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ABSTRACT 

This research addressed heat dissipation issues related to the adhesive wear 

observed in metal-to-metal wear systems, by developing a graphitic white iron to increase 

thermal diffusivity of the wear components.  One of the premium materials commonly 

used in current metal-to-metal wear systems is Fe15Mo18Cr and field returned parts were 

characterized as part of this study.  Failure analysis showed that white layers were formed 

on the wearing surface due to frictional heating and surface deformation.  These white 

layers were extremely brittle and could be fractured easily during use, which in turn led 

to micro-galling defects that caused parts leakage.  Increasing thermal diffusivity of the 

material was recommended to improve the performance of wear components.  

A new alloy, graphitic white iron, was developed for metal-to-metal wear systems 

by introducing 3.2-9.6 vol.% graphite flakes into white irons, to increase thermal 

diffusivity and reduce friction and frictional heating.  Graphite volume percent was 

quantitatively investigated.  It turned out that, at 200 °C, thermal diffusivity increased by 

~114% with increasing graphite to 7.6 vol.%.  Abrasive and adhesive wear resistance was 

measured by dry sand/rubber wheel test and block on ring test, respectively.  Empirical 

models were established to predict graphite volume percent for any given composition, 

and a Hashin-Shtrikman model was used to predict the thermal diffusivity of the 

multiphase alloy.  Abrasive and adhesive wear resistance was found to depend upon 

composite hardness and graphite volume percent.  It was found that 1 vol.% graphite was 

equivalent to an increase of 2.33 HRC and 2.66 HRC  in composite hardness with respect 

to abrasive wear resistance and adhesive wear resistance, respectively.   
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1. INTRODUCTION 

 

 Lubrication of rotating machinery requires seals that can inhibit the ingress of 

abrasive particles.  Metal-to-metal wear systems are extensively used in modern 

machinery parts [1], [2], [3], [4], [5], [6], [7], [8].  Wear of metal-to-metal wear systems, 

repair and replacing costs of these parts, and the associated downtime related to these 

activities result in significant costs [9].  It has been estimated that the cost of wear ranges 

from 1% to 4% of the gross national product for an industrialized nation [10].  In order to 

decrease the wear rate and extend the lifetime of these wear components, various hard 

facing materials have been invented for these applications, such as silicon carbide, 

tungsten carbide, Ni-Resist cast iron, Stellite, and aluminum oxide [3], [11], [12], [13].  

However, these hardfacing materials are either too expensive or too brittle to be widely 

used [14].  For example, cobalt-based Stellite is used primarily in military applications 

where material cost can be justified on non-economic factors [15].  

Most of the metal-to-metal wear systems are used in full or partial lubrication 

environments, because lubrication significantly reduces frictional forces and carries away 

heat and debris generated during service [16].  Addition of corrosion inhibitors to the 

lubricant has been proven to significantly improve corrosive wear resistance and this 

mechanism of failure is no longer performance limiting in metal-to-metal wear systems 

[17], [18].  Therefore, among the four basic wear types categorized by Kato (abrasive 

wear, adhesive wear, fatigue wear, and corrosive wear) [19], the most prevalent wear 

type associated with metal-to-metal wear system is adhesive wear [20], [21], [22], [23], 

[24].  Nevertheless, failure of the metal-to-metal wear systems can lead to abrasive wear 
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as a result of ingress of external particles or metallic debrises generated by adhesive 

wear. [25].  Both adhesive and abrasive wear can cause frictional heating on the contact 

surfaces of the wear components [26], [27], [28], [29], [30].  High surface temperatures 

can negatively impact tribological behavior and even cause failure by (1) changes in the 

structure and properties of the materials; (2) oxidation of the surface; (3) melting of the 

contacting parts; (4) softening of the materials; (5) changes in stability and viscosity of 

the lubricant [30], [31]. