated 

specimens. 
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5. Observation of microstructures by OM and SEM. 

6. Abrasive wear tests using three-body-type (Rubber wheel) abrasive wear 

tester. 

7. Discussion about the correlation wear resistance, among C content, 

hardness and Vγ. 

1.4 Advantages of research 

 (1) This research clarifies the effects of C content on heat treatment behavior 

of multi-alloyed white cast iron. 

 (2) This research clarifies the relations of abrasive wear resistance vs. hardness 

and Vγ of multi-alloyed white cast iron. 

 (3) These data give helpful guidelines to the practical heat treatment for 

improvement of abrasive wear resistance of multi-alloyed white cast iron. 
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Chapter II 

Literature Reviews 

 Multi-alloyed white cast iron contains multiple kinds of strong carbide 

forming elements such as Cr, Mo, W and V so that they can form their special types 

of carbides, M7C3, M2C, M6C and MC during solidification [10]. These carbides have 

high hardness as shown in Table 2-1 and they are stable at high temperature [10, 11]. 

Therefore, the multi-alloyed white cast iron in which multiple kinds of carbides exist 

shows high abrasive wear resistance at room and elevated temperatures. 

Consequently, this alloy has been preferably applied to the hot rolling mill rolls in the 

steel industry. 

Table 2-1 Hardness of carbides and matrix phases [5, 10]. 

Carbide or matrix Hardness (HV) 

Fe3C / M3C 800-1000 

(Cr,Fe)7C3 / M7C3 1200-1800 

(Cr,Fe)23C6 / M23C6 1100 

(Mo,Fe)2C / M2C 1800 

(Mo,Fe)6C / M6C 1800-2000 

WC / MC 2400 

(W,Fe)2C / M2C 3000 

(W,Fe)6C / M6C 1900-2100 

(V,Fe)C / MC 2800 

Ferrite 200-270 

Pearlite 250-450 

Austenite 250-500 

Martensite 300-800 
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 It is well known that Cr plays very important role for the wear performance in 

high Cr cast iron. In the range over 12% additions, complex Cr carbide of M7C3 

crystalizes from liquid as a eutectic. This eutectic carbide contributes to excellent 

wear resistance due to high hardness and preferable toughness because it has an 

interconnected or discontinuous morphology [3-7]. In addition, Cr is also distributed 

into the matrix and improves the hardenability. Mo and W are strong carbide formers, 

and they form complex carbides of M2C [(Mo,Fe)2C] and M6C [(Mo,Fe)6C] types. 

These carbides are harder than M7C3 carbide. Mo and W also dissolve in the matrix 

and promote the hardenability but Mo works more effective than W [4, 7, 12, 13]. Mo 

and W increase the secondary hardening by tempering. V is well known as grain 

refiner in steel and it was also clarified in high Cr cast iron [2]. The V forms MC 

carbide with extremely high hardness as shown in Table 2-1. It seems to reduce 

hardenability but greatly promotes the secondary precipitation of carbides to increase 

the secondary hardening [4, 9, 12]. In spite that Co decreases hardenability, it is added 

to the multi-alloyed white cast iron to improve the resistance to softening and the 

strength at high temperature, because Co raises the eutectic temperature and decreases 

the coarsening of grain at the elevated temperature by the effect to decrease the 

diffusivity of carbon and retarding coarsening of secondary carbides [2, 12-14]. 

2.1 Alloy designing 

The basic alloyed composition of High Cr cast iron for steel rolling mill rolls 

in the industries are composed 17 - 22% Cr to forming strong carbide such as M23C6 

and dissolve into matrix to solid solution strengthened for high hardness and superior 

wear resistance. To compare the properties of the multi alloyed white cast iron with 
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those of high Cr cast iron, the total content of strong carbide forming elements is set 

in the range of %Cr of high Cr cast iron. The basic chemical composition of        

multi-alloyed white cast iron designed as 5% of each Cr, V, Mo, W and Co was 

proposed by Matsubara et.al. [9]. On the other side, it is supported for the further 

research and development of the effect of each alloying element on the heat treatment 

behavior and abrasive wear resistance. It is known that C in the cast iron melt is 

combined with carbide forming elements to form their special carbides and the rest 

distributes into the matrix. In order to estimate C content that dissolves in the matrix, 

it is convenient to introduce a parameter of carbon balance (Cbal) as expressed in the 

following equation [9, 10, 15]. 

                              Cbal = %C - CStoich               (2.1) 

Here, %C is C content of the cast iron and CStoich is stoichiometric amount of carbon 

that just combines with all of carbide forming elements in the cast iron. In case that 

M7C3 carbide does not exist in microstructure of the cast iron, the CStoich can be 

calculated using the following equation. 

CStoich = 0.060 %Cr + 0.063 %Mo + 0.033 %W + 0.235 %V           (2.2) 

In case that M7C3 carbide precipitates in the cast iron, the equation is expressed as 

follows,  

CStoich = 0.099 %Cr + 0.063 %Mo + 0.033 %W + 0.235 %V           (2.3) 

C in the matrix plays important role in phase transformation of matrix or    

heat treatment. Therefore, Cbal is very important factor to determine both of carbide 
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and matrix structures. Under equilibrium condition, positive value of Cbal means that 

excess of carbon remains in the matrix and negative value means that carbon is not 

saturated in the matrix. As for the basic alloy composition of multi-alloyed white cast 

iron, it is desirable in subsequent heat treatment that the Cbal is settled around 0% [9, 

15]. 

2.2 Carbides in multi-alloyed white cast iron 

As mentioned previously, multiple kinds of eutectic carbides precipitate from 

the melt in the multi-alloyed white cast iron. The type, morphology and volume 

fraction of carbides depend on chemical composition of the cast iron and cooling rate 

during solidification [10]. Low cooling rate promotes formation of coarse 

solidification structure while high cooling rate provides fine one [16]. An increase in 

C content makes carbides precipitate more and uniformly in the microstructure and 

changes the carbide morphology [10, 17, 18]. 

Types of carbides and alloy concentration in the multi-alloyed white cast iron 

are illustrated in Table 2-2. As for the configuration of carbide, MC carbide has three 

morphologies, petal-like or flaky, nodular and coral-like while M2C carbide has two 

morphologies, lamellar and plate-like as shown in Fig. 2-1 for MC, Fig. 2-2 for M2C 

and Fig. 2-3 for M7C3 carbide, respectively. 

It was reported that MC carbides are dispersed throughout the matrix but M2C 

carbides are unevenly distributed in the region of grain boundary [19-21].             

M7C3 carbide shows rod-like or ledeburitic morphology. It is known that M7C3 

carbides appeared in the cast iron with high C content [5, 22, 23]. From Table 2-2, it 
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is found that MC carbide is mainly composed of V while M2C carbide consists of Mo 

and W. M7C3 carbide contains mainly Fe and Cr with some other elements. 

Table 2-2 Type and alloy concentration in carbides and matrix of multi-alloyed white 

cast iron with basic chemical composition [10].  

Phase 

Elements (%) 

Cr Mo W V Co Fe 

MC 3.0 ~ 4.1 4.2 ~ 10 4.3 ~ 8.3 49 ~ 65 0.6 ~ 1.0 16 ~ 18 

M2C 10 ~ 15 26 ~ 30 19 ~ 22 6.4 ~ 12 0.8 ~ 1.3 20 ~ 26 

M7C3 17 ~ 24 5.3 ~ 9.0 3.6 ~ 5.4 3.2 ~ 6.2 2.2 ~ 3.2 59 ~ 66 

Matrix 3.5 ~ 4.2 0.2 ~ 1.3 1.8 ~ 3.1 1.0 ~ 2.4 0 ~ 14 82 ~ 85 

The comparison in two-dimensional and three-dimensional microstructures of 

carbides by SEM is shown in Fig. 2-1 for MC carbide, 2-2 for M2C carbide and 2-3 

for M7C3 carbide, respectively. As shown in Fig. 2-1 (a), the flat microstructure of the 

flaky MC carbides observed is string-like or granular and discontinuous, but they 

have petal-like or cornflake configuration three-dimensionally and that they are 

interconnected. The nodular MC carbide shown in Fig. 2-1 (b) can be imagined as a 

sphere crystallized by itself. It is true from the three-dimensional SEM 

microphotograph, but some of nodular MC carbides could be finally connected to 

eutectic M7C3 carbides precipitated by the eutectic reaction of (Lγ+M7C3). 

In the case of MC carbides shown in Fig. 2-1 (c), which appears in the 

hypereutectic cast iron, nodular and flaky or grain carbides co-exist in the matrix    
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two-dimensionally. However, they have three- dimensionally a configuration like a 

coral in which primary MC carbides precipitated independently and connected to 

eutectic MC carbides formed by the eutectic reaction of (Lγ+MC). 

As for microstructures of M2C carbides in Fig. 2-2 (a) and (b), they show fine 

or coarse rod-like M2C carbides two-dimensionally and they have lamellar 

morphology consisting of many fine or coarse plates of M2C carbides                   

three-dimensionally. 

The comparison of M7C3 microstructures are shown in Fig. 2-3 (a) for               

two-dimensionally and (b) for three-dimensionally. In OM microphotograph (a), it 

can be understood that M7C3 carbides precipitate coexisting with M2C eutectic 

carbides in the boundary region of primary austenite, and it seems to be mixed. 

However, both eutectic solidifications occur separately in the different order. In the 

three-dimensional microphotograph by SEM, on the other side, it can be obviously 

found that each eutectic solidification of (Lγ+MC), (Lγ+M7C3) and (Lγ+M2C) 

takes place independently.  
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Optical Microscope 

(Two-dimensionally microstructure) 

Scanning Electron Microscope  

(Three-dimensionally microstructure) 

  
Flaky (a) Petal-like 

  
Nodular (b) Sphere 

 
 

Nodular (c) Coral-like 

Fig. 2-1 Comparison of two-dimensionally and three-dimensionally microstructures 

of MC carbides precipitated from the melt in multi-alloyed white cast iron 

by OM and SEM [10].  
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Optical Microscope 

(Two-dimensionally microstructure) 

Scanning Electron Microscope  

(Three-dimensionally microstructure) 

  

Fine rod-like (a) Lamellar 

  

Coarse rod-like (b) Coarse plate-like 

Fig. 2-2 Comparison of two-dimensionally and three-dimensionally microstructures 

of M2C carbides precipitated from the melt in multi-alloyed white cast iron 

by OM and SEM [10].  
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Optical Microscope 

(Two-dimensionally microstructure) 

Scanning Electron Microscope  

(Three-dimensionally microstructure) 

  

(a) (b) 

Fig. 2-3 Comparison of two-dimensionally and three-dimensionally microstructures 

of M7C3 carbides precipitated from the melt in multi-alloyed white cast iron 

by OM and SEM [10]. 

The diagram of solidification structures related to variation of C and                

V contents in basic of multi-alloyed white cast iron was reported by Wu et.al. [10, 23, 

24]. Influence of V and C contents on type and morphology of eutectic carbide is 

shown in Fig. 2-4 for Fe-5%Cr-2%Mo-2%W-5%Co alloy system. It is found that 

morphology of MC carbide differs due to the combination of C and V contents. The 

nodular MC carbide appears in the area of 1-6% V and over 1.4% C. The petal-like or 

flaky MC carbide precipitates in low C content less than 1.8% and 1-10% V.           

The coral-like MC carbide crystallizes in the range of 8-15% V. As the V content 

increases, more C content is necessary to form M7C3 carbide. Therefore, the formation 

of M7C3 carbide occurs in the area of high C content. M2C carbide exists in the region 

between MC and M7C3 carbides. 
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Effect of tungsten equivalent (Weq) and C content on eutectic carbide is shown 

in Fig. 2-5. The Weq can be calculated from the following equation [9, 10].  

                     Weq = % W + 2 (%Mo)                  (2.4) 

It is found from Fig. 2-4 and Fig. 2-5 that the change of V, C and Weq values have 

effect on formation of type and morphology of carbides. The nodular MC carbides 

appear when Weq is less than 11% and C content is higher than 1.8%. Out of this 

region, where Weq is over 11% and C content is more than 1.8%, the petal-like or 

flaky MC carbide is mostly obtained. As for M7C3 carbides, they precipitate             

co-existing with MC carbides in the region above the straight line in Fig. 2-5. It is 

clear that the morphology of M2C carbide can be related to the combination of            

C content and Weq value. M2C carbide in the lamellar morphology appears where Weq 

is less than 15% and the plate-like M2C carbide does when Weq value is higher than 

15%. 
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Fig. 2-4 Effect of V and C contents on type and morphology of carbide precipitated 

from the melt in multi-alloyed white cast iron [10]. 

 

Fig. 2-5 Effect of Weq value and C content on type and morphology of carbides 

precipitated from the melt in multi-alloyed white cast iron [10]. 
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Influence of Co and C contents on type and morphology of eutectic carbide in 

Fe-5%Cr-2%Mo-2%W-5%V alloy system is shown in Fig. 2-6. It is interesting that 

both type and morphology of carbides do not change even if Co content is varied. 

Regardless of Co content, the flaky MC carbide and the lamellar M2C carbide exist 

when C content is less than 2%. When C content is over 2%, on the contrary, the 

nodular MC and the rod-like M7C3 carbides co-exist. Therefore, it can be said that Co 

does not effect on the carbide structure. 

 

 

 

 

 

Fig. 2-6 Effect of Co and C contents on type and morphology of carbides precipitated 

from the melt in multi-alloyed white cast irons [10]. 
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Influence of solidification rate and C content on carbide structure in           

multi-alloyed white cast iron is shown in Fig. 2-7. MC carbides precipitate at all the 

solidification rates but the morphology is different. M7C3 carbide is formed in the 

region of high C content and low solidification rate. M3C carbide appears in a small 

area at very high C content and very low solidification rate. 

 

Fig. 2-7 Type of carbide corresponding to solidification rate and C content in       

multi-alloyed white cast iron [10]. 

2.3 Matrix of multi-alloyed white cast iron 

Matrix in the as-cast state consists of bainite, martensite and some retained 

austenite [9, 12-24]. Volume fraction of retained austenite (Vγ) ranges widely from 5 

to 50% depending on C content of the cast iron [9]. Higher C content contains more 

retained austenite. This is because C decreases Ms temperature. An increase in 
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solidification rate reduces amount of retained austenite [9]. However, retained 

austenite is supposed to transform into the useful phases by heat treatment [9, 19]. 

2.4 Solidification sequence and phase diagram of multi-alloyed white cast iron 

The C content and alloying elements are varied so that several combinations of 

eutectic carbides can be obtained in multi-alloyed white cast iron. The solidification 

sequences were investigated by means of quench tests during thermal analysis [10, 23, 

24]. As an example, the thermal analysis and the transition of microstructures 

obtained by quenched specimens during solidification are shown in Fig. 2-8 (a) and 

(b) for the multi-alloyed white cast iron with basic chemical composition (Fe-5%Cr-

5%Mo-5%W-5%V-5%Co-2%C alloy system), in which the petal-like MC and     

plate-like M2C carbides co-exist. In the thermal analysis curve (a), quenched positions 

are shown and the change or transition of microstructure by quench tests is shown in 

(b). First of all, primary austenite dendrite forms at 1590 K, followed by precipitation 

of (+MC) eutectic at 1558 K, and finally (+M2C) eutectic begins to solidify at    

1422 K. Solidification sequences of the other kinds of multi-alloyed white cast irons 

with various chemical compositions are summarized in Table 2-3. 
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        (a) Thermal analysis curve   (b) Transition of microstructure by quench tests 

Fig. 2-8 Solidification of multi-alloyed white cast iron with basic chemical 

composition (Fe-5%Cr-5%Mo-5%W-5%V-5%Co-2%C) [23]. 
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Table 2-3 Solidification sequences of multi-alloyed white cast irons with various 

chemical compositions [23]. 

Number Chemical 

composition 

Combination of 

carbide 

Solidification Sequence 

1 2%C-5%Cr 

-2%Mo-2%W 

-9%V-5%Co 

Coral-like MC- 

Lamellar M2C 

L0  p + L1                  at 1651 K 

L1  (+MC)E + L2       at 1631 K 

L2  (+M2C)E             at 1498 K 

2 3%C-5%Cr 

-2%Mo-2%W 

-5%V-5%Co 

Nodular MC- 

Rod-like M7C3 

L0  p + L1                  at 1556 K 

L1  (+MC)E + L2       at 1515 K 

L2  (+M7C3)E            at 1452 K 

3 3%C-5%Cr 

-2%Mo-2%W 

-9%V-5%Co 

Chunky and coral-

like MC- 

Rod-like M7C3 

L0  p + L1                  at 1732 K 

L1  (+MC)E + L2       at 1550 K 

L2 (+M7C3)E             at 1453 K 

Section phase diagram of quasi-binary M [Fe-5%Cr-5%Mo-5%W-5%V-Co]-

C alloy system and liquidus surface phase diagram of quasi-ternary M [Fe-5%Cr-

5%Mo-5%W-5%Co]-V-C alloy system were constructed by Wu et al. [24] and they 

are shown in Fig. 2-9 and Fig. 2-10, respectively. It is clear in Fig. 2-9 that the high 

temperature part of the quasi-binary phase diagram has a simple eutectic system of 

austenite (γ) - MC. Since the eutectic point lies near C content about 2.8%, the       

cast iron with the basic chemical composition has hypoeutectic microstructure. It is 

also found that after the eutectic reaction of (L+MC), the remained melt follows 



 

 

24 

by two other eutectic reactions, L1+M7C3 and L1+M2C. The order and kind of 

eutectic reactions vary corresponding to C content. 

 By contrast, the quasi-ternary liquidus surface phases diagram from Fig. 2-10 

shows the construction of liquidus phases when C and V contents are separately 

changed. On the diagram, precipitations of primary delta-ferrite, austenite,               

MC carbide as well as M7C3 and M3C carbides are displayed, while the eutectic 

reaction of (L+M2C) can not be displayed on the diagram. The delta-ferrite is 

found at low C content and MC carbide appears in the region of high C and high        

V contents. M7C3 and M3C carbides exist in high C and low V region. There are two 

peritecto-eutectic points, U1 and U2, and the temperature of U1 located at high 

vanadium and low carbon content. The temperature of U1 is around 200K higher than 

that of U2. 

 As described here, many researches concerning the multi-alloyed white cast 

irons have been carried out and reported. However, the researches on heat treatment 

behavior and abrasive wear resistance of multi-alloyed white cast iron are quit few. 
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Fig. 2-9 Quasi-binary section phase diagram of basic alloy of M (Fe-5%Cr-5%Mo-

5%W-5%V-5%Co)-C alloy system [24]. 

 

Fig. 2-10 Quasi-ternary liquidus surface phase diagram of M (Fe-5%Cr-5%Mo-5%W-

5%Co)-V-C alloy system [24]. 
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2.5 Heat treatment behavior of multi-alloyed white cast iron 

As mentioned before, as-cast matrix of multi-alloyed white cast iron consists 

of multiple kind of phases; bainite, austenite, ferrite and martensite. It is known that 

retained austenite and ferrite decrease hardness and wear resistance. It is said that high 

hardness or better abrasive wear resistance is obtained in case of martensitic matrix. 

In general, hardness in the as-cast state is low because more austenite remains. Under 

a certain wear circumstance, therefore, the martensitic matrix is requested for superior 

wear performance. In order to get the matrix with more martensite, the multi-alloyed 

white cast iron needs to be heat-treated. 

Heat treatment processes given to multi-alloyed white cast iron are generally 

hardening and tempering in the same way as tool steel or high Cr cast iron [9, 21]. 

Hardening is that the stable austenite in which alloying elements is supersaturated in 

the as-cast state is destabilized at high temperature and allowed to transform into 

martensite during post cooling. Also, tempering is aimed to make the martensite 

matrix transform to useful and desirable microstructures and at the same time to 

reduce retained austenite and residual stress caused by hardening. The purposes of 

heat treatment research in multi-alloyed white cast iron are to clarify the behavior of 

phase transformation and to utilize the results for improvement of mechanical 

properties including most important wear resistance.  

In order to understand the transformation behavior during heat treatment, 

continuous cooling transformation (CCT) curves were constructed [21]. As examples, 

CCT diagrams of multi-alloyed white cast irons with basic alloy composition and two 

levels of C contents were obtained by two austenitizing temperatures of 1273 and 
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1373 K and they are shown in Fig. 2-11 for 1.95% C (a) and 2.81% C (b) cast irons. 

In spite of the difference in C content, pearlite and bainite transformations are 

separated up and down independently. The nose temperatures of both the pearlite and 

bainite transformations range from 920 to 980 K and 570 to 610 K for low C cast iron, 

and 900 to 950K and 590 to 640 K for high C cast iron, respectively. With respect to 

the start of each transformation, in other words, each nose time, the low C cast iron 

shows great difference in pearlite and bainite transformations and the pearlite 

transformation is located at the long time side more than the bainite transformation.  

 

 

 

  (a) 1.95% C     (b) 2.81% C 

Fig. 2-11 Continuous cooling transformation (CCT) curves of multi-alloyed white 

cast irons with basic alloy composition [21]. 
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Heat treatment behavior of multi-alloyed white cast iron with Fe-5%Cr-5%W-

5%Mo-5%Co-V-C alloy system was studied by Matsubara et al. [9]. From                

Ms temperature higher austenitizing temperature provides more Vγ because Ms points 

are lower in the case of 1373 K austenitizing. There is a report investigating the 

tempering behavior of a semi multi-alloyed white cast iron with 1%C-1%V-5%Cr-

5%Mo and it is shown in Fig. 2-12. The curve of tempered hardness shows great 

secondary hardening obtained near 800 K tempering. On the other side, after 

hardening from 1323 K retained austenite (Vγ) decrease as the tempering temperature 

is elevated and it also found that there is a critical temperature at which the Vγ begins 

to reduce greatly.  

 

Fig. 2-12 Tempering behavior of alloy with 1%C-1%V-5%Cr-5%Mo [9]. 
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2.6 Abrasive wear resistance 

Abrasive wear of materials is caused by repeated contacts of the materials with 

hard abrasive particles which are frequently seen in the contact between parts or 

components of materials and minerals. One of important properties for parts or 

components is high resistance to abrasive wear. It is known that the wear resistance of 

cast iron is determined by microstructures consisting of carbide and matrix structure. 

If the matrix is soft, it can’t support the hard carbides and the cast iron could be worn 

away from matrix easily. In order to solve this problem, some alloying elements to 

strengthen the matrix have been added to cast iron [25-28].  

In the industries of mining, cement, steel making, electric power plant, various 

kinds of machines are used for digging, crushing or milling and pulverizing. 

According to wear conditions, abrasive wear can be classified as followed [5], 

(1) Gouging abrasion which occurs when the surface of materials is scooped 

out by a large mass of abrasives such as ores or stones with heavy impact load,        

i.e. wear of hammer materials in an impact crusher. 

(2) Grinding or high-stress abrasion which takes place when mineral or 

cements clinker is pulverized between two moving metals, i.e. wear of balls and 

liners, crushing discs and rolls in the mills. 

(3) Scratching abrasion or low-stress abrasion which occurs when small 

abrasives are rolling over or scratching on the surface of working parts and in the case 

that low stress is sufficient to crush or grind the abrasives, i.e. wear in sand mill, sand 

and shot blasts and slurry pump. 
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In general, combination wear of two or three-body type occurs simultaneously 

on the surface of parts during working. As we know, wear resistance of alloyed white 

cast iron is related to the microstructure, that is, type, morphology, amount of carbide 

and matrix structure, which are factors to determine hardness of cast iron. These 

factors may also determine mechanical properties, particularly hardness, strength and 

toughness. Since eutectic carbide changes little in both quantity and morphology after 

solidification, the control of matrix structure is very important to improve wear 

resistance [27, 28]. 

In high Cr cast irons, many results concerning abrasive wear have been 

reported. In case that eutectic carbides in high Cr cast irons have higher hardness than 

the abrasive materials like quartz and garnet, the cast irons shows high abrasive wear 

resistance. Addition of alloying elements such as V, Mo, Nb and Ti, which form very 

hard carbides, can improve abrasive wear resistance [25]. It is reported that the rate of 

wear decreases with increasing hardness of materials and size of abrasive particles 

[18, 27]. Doğan et al. [27] reported that carbides aligned parallel to the wear surface 

of high Cr cast iron produced higher wear resistance in pin abrasive wear test. 

However, Sare [28] showed that an increase of carbide volume fraction (CVF) in high 

Cr cast iron had little effect upon the spalling rate and then provides some 

improvement in abrasive wear resistance. 
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Chapter III 

Experimental Procedures 

3.1 Preparation of test specimens  

Charge calculations of each specimen for target chemical compositions 

showing in Table 3-1 were carried out. The ingots for test specimens were produced 

using a 30 kg capacity high frequency induction furnace with alumina lining.        

Raw materials such as mild steel, pig iron, ferro-alloys and pure metals used as charge 

materials. The charge materials were melted down and superheated up to 1853 K. 

After holding at the temperature, each melt is poured from the temperature between 

1763 and 1793 K into preheated CO2 molds of which cavity shape is round bar with 

25 mm in diameter and 65 mm in length as shown in Fig. 3-1 and Y-block with the 

cavity size of 50x50x200 mm shown in Fig. 3-2(a). The surface of the top riser is 

immediately covered with dry exothermic powder to prevent the liquid of riser from 

fast cooling.  

Table 3-1 Target chemical compositions of test specimens. 

Specimen 

No. 

Element (mass%) 

C Si Mn Cr Mo W V Co 

No.1 1.75 0.50 0.50 5.00 5.00 5.00 5.00 2.00 

No.2 2.05 0.50 0.50 5.00 5.00 5.00 5.00 2.00 

No.3 2.35 0.50 0.50 5.00 5.00 5.00 5.00 2.00 
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The chemical compositions of the ingot are shown in Table 3-2. 

Table 3-2 Chemical compositions and carbon balance (Cbal) of test specimens. 

Specimen 

No. 

Element (mass%) 

Cbal 

C Si Mn Cr Mo W V Co 

No.1 1.73 0.50 0.49 5.09 5.05 4.98 5.05 2.03 -0.25 

No.2 2.00 0.53 0.49 4.96 4.98 4.98 5.01 2.03 0.05 

No.3 2.34 0.54 0.49 4.98 5.02 4.98 5.04 1.98 0.38 

 

 

Fig. 3-1 Schematic drawing of CO2 mold for round bar specimen. 
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Fig. 3-2 Process of making test pieces for abrasive wear test. 

 In order to investigate the heat treatment behavior, the round bar specimens 

were cut by a wire-cutting machine to disk-shape test pieces with 7 mm in thickness. 

As for the Y-block ingot, the riser portion was cut off and the substantial block (b) 

was supplied to annealing to remove the casting stress and micro-segregation 

produced during solidification. The substantial block was coated with an                

anti-oxidation paste to prevent the block from oxidation and decarburization during 

annealing. The annealing condition is 1223 K for 18 ks and then furnace cooling (FC). 

After annealing, the block is sectioned at 7 mm in thickness by a wire-cutting 

machine to obtain test pieces for rubber wheel abrasive wear test.  
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 When type and morphology of each test specimen are estimated from the 

previous literature shown in Fig. 2-5, specimen No.1 with 1.73% C and 15% Weq 

should have MC and M2C carbides. Specimen No.2 with 2.00% C and No.3 with 

2.34% C at 15%Weq could contain the same kinds of carbides as specimen No.1.      

As-cast microstructure observed by OM is placed in Fig. 4-1. It is evident that the 

carbides in the microstructure of each specimen follow with those estimated from 

previous paper. 

3.2 Heat treatment 

3.2.1 Investigation on heat treatment behavior 

Heat treatment conditions of each specimen are summarized in Table 3-3. 

In annealing, test pieces were coated with an anti-oxidation paste to prevent 

oxidation and decarburization. They were put in an electric furnace and heated up to 

1223 K (950 
o
C) and held for 18 ks (5 hours). After holding, the specimens were 

cooled in the furnace to room temperature (FC). The annealed test pieces were 

austenitized at 1323 K (1050 
o
C) and 1373 K (1100 

o
C) and held for 3.6 ks (1 hour), 

and then they were hardened by fan air cooling (FAC) to room temperature. The 

hardened specimens were tempered at 50 K intervals in the range of 673-873 K      

(400-600 
o
C) for 12 ks (200 minutes). After holding at each tempering temperature, 

the test piece was cooled in air (AC) to room temperature. 

The tempered test pieces made of each round bar specimen were supplied to 

the examination of properties, macro-hardness and volume fraction retained austenite 
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(Vγ) and the relationships between hardness, Vγ and tempering temperature were 

obtained. 

Table 3-3 Conditions of each heat treatment process. 

Heat treatment Temperature (K) Holding Time (ks) Cooling Condition 

Annealing 1223 18 Furnace Cooling (FC) 

Hardening 

1323 

1373 

3.6 Fan Air Cooling (FAC) 

Tempering 

673 

723 

748 

773 

798 

823 

873 

12 Air Cooling (AC) 

3.2.2 Heat treatment for abrasive wear test pieces 

Heat treatment conditions of test pieces for abrasive wear test, which were 

made of the rectangular ingots, were decided referring to the relationships between 

macro-hardness, Vγ and tempering temperature described in the section 3.2.1.      

They are summarized in Table 3-4. The tempering temperature was adopted from the 

combination of hardness and Vγ. The hardened test pieces were tempered in an 
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electric furnace at three levels of temperatures selected based on the tempered 

hardness curve obtained experimentally in each specimen, the temperature at which 

the maximum tempered hardness (HTmax) was obtained, the lower and higher 

temperatures than that at HTmax (L-HTmax and H-HTmax, respectively) where the 

hardness are almost same. The holding time was taken for 12 ks and cooled to room 

temperature in air. The test pieces tempered at L-HTmax should have higher Vγ than 

that at HTmax, while those tempered at H-HTmax should have much lower Vγ than that 

at HTmax. 

Table 3-4 Heat treatments condition of specimens for abrasive wear test. 

Heat treatment Annealing Hardening Tempering 

Temperature 1223 K 
1323 K and    

1373 K 

3 levels between 

673 and 873 K 

Holding time 18 ks 3.6 ks 12 ks 

Cooling condition 

Furnace cooling 

(FC) 

Nitrogen quench 

in vacuum 

(N2 Quench) 

Air cooling 

(AC) 
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3.3 Observation of microstructure 

3.3.1 Optical Microscopy (OM) 

 Optical microscopy (OM) was used to observe the two-dimensional 

microstructure of specimen. After tempering, the specimen was polished using SiC 

emery papers in the order of 80, 120, 180, 320, 400 and 600 meshes and finally 

buffing with alumina powder of 0.3 micron in grain size. Etchants were used to reveal 

the microstructures and the etching method is shown in Table 3-5. The etchant type A 

is generally used to reveal the microstructure. 

Table 3-5 Etchants and etching methods. 

Type Etchant Etching method Observation 

A 

Vilella’s reagent 

Picric acid 1 g. 

HCl 5 cc. 

Ethanol 100 cc. 

Immersion at room 

temperature 
Microstructure 

3.3.2 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy (SEM) was used to observe the microstructure, 

precipitated carbides and worn surface appearance by high magnifications.              

The operating conditions were accelerating voltage of 25 kV and filament current of       

80 mA. Polished and a little deep etched specimen was supplied to investigate the 
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detailed microstructure three-dimension alloy. This characterization is very helpful for 

discussion of experimental results. 

3.4 Hardness measurement 

 Macro-hardness of specimen was measured using Vicker hardness tester with 

a load of 294.2 N (30 kgf) and measurement of micro-hardness in matrix was 

performed using Micro-Vicker hardness tester with a load of 0.98 N (100 gf).          

The hardness was measured at random more than five points and the average values 

were adopted.  

3.5 Measurement of volume fraction of retained austenite 

Volume fraction of retained austenite (V) are obtained by X-ray diffraction 

method using a special goniometer with automatic rotating and swinging sample 

stage. Mo-K characteristic line with a wavelength of 0.007 nm (0.0711 Å) filtered 

by Zr foil is utilized as a source of X-ray beam. The diffraction peaks used for           

V calculation are (200) and (220) planes for ferrite (α) or martensite (M), and (220) 

and (311) planes for austenite (). The X-ray diffraction method is convenient because 

a block specimen can be available [9, 21, 29]. The measuring conditions are shown in 

Table 3-6. 

In this experiment, the simultaneously rotating and swinging sample stage is 

employed to cancel the influence of preferred orientation or textural configuration of 

austenite existed in the cast specimen. The four diffraction peaks are selected from 

crystal planes for calculation of Vγ; (200), (220) of ferrite or martensite and (220), 

(331) of austenite because these diffraction peaks are independent or not interfering 
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from peaks of other phases such as carbides. The reason why the strong 211 peak is 

not taken into account is that this peak is overlapped with the strong peak of 

chromium carbide (M7C3). The integrated areas of each adopted peaks are obtained 

using an image analyzer. The calculation of V is done by the three combinations of 

peaks, 200 – 311, 200 – (220,311) and (200,220) – 311. The Vγ values 

calculated from the three combinations are averaged. 

Table 3-6 Measurement conditions of volume fraction of retained austenite (V) by   

X-ray diffraction method. 

Target metal Mo 

Tube voltage · current 50 kV · 30 mA 

Slits 

Divergence slit: 1°, 

Receiving slit: 1.5 mm, 

Scattering slit: 1° 

Filter Zr 

Scanning range(2) 24-44 deg 

Scanning speed 0.5 deg/min 

Step/Sampling 0.01 deg 
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3.6 Abrasive wear test 

Before abrasive wear test, the surface roughness of each test piece was 

controlled less than 3 m (Rmax) using a grinding wheel machine. The surface 

roughness was measured more than three times at random in the direction 

perpendicular to the last grinding direction. 

3.6.1 Rubber wheel abrasive wear tester 

Picture of tool and schematic drawing of rubber wheel abrasive wear tester is 

shown in Fig. 3-3 and 3-4. The rubber wheel abrasive wear tester is widely used to 

simulate the abrasive wear performance. Abrasives of silica sand of ASTM 6 grade is 

fed to the contacting face between the rotating rubber wheel and the surface of test 

piece. The rubber wheel is rotated in the same direction as abrasives flow. Mass loss 

of test piece is measured before and after test using a high precision digital balance 

with 0.1 mg accuracy. Wear distance (Wd) can be calculated by the following 

equation. 

 Wear distance (Wd) = 2 x π x r x Nr                 (3.1) 

  = 2 x 3.1416 x 0.125 x 10000 

  = 785 m 

Here,  Wd = wear distance (m) 

 r     = radius of rubber wheel (m) 

 Nr   = number of revolution 
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Fig. 3-3 Rubber wheel abrasive wear tester. 

 
Fig. 3-4 Schematic drawing of Rubber wheel abrasive wear tester. 

Hopper 

Sand 

Weight Rubber wheel 

Test piece 
Applied load 



 

 

42 

3.6.2 Abrasive test method and test conditions 

 A specimen is fixed on the right hand side of specimen holder. The specimen 

holder is installed to the loading flame first and then rubber wheel is fitted to the axis 

space between specimen holder and wheel is adjusted to about 3 mm. More detailed 

setting of a test pieces is shown in Fig. 3-5. All the settings finish, the beam for load 

supplying is released and then, the surface of specimen and the wheel are touched. 

After the abrasives of sand begin to run, the wear test starts under the test conditions 

shown in Table 3-7. One cycle of test takes about 15 minutes. After one wear test is 

over, the nozzle is closed and rubber wheel and specimen holder are taken out. Tested 

specimen is cleaned in an ultrasonic acetone bath and dried by dryer, and then, the test 

piece is weighted repeatedly for 4 times. The worn surface appearance of test piece 

after rubber wheel abrasive wear test is drawn schematically as illustrated in Fig.3-6. 

 

Fig. 3-5 Schematic drawing main portion of Rubber wheel abrasive wear tester. 

Nozzle 

Specimen 

Specimen 

holder 

Lined rubber 

3 mm 
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Fig. 3-6 Schematic drawing of worn surface appearance of specimen after Rubber 

wheel abrasive wear testing. 

 

Table 3-7 Test conditions of rubber wheel abrasive wear test. 

Abrasives Silica sand of ASTM 6 grade 

Feeding rate 250 - 300 g/min 

Applied load 85.32 N (8.7 kgf) 

Number of revolution 1000 

Rotating speed 120 r.p.m 
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 The abrasives of silica sand of ASTM 6 grade was used for rubber wheel 

abrasive wear test. During test, silica sand can freely move and rotate on the surface 

of test pieces. The kind of compound silica sands, size and their volume fraction are 

shown in Table 3-8. 

Table 3-8 Kind of compound, size of silica sand (ASTM# 6) and their volume 

fractions. 

Chemistry Volume fraction , % 

SiO2 97.03 

Al2O3 1.62 

Fe2O3 0.03 

Size (mesh) Volume fraction , % 

35 2.3 

48 59.3 

60 31.8 

80 6.2 

100 0.3 

-100 0.1 
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Chapter IV 

Experimental Results 

4.1. Microstructure of test specimens 

 Microstructures of test specimens in the as-cast state are shown in the Fig. 4-1. 

All of specimens show hypoeutectic structure consisting of primary austenite dendrite 

and eutectic structures. The types of eutectic carbides are mainly MC in granular or 

string-like shape and M2C in plate-like or lamellar one. The eutectic carbides appear 

at boundary region of austenite dendrite. In addition, area fraction of eutectic in the 

as-cast state measured by an image analyzer increases with an increase in C content, 

40.9% in specimen No.1 with 1.73% C, 47.7% in No.2 with 2.00% C and 59.4% in 

No.3 with 2.34% C. This result tells that volume fraction of the eutectic increases 

with a rise of C content, that is to say, the amount of eutectic carbide is also increased 

by increasing the C content. 

 Matrices of all the specimens are mostly austenite. This is because C dissolved 

into matrix stabilized austenite and lowered Ms temperature [30]. However, small 

amount of martensite could exist in the matrix microstructure. 
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Specimen OM 
Area fraction of 

eutectic (%) 

No.1 

(1.73% C)  

 

40.9 

No.2 

(2.00% C) 

 

47. 7 

No.3 

(2.34% C) 

 

59.4 

Fig. 4-1 Microstructures of as-cast specimens with different C contents and area 

fraction of eutectic. 

MC 

MC 

M2C 

M2C 

γ 

γ 
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4.2 Effect of C content on heat treatment behavior 

4.2.1 Effect of C content on as-hardened state 

4.2.1.1 Microstructure of as-hardened specimens 

 As-hardened microstructures of test specimens are shown two-dimensionally 

in Fig. 4-2 for 1323 K and Fig.4-3 for 1373 K austenitizing, respectively. It is well 

known that the configuration of eutectic carbide changes little from the as-cast state 

by hardening process. The matrices of all the specimens are composed of fine 

carbides, martensite (M) and retained austenite (γR). When compared with the as-cast 

matrix structure, austenite is reduced greatly. Instead, more carbide can be observed 

in the matrix. This proves that the destabilization of austenite, i.e., precipitation of 

secondary carbides (Sc) occurred during austenitizing and then decomposed austenite 

transformed into martensite. However, it can not be clear to find the differences in the 

amount of secondary carbides among the specimens with different C contents. 

 In order to investigate the details of precipitated carbides in the matrix, the 

SEM microphotographs were taken focusing on the matrix areas and the 

representatives are shown in Fig.4-4 for 1323 K and Fig. 4-5 for 1373 K austenitizing, 

respectively. It can be understood that the finely precipitated carbides are clearly 

revealed and they rather decrease in number with increasing the C content. On the 

other hand, the retained austenite seems to reduce and the martensite is observed 

clearly in the specimens No.2 and No.3 with higher C content than No.1. When 

compared the matrix structures hardened from 1323 K with those hardened from    

1373 K austenitizing, the number of precipitated carbides are very less in the 
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specimens in hardening from 1373 K austenitizing, and instead, the retained austenite 

is increased. This is because the austenite was stabilized due to more dissolution of   

C and alloying elements at higher austenitizing temperature. 
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No.1 

(1.73% C) 

 

No.2 

(2.00% C) 

 

No. 3 

(2.34% C) 

 

Fig. 4-2 Two-dimensional microstructures of as-hardened specimens with different C 

contents in 1323 K austenitizing by optical microscope. Etchant : Vilella’s 

reagent. 
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No.1 

(1.73% C)  

 

No.2 

(2.00% C)  

 

No. 3 

(2.34% C) 

 

Fig. 4-3 Two-dimensional microstructures of as-hardened specimens with different C 

contents in 1373 K austenitizing by optical microscope. Etchant : Vilella’s 

reagent. 
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No.1 

(1.73% C)  

 

No.2 

(2.00% C) 

 

No. 3 

(2.34% C) 

 

Fig. 4-4 SEM microstructures of as-hardened specimens with different C contents in 

1323 K austenitizing. Etchant : Vilella’s reagent 
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No.1 

(1.73% C) 

 

No.2 

(2.00% C)  

 

No. 3 

(2.34% C) 

 

Fig. 4-5 SEM microstructures of as-hardened specimens with different C contents in 

1373 K austenitizing. Etchant : Vilella’s reagent. 
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4.2.1.2 Hardness and volume fraction of austenite (Vγ) in as-hardened 

specimens 

 Macro- and micro-hardness and volume fraction of austenite (Vγ) in             

as-hardened state are summarized in Table 4-1. The hardness of specimen No.1 with 

1.73% C was 747.4 HV30 in case of 1323 K and 821.8 HV30 in 1373 K austenitizing. 

In specimen No.2 with 2.00% C, the hardness was 922.4 HV30 and 856.6 HV30 in 

the case of hardening from 1323 K and 1373 K austenitizing, respectively. As for 

specimen No.3 with 2.34%C, the hardness obtained was 937.2 HV30 and 758.2 HV30 

in 1323K and 1373K austenitizing, respectively.  

 

Table 4-1 Macro- and micro-hardness and volume fraction of austenite (V) of        

as-hardened specimens with different C contents. 

Specimen 

Austenitizing temperature 

1323 K (1050 
o
C) 1373 K (1100 

o
C) 

Macro-

hardness , 

HV30 

Micro-

hardness , 

HV0.1 

V , 

% 

Macro-

hardness , 

HV30 

Micro-

hardness , 

HV0.1 

V , 

% 

No.1 747.4 684.8 6.13 821.8 772.5 11.3 

No.2 922.4 857.0 16.83 856.6 781.6 33.41 

No.3 937.2 897.2 37.37 758.2 667.7 57.86 
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4.2.2 Effect of C content on tempered state 

 After hardening from 1323 K and 1373 K austenitizing, specimens were 

tempered at 50 K interval between 673 and 873 K and 25 K interval near the high 

hardness to find out the peaks of hardness. The relationships between macro-hardness, 

volume fraction of retained austenite (Vγ) and tempering temperature are shown in 

Fig. 4-6 (a), (b) for No.1, Fig. 4-7 (a), (b) for No.2 and Fig. 4-8 (a), (b) for No.3 

specimen, respectively. In each specimen, tempered hardness curves show secondary 

hardening obviously, regardless of austenitizing temperatures. 

 In the specimen No.1, maximum tempered hardness (HTmax) of 800.6 HV30 

and 829.2 HV30 were obtained at tempering temperature of 798 K, in both of 

hardenings from 1323 K and 1373 K. In each specimen, the HTmax value in tempered 

state is higher than that in as-hardened state. The hardness increases with increasing 

the tempering temperature to the highest hardness (HTmax). As the tempering 

temperature is elevated over that at HTmax, the hardness decreases markedly with an 

increase in the temperature. 

 On the other side, the V in specimen No.1 reduces in a small rate as the 

tempering temperature increases, irrespective of austenitizing temperature, and 

finally, it converges to nil when the tempering temperature approaches 900 K. The   

V values at HTmax were less than 5% in both the specimens hardened from two 

different austenitizing temperatures. 

 In the case of specimen No.2, the HTmax values of 914.8 HV30 and            

931.2 HV30 were obtained by hardening from 1323 K and 1373 K and tempering at 
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the same temperature of 798 K. It can be said that high austenitizing temperature 

provides higher HTmax as same as the specimen No.1. Compared the hardness of 

specimen No.2 with No.1, the hardness of specimen No.2 are overall higher.  

 The V values in specimen No.2 begin to decreases greatly when the 

tempering temperature increases over 748 K and those at HTmax were around 5%, 

regardless of austenitizing temperatures. When tempering temperature rises over     

880 K, the V becomes nil in both the austenitizing temperatures. 

 With respect to specimen No.3, the HTmax of 922.2 HV30 was obtained in the 

specimen hardened from 1323 K austenitizing and tempered at 798 K, while that of 

901.2 HV30 was in the specimen hardened from 1373 K and tempered at 823 K.  

 From the results mentioned in this section, it can be said that the high 

austenitizing temperature provides higher HTmax value except for specimen No.3 with 

2.34% C. On the other side, 10% and 14% V still remained at HTmax of specimen 

No.3 when hardening from 1323 K and 1373 K, respectively. In this specimen 

hardened from 1373 K, the V did not reduce to nil even tempered at 880 K. 

 

 

 

 

 



 

 

56 

 

(a) Austenitizing temperature : 1323 K 

 

(b) Austenitizing temperature : 1373 K 

Fig. 4-6 Relationship between macro-hardness, volume fraction of retained austenite 

(V) and tempering temperature. Specimen : No.1. 
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(a) Austenitizing temperature : 1323 K 

 

(b) Austenitizing temperature : 1373 K 

Fig. 4-7 Relationship between macro-hardness, volume fraction of retained austenite 

(V) and tempering temperature. Specimen : No.2. 



 

 

58 

 

(a) Austenitizing temperature : 1323 K 

 
(b) Austenitizing temperature : 1373 K 

Fig. 4-8 Relationship between macro-hardness, volume fraction of retained austenite 

(V) and tempering temperature. Specimen : No.3. 
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4.2.3 Microstructure of tempered specimens 

 Microstructures of tempered specimens with different C contents were 

observed by an optical microscope (OM). In order to clarify the effect of C content on 

tempered matrix structure, the microphotographs of each specimen tempered at same 

temperature of 798 K were selected as an example and they are shown in Fig. 4-9. 

The particles of precipitates or carbides and some retained austenite can be seen in the 

matrix of each specimen. However, martensite phase (M) can not be clearly 

distinguished. 

 The effect of tempering temperature, in other ward, the effect of Vγ value on 

the matrix structure of specimen No.2 tempered at 723 K (L-HTmax), 798 K (HTmax) 

and 873 K (H-HTmax) were chosen representatively and their microphotographs are 

displayed in Fig. 4-10. As the tempering temperature was increased, fine precipitates 

or carbides were coarsened in particle size from L-HTmax via HTmax to H-HTmax 

specimens. However, martensite phases can not be still distinguished. 

 In the order to investigate the matrix microstructure in detail, the specimens 

were observed by SEM and their microphotographs are displayed in Fig. 4-11 for the 

effect of C content and Fig.4-12 for the effect of tempering temperature. In the SEM 

microphotographs, the phases existing in the matrix are revealed more clearly and 

distinguished. An increase in the secondary carbide in matrix can be seen comparing 

with the as-hardened state. The martensite was observed obviously in the specimens 

with high C content. However, the precipitated carbides decreases as the C content 

rises. From SEM microphotographs of specimen No.2 tempered at different 

temperatures (L-HTmax, HTmax and H-HTmax) after hardening from 1323 K 
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austenitizing, it is found that the matrix microstructures was revealed with higher 

resolution by relating to the tempering temperature. 
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No.1 (1.73% C) 

 
No.2 (2.00% C) 

 
No.3 (2.34% C) 

Fig. 4-9 Effect of C content on microstructures of HTmax specimens tempered after 

hardening from 1323 K austenitizing. By optical microscope. 
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L-HTmax (723 K) 

 
HTmax (798 K) 

 
H-HTmax (873 K) 

Fig. 4-10 Comparison of microstructures of L-HTmax, HTmax and H-HTmax specimens in 

No.2 with 2.00% C tempered after hardening from 1323 K austenitizing. 
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No.1 (1.73% C) 

 
No.2 (2.00% C) 

 
No.3 (2.34% C) 

 

Fig. 4-11 SEM microphotographs of HTmax specimens with different C contents 

tempered after hardening from 1323 K austenitizing. 
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L-HTmax (723 K) 

 
HTmax (798 K) 

 
H-HTmax (873 K) 

 

Fig. 4-12 SEM microphotographs of L-HTmax, HTmax and H-HTmax specimens in No.2 

with 2.00% C tempered after hardening from 1323 K austenitizing. 
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4.3 Effect of heat treatment on abrasive wear behavior 

 Rubber wheel (three-body-type) abrasive wear test was introduced to evaluate 

the wear resistance of multi-alloyed white cast irons with different C content and 

basic alloy composition. The tempering temperatures for wear test pieces were 

determined referring to L-HTmax, HTmax and H- HTmax on the tempered hardness curves 

which had been previously made by the experiments (Section 4.2.2). Fig. 4-13 

illustrates how to determine the tempering temperatures referring to the results of 

specimen No.2 hardening from 1373 K austenitizing. 

 

Fig. 4-13 Schematic illustration showing the tempering temperatures. 

 By selections of the temperatures, it becomes possible to evaluate the effect of 

V on the wear resistance under the same hardness by comparing the wear rates of    

L-HTmax and H-HTmax specimens. 
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4.3.1 In case of hardening from 1323 K austenitizing 

 Relationships between wear loss (Wl) and wear distance (Wd) of specimens 

No.1, No.2 and No.3 which were tempered after hardened from 1323 K austenitizing 

are shown in Fig. 4-14, 4-15 and 4-16, respectively. It is clear that the wear loss is in 

proportion to the wear distance in every specimen even if it was tempered by different 

temperatures. The relations of Wl vs. Wd are displayed by the equations in the table 

shown below the figure and the coefficient or slope of each linear function means the 

wear rate (RW). 

 For the specimens hardened from 1323 K and 1373K austenitizing, the total 

wear loss (Wl) at 3140 m of rubber wheel abrasive test are summarized in Table 4-2 

(a) for 1323 K, and 4-2 (b) for 1373 K austenitizing specimens, respectively.              

In specimen No.1 with 1.73% hardened from 1323 K, the total Wl was the smallest 

444 mg of HTmax, followed by the order of low wear losses of 469 mg of H-HTmax,    

491 mg in as-hardened and the largest of 557 mg of L-HTmax specimens. 

 As for specimen No.2 with 2.00% C hardened from 1323K austenitizing, the 

smallest value of total wear loss was 237 mg of as-hardened, 311 mg of HTmax,        

319 mg of L-HTmax and the largest 364 mg of H-HTmax specimen.  

 In the specimen No.3 with 2.34% C, the total Wl of 182 mg was smallest in   

as-hardened specimen and it increased in the order of in 204 mg of HTmax, 218 mg in 

L-HTmax and 275 mg in H-HTmax specimens.  
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As-hardened  Wl = 0.156 * Wd + 10.20  (R² = 0.99) 

L-HTmax  Wl = 0.177 * Wd +   8.67  (R² = 0.99) 

HTmax  Wl = 0.141 * Wd +   4.80 (R² = 0.99) 

H- HTmax  Wl = 0.149 * Wd +   5.27  (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance 

Fig. 4-14 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.1 tempered after hardening from 1323 K. Rubber wheel test           

(three-body-type) with load 85.3 N (8.7 kgf). 
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As-hardened  Wl = 0.075 * Wd + 0.47 (R² = 1.00) 

L-HTmax  Wl = 0.101 * Wd + 3.20 (R² = 0.99) 

HTmax  Wl = 0.099 * Wd + 1.60 (R² = 0.99) 

H- HTmax  Wl = 0.116 * Wd + 6.13 (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance  

Fig. 4-15 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.2 tempered after hardening from 1323 K. Rubber wheel test           

(three-body-type) with load 85.3 N (8.7 kgf). 
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As-hardened  Wl = 0.058 * Wd + 5.47 (R² = 0.99) 

L-HTmax  Wl = 0.069 * Wd + 2.33 (R² = 0.99) 

HTmax  Wl = 0.065 * Wd + 2.20 (R² = 0.99) 

H- HTmax  Wl = 0.087 * Wd + 2.60 (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance  

Fig. 4-16 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.3 tempered after hardening from 1323 K. Rubber wheel test          

(three-body-type) with load 85.3 N (8.7 kgf). 
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Table 4-2 Total wear loss (Wl) at 3140 m in rubber wheel abrasive wear test       

(three-body-type) of specimens with different heat treatment conditions.         

Load : 85.3 N (8.7 kgf). 

Specimen 

Total wear losses of rubber wheel abrasive wear test at 3140 m. 

(Wl : mg) 

As-hardened L-HTmax HTmax H-HTmax 

No.1 (1.73% C) 491 557 444 469 

No.2 (2.00% C) 237 319 311 364 

No.3 (2.34% C) 182 218 204 275 

(a) Austenitizing temperature : 1323 K 

Specimen 

Total wear losses of rubber wheel abrasive wear test at 3140 m. 

(Wl : mg) 

As-hardened L-HTmax HTmax H-HTmax 

No.1 (1.73% C) 318 424 406 383 

No.2 (2.00% C) 245 305 255 314 

No.3 (2.34% C) 185 195 191 270 

(b) Austenitizing temperature : 1373 K 

 

4.3.2 In case of hardening from 1373 K austenitizing 

 Abrasive wear test results of tempered specimens after hardening from 1373 K 

are shown in Fig. 4-17 for specimen No.1, Fig. 4-18 for No.2 and Fig. 4-19 for No.3, 

respectively. The wear behavior shows the same manner in the case of 1323 K 

austenitizing, that is, the Wl increases proportionally to the Wd. 
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 As shown in Table 4-2 (b); in the specimen No.1 with 1.73% C, the total Wl 

increased in the order of the smallest loss of 318 mg in as-hardened, 383 in H-HTmax, 

406 in HTmax and the largest of 424 in L-HTmax specimens.  

 In the specimen No.2 with 2.00% C, the wear behaviors were separated to two 

groups; one is more Wl and the other is less Wl. From Table 4-2 (b), total wear loss 

increased in the order of the smallest of 245 mg in as-hardened, 255 in HTmax, 305 in   

L-HTmax and the largest of 314 in H-HTmax specimens. 

 As for the specimen No.3 with 2.34% C, the wear behaviors shows the same 

trend as specimen No.2, that is, they separated to two groups. The Wl values were 

almost same as 185 in as-hardened, 191 in HTmax and 195 mg in L-HTmax specimens, 

respectively, and the Wl was much larger in H-HTmax specimen with 270 mg. 
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As-hardened  Wl = 0.100 * Wd + 3.33 (R² = 0.99) 

L-HTmax  Wl = 0.135 * Wd + 3.80 (R² = 0.99) 

HTmax  Wl = 0.129 * Wd + 4.40 (R² = 0.99) 

H- HTmax  Wl = 0.122 * Wd + 1.40 (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance 

Fig. 4-17 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.1 tempered after hardening from 1373 K. Rubber wheel test           

(three-body-type) with load 85.3 N (8.7 kgf). 
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As-hardened  Wl = 0.077 * Wd + 5.67 (R² = 0.99) 

L-HTmax  Wl = 0.097 * Wd + 1.20 (R² = 0.99) 

HTmax  Wl = 0.081 * Wd + 2.20 (R² = 0.99) 

H- HTmax  Wl = 0.100 * Wd + 2.60 (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance 

Fig. 4-18 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.2 tempered after hardening from 1373 K. Rubber wheel test          

(three-body-type) with load 85.3 N (8.7 kgf). 
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As-hardened  Wl = 0.058 * Wd + 4.40 (R² = 0.99) 

L-HTmax  Wl = 0.062 * Wd + 3.13 (R² = 0.99) 

HTmax  Wl = 0.061 * Wd + 2.80 (R² = 0.99) 

H- HTmax  Wl = 0.086 * Wd + 4.20 (R² = 0.99) 

  Wl : Wear loss, Wd : Wear distance 

Fig. 4-19 Relationship between wear loss (Wl) and wear distance (Wd) of specimen 

No.3 tempered after hardening from 1373 K. Rubber wheel test           

(three-body-type) with load 85.3 N (8.7 kgf). 
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Chapter V 

Discussions 

5.1 Behavior of heat treatment 

5.1.1 As-hardened state 

 Relationship between macro- and micro-hardness, V and C content are shown 

in Fig. 5-1 (a) for specimens hardened from 1323 K and (b) for those hardened from 

1373 K austenitizing. In the case of specimens hardened from 1323 K, macro- and 

micro-hardness increased as C content rose. In the case of 1373 K austenitizing, both 

of hardness increased but they decreased greatly at high C content of 2.34% 

(specimen No.3). The behavior of macro- and micro-hardness varies in the same 

manner against the change in C content, irrespective of austenitizing temperatures. On 

the other side, the Vγ continues to increase with a rise of C content of specimens 

hardened from both of 1323 K and 1373 K austenitizing. The reason for the hardness 

of specimen No.3 dropped remarkably is due to that too much soft austenite existed 

against the amount of transformed martensite with high hardness. In cases of 

austenitizing temperature, the critical amount of austenite could be near 30%.  

 Since the macro-hardness is overall higher than the micro-hardness and the 

trend of Vγ associated with C content is very similar, it is reasonable that the higher 

macro-hardness is supported by the existence of eutectic carbides. 
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(a) 1323 K austenitizing temperature 

 
(b) 1373 K austenitizing temperature 

 

Fig. 5-1 Relationship between macro- and micro-hardness, volume fraction of 

austenite (V) and C content. 
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 When compared the hardness at the same C content, the higher hardness was 

obtained in specimens hardened from 1323 K austenitizing except for specimen No.1 

with lower C content of 1.73%. This can be explained by correlation between Vγ and 

amount of martensite. The Vγ value of specimen No.1 in 1323 K is lower than that of 

1373 K austenitizing. This means that the amount of martensite is more and Vγ is less 

in the specimen hardened from 1323 K. In spite of the fact, the hardness of specimen 

hardened from higher austenitizing temperature of 1373 K is higher. It is considered 

that more C dissolved into martensite at higher temperature of 1373 K made the 

hardness of martensite increased greatly [30]. 

 On the other side, the Vγ continuously increased as C content rose, regardless 

of austenitizing temperature and at the same C content, the higher austenitizing 

temperature caused higher Vγ. It can be explained that the solubility of C and alloying 

elements in austenite increased at an elevated temperature, and subsequently, these 

alloys lowered the Ms temperature. The relationship between Ms temperature and 

alloying elements for steel is expressed by the following equation [31] 

 Ms (
o
C) = 545 - 330 x (%C) + 2 x (%Al) + 7 x (%Co) - 14 x (%Cr) - 

       13 x (%Cu) - 23 x (%Mn) - 5 x (%Mo) - 4 x (%Nb) -   

      13 x (%Ni) - 7 x (%Si) + 3 x (%Ti) + 4 x (%V) +    

                0 x (%W)                                                   (5.1) 

 Though, this equation can avail to estimate the Ms temperature of steels, it can 

not do it for the alloyed white cast irons because added carbide forming elements 

combine preferably with C to form eutectic carbides during solidification. Therefore, 

the Ms temperature of multi-alloyed white cast iron will be calculated if the 
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concentrations of C and alloying elements in matrix can be analyzed quantitatively. 

As imagined from above equation, most of alloying elements added to the           

multi-alloyed white cast iron have effect to decrease the Ms temperature except for 

Co. Hence, C and alloying elements dissolved in the matrix promote to stabilize the 

austenite. This means that the retained austenite is increased by addition of C and 

alloying elements and by elevating the austenitizing temperature. It should be noted 

that the transformation behaviors including the change of Ms teamperature are 

determined by the total effects of alloying elements dissolved in the matrix and 

austenitizing temperature. 

 

 

Fig. 5-2 Relationship between macro-hardness and volume fraction of retained 

austenite (V) in as-hardened state. 
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 The relationship between the macro-hardness and the V in as-hardened state 

is shown in Fig. 5-2. It is clear from the figure that the hardness increased with a rise 

of V up to 28% and then decreased as the Vγ gets over 28%. It is considered that the 

former occurred due to an increase in precipitation of carbides and the latter took 

place because of an excess of soft austenite and a reduction of hard martensite. 

  Therefore, the maximum hardness is obtained by the optimum balance of the 

Vγ and the amount of martensite. 

5.1.2 In tempered state 

5.1.2.1 Relationship between macro-hardness, micro-hardness and 

tempering temperature 

 In general, the amount of eutectic carbides does not change during usual heat 

treatment. Therefore, hardness varies mainly depending on the matrix structure. The 

macro-hardness measured by Vicker hardness tester shows the sum of the carbides 

and matrix while the micro-hardness measured by Micro-Vicker hardness tester does 

the hardness of matrix itself in which plural phases are co-existing. 

 The relationships between macro-, micro-hardness and tempering 

temperatures are shown in Fig. 5-3 (a) and (b) for specimen No.1, 5-4 (a) and (b) for 

specimen No.2 and 5-5 (a) and (b) for specimen No.3, respectively. The variation of 

macro-hardness shows similar trend to the micro-hardness against tempering 

temperature and the micro-hardness is overall lower than the macro-hardness in all the 

specimens. The differences in hardness between the macro- and micro-hardness are 

30 to 70 HV30 in specimen No.1, 50 to 95 HV30 in No.2 and 40 to 105 HV30 in 
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No.3 for specimen hardened from 1323 K austenitizing. In case of the specimens 

hardened from 1373 K austenitizing, the differences are 35 to 50 HV30 in No.1, 30 to 

75 HV30 in No.2 and 30 to 80 HV30 in No.3 specimens. This proves that higher 

macro-hardness is due to the eutectic carbides in microstructure in addition to the 

matrix hardness. When the trend is considered more in details, the macro- and    

micro-hardness change side by side in the range of lower tempering temperature until 

HTmax. Here, the reduction of Vγ in matrix could mainly contribute proportionally to 

the increase of hardness. 
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(a) 

              

(b) 

Fig. 5-3 Relationship between macro-hardness, micro-hardness and tempering 

temperatures of specimen No.1 with 1.73% C. Austenitizing temperature : 

(a) 1323 K and (b) 1373 K. 
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(a) 

                  

(b) 

Fig. 5-4 Relationship between macro-hardness, micro-hardness and tempering 

temperatures of specimen No.2 with 2.00% C. Austenitizing temperature : 

(a) 1323 K and (b) 1373 K. 
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(a) 

              

(b) 

Fig. 5-5 Relationship between macro-hardness, micro-hardness and tempering 

temperatures of specimen No.3 with 2.34% C. Austenitizing temperature : 

(a) 1323 K and (b) 1373 K. 
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5.1.3 Relationship between hardness, volume fraction of retained austenite and C 

content  

 5.1.3.1 Relation of hardness and C content 

 The relationship between maximum tempered hardness (HTmax), volume 

fraction of retained austenite (Vγ) and C content was shown in Fig. 5-6. As C content 

increased the HTmax rose until 2.00% C and decreased toward 2.34% C. The former 

phenomenon is explained by that the increasing of C content promoted an increase in 

secondary carbides precipitation and the transformation of retained austenite to 

martensite. The latter phenomenon occurs by that more Vγ existed in the matrix due 

to an increase in C content of specimen. It will be estimated the highest HTmax exists at 

C content 2.00% for 1323 K and 2.34% for 1373 K austenitizing in this experiment. 

According to detailed observation on the highest HTmax, however, the peak seems to 

shift to low C side by elevating the austenitizing temperature from 1323 K to 1373 K. 

This reason can be explained as follows. In order to get the same highest HTmax value 

as hardened from 1323 K by hardening from 1373 K, the amount of C content in the 

specimen is reduced to 2.00% under the basic alloy composition of this experiment. 
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Fig. 5-6 Relationship between maximum tempered hardness (HTmax), volume fraction 

of retained austenite (Vγ) and C content of specimens. 

 5.1.3.2 Relation of hardness and retained austenite 

 From the relation of HTmax vs. C content shown in Fig. 5-6, it was found that 

the Vγ values at HTmax increased continuously as the C content rises, regardless of 

austenitizing temperature. Higher austenitizing temperature produced overall higher 

Vγ value. It is understood from the equation 5-1 that the increasing of C content 

makes Ms temperature decrease and the austenite was stabilized to increase its 

amount. 

 As mentioned previously, the hardness of the cast iron depends on the eutectic 

carbides and the matrix structure. In general, the eutectic carbide changes little during 

tempering; the hardness is mainly influenced by the constituent phases in matrix. In 

the matrix structure, the volume fraction of austenite (V) affects the hardness greatly. 

Therefore, the relationships between macro-hardness and V of all the tempered 
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specimens are summarized in Fig. 5-7. It is found that the hardness increases to the 

maximum value and then decreases as the V increases. The maximum hardness more 

than 900 HV30 was obtained at about 4 to 14% V. In the range of less than the 

maximum hardness, the hardness is low because the specimen was over-tempered, 

i.e., the fine secondary carbides agglomerated to large particles and this decreases the 

hardness of matrix. Over the maximum hardness, the hardness decreases gradually 

due to a rise of V. 

 

 

Fig. 5-7 Relationship between macro-hardness and volume fraction of retained 

austenite (Vγ) of tempered specimens. 
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5.1.4 Relationship between maximum tempered hardness and volume fraction of 

retained austenite in heat treated state 

 In order to make sure which austenite remaining in tempered state or that in 

as-hardened state influenced more on the HTmax, the HTmax values were connected to 

the Vγ in the tempered and the as-hardened states. The former relation is shown in 

Fig.5-8 and the latter one in Fig.5-9, respectively. From Fig. 5-8, the maximum value 

of HTmax seems to exist near 6% Vγ in tempered state. In order to get HTmax values 

over 900 HV30, the tempering should be carried out so that the Vγ remains from 4 to 

14% in tempered state. This result shows a good agreement with the relationship 

between all of macro-hardness and the Vγ values in the tempered state (Fig.5-7). In 

the as-hardened state, the HTmax increased first roughly in proportion to Vγ and then 

decreased moderately as the Vγ increased, regardless of difference in austenitizing 

temperatures. This tendency could be explained by that the softening due to the 

amount of retained austenite exceeded, the total hardening by the precipitation of 

secondary carbides and the transformation of retained austenite to martensite. From 

this result, it is found that the Vγ more than 15% in the as-hardened state is necessary 

for the cast iron to get the HTmax value over 900 HV30 in the tempered state. This 

proves that the retained austenite in as-hardened state contributes more to the 

secondary hardening during tempering, particularly precipitation of secondary 

carbides and formation of martensite. 
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Fig. 5-8 Relationship between maximum tempered hardness (HTmax) and volume 

fraction of retained austenite (Vγ) at HTmax. 

 

 

Fig. 5-9 Relationship between maximum tempered hardness (HTmax) and volume 

fraction of retained austenite (Vγ) in as-hardened state. 
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5.2 Abrasive wear behavior 

5.2.1 Rate of abrasive wear 

 Wear rate (RW) values of specimen heat-treated by different conditions are 

summarized in Table 5-1 (a) for 1323 K and (b) for 1373 K austenitizing, 

respectively. 

Table 5-1 Wear rate (RW) in rubber wheel abrasive wear test (three-body-type) of 

specimens with different heat treatment conditions. Load : 85.3 N (8.7 

kgf). 

Specimen 

Wear rate 

(RW : mg/m) 

As-hardened L-HTmax HTmax H-HTmax 

No.1 (1.73% C) 0.156 0.177 0.141 0.149 

No.2 (2.00% C) 0.075 0.101 0.099 0.116 

No.3 (2.34% C) 0.058 0.069 0.065 0.087 

(a) Austenitizing temperature : 1323 K. 

Specimen 

Wear rate 

(RW : mg/m) 

As-hardened L-HTmax HTmax H-HTmax 

No.1 (1.73% C) 0.100 0.135 0.129 0.122 

No.2 (2.00% C) 0.077 0.097 0.081 0.100 

No.3 (2.34% C) 0.058 0.062 0.061 0.086 

(b) Austenitizing temperature : 1373 K. 

 Here, the wear rate (RW) which is expressed by the slope of the straight line 

obtained from the relationships between wear loss (Wl) and wear distance (Wd), 
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which are shown in Fig.4-14 to Fig. 4-19 was introduced as a parameter to evaluate 

the wear resistance. 

 Even if the straight line lies at higher position, it does not always mean a lower 

wear resistance. The importance is the slope of the straight line (RW), because the Wl 

at primary stage or primary wear may be removed depending on the initial surface 

condition, and so constant wearing or proportional wear must be taken into 

consideration. Therefore, it can be said that the alloy with higher wear resistance 

should have lower RW value. 

 In case of specimens hardening from 1323 K austenitizing, the RW values are 

summarized in Table 5-1 (a). The wear resistance of specimen No.1 is largest in HTmax 

state with RW of 0.141 mg/m, followed by the order of high wear resistance in           

H-HTmax with 0.149, as-hardened with 0.156 and the lowest in L-HTmax specimen with 

0.177. 

 As for the wear resistance of specimens No.2, as-hardened specimen was best 

with RW of 0.075 mg/m, and it decreased in the order of HTmax with 0.099, L-HTmax 

with 0.101 and the worst of H-HTmax specimen with 0.116. 

 With respect to specimens No.3, the wear resistance decreased in the order of                 

as-hardened state with RW of 0.058 mg/m, HTmax with 0.065, L-HTmax with 0.069 and 

H-HTmax specimen with 0.087. 

 On the other side, the RW values of specimens hardened from 1373 K 

austenitizing are also summarized in Table 5-1 (b). The RW values of specimens No.1 

increased in the order of 0.100 mg/m of as-hardened state, 0.122 of H-HTmax, 0.129 of 
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HTmax and 0.135 of L-HTmax specimen. Therefore, the wear resistance is best in the    

as-hardened state and worst of H-HTmax specimen. 

 In specimens No.2, RW was smallest in as-hardened specimen with            

0.077 mg/m and it increased in the order of 0.081 in HTmax, 0.097 in L-HTmax and 

0.100 in H-HTmax specimen. It can be said that the highest abrasive wear resistance 

was obtained in as-hardened specimen and the lowest one in H-HTmax specimen. 

 With respect to specimen No.3, the order of RW value was 0.058 mg/m in      

as-hardened state, 0.061 in HTmax, 0.062 in L-HTmax and 0.086 in H-HTmax specimen, 

respectively, and therefore, the largest wear resistance was obtained in as-hardened 

state and the worst was H-HTmax specimen. 

 When the wear rate is come to think of synthetically, it can be said that the RW 

values in as-hardened specimens are smaller than those in tempered specimens. 

Though the carbide structure is almost the same in each specimen, however, the 

component of phases in the matrix are quite different between the as-hardened and the 

tempered states even if the hardness is similar. The former consists of martensite, 

retained austenite and carbides precipitated during austenitizing, and the latter is 

composed of tempered martensite with very fine carbides, and small amount of 

retained austenite and martensite transformed from retained austenite during cooling. 

It is well known that the tempered martensite is very useful and effective phase for 

wear resistance, having high hardness and considerable toughness. Therefore, it will 

be reasonable to discuss the wear resistance separately according to the matrix 

microstructure. 
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 In the as-hardened state, the RW decreases in each austenitizing temperature, 

as the C content increases, that is, the wear resistance becomes better with an increase 

in C content. However, the problem of induced martensite transformation or work 

hardening of cast iron can leave behind while using. In case of tempered state, the 

highest wear resistance is obtained mostly in HTmax specimens, followed by L-HTmax 

and the lowest wear resistance in H-HTmax specimen. On the other side, the RW 

decreases as the C content of specimen increases, i.e., the wear resistance is improved 

by increasing the C content. 

 These reasons can be explained that HTmax specimens have the tempered 

martensite, secondary carbides and 3 to 14% of retained austenite, and that H-HTmax 

specimens have over-tempered structure with coarse carbides and very less austenite. 

The L-HTmax specimens may be in the intermediate state.    

5.2.2 Relationship between hardness, amount of residual austenite and wear rate 

 5.2.2.1 Effect of hardness on wear rate (RW) 

 It is well known that hardness is one of factors to increases the wear resistance 

and the wear resistance is generally high in the cast irons with high hardness.          

The relationships between hardness and wear rate (RW) are shown in Fig. 5-10 (a) for 

specimens hardened from 1323 K and Fig.5-10 (b) for those from 1373 K 

austenitizing, respectively. In each austenitizing temperature, the RW decreases as the 

hardness of specimen increases and the decreasing rates are almost the same. From 

the positions of symbols, the specimens with higher C content, say, No.2 and No.3, 

have clearly, the lower RW. This is because C combined with carbide formers to 
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produce more eutectic carbide during solidification and to promote the precipitation 

of secondary carbides and post transformation of retained austenite to martensite. 

These effects connect directly to an increase in hardness of specimens. 

 
1323 K austenitizing RW = -0.0005 * HV + 0.55 (R² = 0.81) 

(a) 

 

1373 K austenitizing RW = -0.0004 * HV + 0.45 (R² = 0.51) 

(b) 

Fig. 5-10 Relationship between wear rate (RW) and hardness of tempered specimens 

after hardening from difference austenitizing temperatures. 
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 5.2.2.2 Effect of volume fraction of retained austenite on wear rate 

 Higher wear resistance is relating to the types and amounts of hard carbides in 

eutectic structure and the precipitates in the matrix. If the matrix is soft or has low 

strength, it is easy for carbides to be worn out. Effect of volume fraction of austenite 

(Vγ) on the wear rate (RW) of tempered specimens hardened from 1323 K 

austenitizing is shown in Fig.5-11. The relation of RW and Vγ is separated to two 

groups; one is in the lower Vγ values less than 5% and another is in the higher Vγ 

ones more than 5%. Within the Vγ values less than 5%, the RW values cover a wide 

range from 0.08 to 0.18 mg/m, and over 5% Vγ, the RW decreases roughly in 

proportion to the increasing of the Vγ. 

 To find the reason why the RW values are spreading widely, the RW values 

were related to hardness and the relation is shown in Fig. 5-12. It was clarified that the 

RW depends on the hardness of specimens, that is to say, the wear resistance varies 

depending on the matrix microstructure that determines the hardness of specimens. 

 In case of specimens hardened from 1373 K austenitizing, very similar relation 

of RW vs. Vγ is obtained as shown in Fig. 5-13. The RW values from 0.08 to           

0.14 mg/m were obtained in the Vγ lower than 5%. As the Vγ increases over 5%, the 

RW lowers gradually with a rise of Vγ. Within 5% Vγ, it is obvious from Fig. 5-14 

that the RW decrease roughly in proportion to the increase of hardness which is mainly 

determined by the matrix structure. 
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Fig. 5-11 Relationship between wear rate (RW) and volume fraction of retained 

austenite (Vγ) of tempered specimens after hardening from 1323 K. 

 
Fig. 5-12 Relationship between wear rate (RW) and hardness of tempered specimens 

with volume fraction of retained austenite (Vγ) less than 5% after 

hardening from 1323 K. 
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Fig. 5-13 Relationship between wear rate (RW) and volume fraction of retained 

austenite (Vγ) of tempered specimens after hardening from 1373 K. 

 
Fig. 5-14 Relationship between wear rate (RW) and hardness of tempered specimens 

with volume fraction of retained austenite (Vγ) less than 5% after hardening 

from 1373 K. 
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5.2.3 Application of multiple regression analysis to experimental results 

 In order to predict the wear rate (RW) of multi-alloyed white cast irons 

hardened from 1323 K and 1373 K austenitizing and tempered at 673 to 873 K, the 

multiple regression analysis was introduced for the results and the RW was express by 

following equation; 

RW = - (55.22 x 10
-3

) x (%C) - (0.27 x 10
-3

) x (Tγ) + (0) x (tγ)  

- (7.22 x 10
-5

) x (Tt) + (0.31 x 10
-3

) x (tt) - (0.26 x 10
-3

) x (HV)  

- (0.75 x 10
-3

) x (Vγ) + 0.802                            (5.2) 

Here,   RW = Wear rate of rubber wheel abrasive test (mg/m) 

  %C  = Carbon content of specimen (%) 

   Tγ  = Austenitizing temperature available : 1323 and 1373 (K) 

    tγ  = Holding time for austenitizing (min.) 

   Tt  = Tempering temperature available : 673 to 873 (K) 

    tt  = Holding time for tempering (min.) 

  HV     = Macro-hardness (HV30) 

   Vγ  = Volume fraction of retained austenite available : 1.0 to 60.0 (%) 

 As shown in the equation, the RW can be calculated by filling the data to the 

equation. It is found that most of the variables have effect to decrease the RW except 

for the holding tempering time (tt). Here, the equation was verified using four test 

pieces of specimen No.2 hardened from 1323 K and the results are displayed in the 

Table 5-2. It is evident from the table that the difference of RW values between 

experimental and calculated results showed very less, and therefore, this equation can 

availed accurately predict the wear rate. 
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Table 5-2 Verification of experimental and calculated results for wear rate (RW). 

State RW (experimental) RW (equation) Difference (%) 

As-hardened 0.075 0.082 - 0.7 

L-HTmax 0.101 0.114 - 1.3 

HTmax 0.099 0.098 + 0.1 

H-HTmax 0.116 0.117 - 0.1 

5.2.4 Observation of worn surface 

 As an example, a wear tested specimen with hardness of 755 HV30 and    

1.17% Vγ was picked up and the worn surface appearance was observed by SEM. The 

SEM microphotograph is demonstrated in Fig.5-15. The direction of wearing by the 

sand abrasives is not clear, because the abrasives move freely on surface of specimen 

in the three-body-type abrasive wear test. This specimen was tempered at high 

temperature of 900 K and so it has lower hardness. The worn surface is rough and the 

scratchings are shown on the eutectic structure and the pittings are distributed 

randomly. This is because the scratching wear took place in the region of hard 

eutectics, and the pittings occurred mainly on the matrix areas when soft matrices 

were dug away by the abrasives and the pittings caused together with breaking away 

of eutectic carbides nearby.  
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Fig. 5-15 SEM microphotograph of worn surface of specimen No.3 with 2.34% C 

hardened from 1373 K austenitizing and tempered at 900 K. Rubber wheel 

(three-body-type) abrasive wear test. 

Scratching 

Pitting on matrix 

Pitting on eutectic 

Scratching 
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Chapter VI 

Conclusions 

 Effects of carbon content on heat treatment behavior and abrasive wear 

resistance of multi-alloyed white cast iron with basic alloy composition were 

investigated. For the investigation of heat treatment behavior, specimens were 

hardened from two levels of austenitizing temperatures, 1323 K and 1373 K, and 

tempered at 50 K intervals from 673 to 873 K. In case of study for abrasive wear 

resistance, the hardened specimens were tempered at three levels of temperatures at 

maximum tempered hardness (HTmax), lower and higher temperatures than that at 

HTmax (L-HTmax and H-HTmax). Then, the wear rates (RW) of specimens were evaluated 

using rubber wheel abrasive wear tester (three-body-type). The conclusions drawn 

from the experimental results and discussions are summarized as follows, 

6.1 Effect of C content on variation of microstructures and heat treatment 

behavior  

6.1.1 Microstructure of as-cast specimens 

1) All the as-cast specimens show hypoeutectic structures composed of primary 

austenite dendrite and eutectic structures consisting of (γ+MC) and 

(γ+M2C). 

2) Area fraction of the eutectic increases as C content of specimens rises. 
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6.1.2 Microstructure of as-hardened specimens 

1) Amount of austenite in primary area seems to be reduced compared with that 

in the as-cast state due to two reactions, the precipitation of secondary 

carbides and transformation of austenite to martensite. 

2) Fine secondary carbides in as-hardened specimens decreased in number with 

an increase in C content. This is because the more martensite transformed at 

high C specimens. In high austenitizing specimens, the microstructure 

showed less secondary carbides, while the Vγ increases by dissolution of     

C and alloying elements into matrix and stabilized austenite. 

3) Martensite was observed clearly in hardened specimen with higher              

C content. 

6.1.3 Microstructure of tempered specimens 

1) Microstructure of specimens observed by OM showed that fine precipitates 

or carbides were coarsened with increasing the tempering temperature. 

2) Martensite were distinguished in the SEM microphotographs of specimen 

No.2 and No.3 with high C content, and the amount of fine secondary 

carbides decreased in the same way of as-hardened state as C content of 

specimen increased. 
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6.2 Effect of C content on macro- and micro-hardness and volume fraction of 

retained austenite (Vγ) 

6.2.1 As-hardened state 

1) In specimens hardened from 1323 K austenitizing, the macro- and         

micro-hardness increased as C content rose. In specimens hardened from 

1373 K austenitizing, hardness dropped rapidly in specimen No.3 with 

highest C content of 2.34%. 

2) The Vγ increased with an increase in C content, regardless of the difference 

in austenitizing temperatures. A critical value of Vγ in which the maximum 

hardness was obtained near 28%. 

3) The maximum hardness could be obtained by an optimum balance of the Vγ 

and amount of martensite. 

6.2.2 Tempered state 

1) All of tempered hardness curves showed evident secondary hardening.       

The hardness increased first forward to the maximum hardness (HTmax) and 

then decreased as C content increased. This tells that the destabilization of 

retained austenite in the as-hardened state proceeded by both of precipitation 

of fine secondary carbides and martensite transformation from retained 

austenite as tempering temperature was increased. After the temperature was 

elevated over the HTmax, however, the hardness dropped remarkably due to 

the coarsening of fine secondary carbides. 

2) The maximum tempered hardness (HTmax) was obtained at tempering 

temperature of 798 to 823 K. 
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3) Macro-hardness were higher than micro-hardness in all the specimens 

regardless of austenitizing temperatures. 

4) Maximum tempered hardness (HTmax) increased with an increase in              

C content and the highest HTmax lay at C content 2.00% for 1323 K and 

2.34% for 1373 K austenitizing.  In order to get same highest HTmax value as 

the specimen hardened from 1323 K by hardening from 1373 K, the C 

content of specimen had to be reduced to low C content of 2.00%. 

5) Vγ values of specimens austenitized at high temperature of 1373K were 

overall higher than those austenitized at lower temperature of 1323K. It is 

because more C and alloying elements dissolved into matrix and stabilized 

austenite at high temperature. 

6) The Vγ value reduced greatly as tempering temperature elevated to 723 to 

773 K. 

6.2.3 Correlation between maximum tempered hardness (HTmax) and volume 

fraction of retained austenite (Vγ) in heat treated state 

1) The maximum hardness more than 900 HV30 were obtained at about 4 to 

14% V in tempered state. 

2) The maximum tempered hardness (HTmax) seemed to be exist near 6% V.  

3) The V values more than around 15% in as-hardened state was needed to 

obtain high HTmax over 900 HV30. 
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6.3 Effect of heat treatment on abrasive wear behavior 

6.3.1 Correlation between wear loss (Wl) and wear distance (Wd) 

1) Wear loss (Wl) was in proportion to wear distance (Wd) in every specimen 

even if specimen was tempered at different temperatures. 

2) The relationship between Wl and Wd was found to be linear function and 

wear rate (RW) was expressed by the slope of linear relation. 

6.3.2 Correlation between hardness, volume fraction of retained austenite (Vγ) 

and wear rate (RW) 

1) The wear resistance of as-hardened specimens was better than those of 

tempered specimens. The RW in the as-hardened state decreased as C content 

increased. On the other side, the highest wear resistance is obtained mostly 

in HTmax specimens, followed by L-HTmax and the lowest wear resistance in 

H-HTmax specimen. 

2) In the relationship between Rw and hardness of specimens, the Rw decreased 

as hardness increased because the hard phases resisted the abrasive 

materials. 

3) When the effects of volume fraction of retained austenite (Vγ) on RW of 

tempered specimens was discussed, the RW values of specimens with Vγ less 

than 5% covered in the wide range but it decreased with increasing of 

hardness. In the region of Vγ values over 5%, however, the RW was 

decreased roughly in proportion to an increase in the Vγ. 
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6.3.3 Application of multiple regression analysis to experimental results 

1) The data of rubber wheel abrasive wear tests were summarized by using 

multiple regression analysis mothod, and the following equation was 

obtained to be able to predict the RW accurately. 

RW =  - (55.22 x 10
-3

) x (%C) - (0.27 x 10
-3

) x (Tγ) + (0) x (tγ)  

  - (7.22 x 10
-5

) x (Tt) + (0.31 x 10
-3

) x (tt) - (0.26 x 10
-3

) x (HV)  

  - (0.75 x 10
-3

) x (Vγ) + 0.802 

6.3.4 Observation of worn surface 

1) Worn surface appearance showed the scratching wear on eutectic areas and 

the pitting wear mainly in the matrix. 
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Macro-hardness, micro-hardness and volume fraction of retained austenite (Vγ) of 

specimens at 1323 K austenitizing temperature. 

Specimen 

No. 

Tempering 

temperature 

(K) 

Macro-

hardness 

(HV30)  

Micro-

hardness 

(HV0.1) 

Volume fraction of 

retained austenite  

(Vγ) % 

Specimen 

No.1 

(1.73% C) 

As-hardened 747.4 684.8 6.13 

673 742.6 667.2 5.00 

723 760.6 693.2 4.16 

748 765.2 720.4 4.65 

773 786 749.6 3.72 

798 800.6 755.4 3.08 

823 759.4 712.2 3.65 

873 657.6 625.6 2.12 

Specimen 

No.2 

(2.00% C) 

As-hardened 922.4 857.0 16.83 

673 829.4 764.6 15.86 

723 842 789.6 12.40 

748 863.4 794.2 10.34 

773 905.8 819.2 8.65 

798 914.8 842.8 3.42 

823 869 775.6 1.79 

873 743.2 658.8 1.60 
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Specimen 

No.3 

(2.34% C) 

As-hardened 937.2 897.2 37.37 

673 802.8 725.4 38.92 

723 848.6 751.4 37.08 

748 860.6 768.2 32.08 

773 890 808.4 28.60 

798 922.2 834.2 14.82 

823 904 798.2 2.93 

873 798 718.6 1.00 
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Macro-hardness, micro-hardness and volume fraction of retained austenite (Vγ) of 

specimens at 1373 K austenitizing temperature. 

Specimen 

No. 

Tempering 

temperature 

(K) 

Macro-

hardness 

(HV30) 

Micro-

hardness 

(HV0.1) 

Volume fraction of 

retained austenite 

(Vγ) % 

Specimen 

No.1 

(1.73% C) 

As-hardened 821.8 772.5 11.13 

673 761.8 725.0 6.54 

723 784.8 745.7 6.18 

748 795.6 758.3 5.98 

773 817.4 772.2 5.56 

798 829.2 788.1 3.36 

823 783.6 741.5 3.19 

873 676.2 636.3 1.61 

Specimen 

No.2 

(2.00% C) 

As-hardened 856.6 781.6 48.29 

673 821.4 787.1 32.30 

723 836.0 805.2 26.10 

748 856.4 819.8 25.85 

773 890.0 843.8 12.54 

798 931.2 893.4 5.00 

823 888.6 845.8 2.90 

873 774.0 735.5 1.74 



 

 

114 

Specimen 

No.3 

(2.34% C) 

As-hardened 758.2 677.7 55.91 

673 778.8 723.0 47.29 

723 818.8 763.1 47.54 

748 839.6 784.3 42.03 

773 860.6 807.8 35.49 

798 887.2 833.4 19.69 

823 901.2 847.2 9.78 

873 860.6 827.4 8.24 
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Wear loss (Wl) and wear distance (Wd) of specimen No.1. 1323 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 140 154 120 126 

1570 261 293 228 243 

2355 380 428 339 357 

3140 491 557 444 469 

 

Wear loss (Wl) and wear distance (Wd) of specimen No.2. 1323 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 60 85 80 101 

1570 118 165 159 193 

2355 179 243 235 279 

3140 237 319 311 364 
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Wear loss (Wl) and wear distance (Wd) of specimen No.3. 1323 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 55 58 55 73 

1570 99 113 105 142 

2355 142 166 155 209 

3140 182 218 204 275 

 

Wear loss (Wl) and wear distance (Wd) of specimen No.1. 1373 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 89 111 109 99 

1570 156 221 210 192 

2355 238 323 308 289 

3140 318 424 406 383 
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Wear loss (Wl) and wear distance (Wd) of specimen No.2. 1373 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 72 78 67 83 

1570 130 155 132 161 

2355 188 232 194 238 

3140 245 305 255 314 

 

Wear loss (Wl) and wear distance (Wd) of specimen No.3. 1373 K austenitizing 

temperature. 

Wear distance (Wd) 

(m) 

Wear loss (Wl) of Rubber wheel abrasive wear test 

(mg) 

As-hardened L-HTmax HTmax H-HTmax 

785 54 54 53 75 

1570 99 102 99 141 

2355 142 149 146 206 

3140 185 195 191 270 
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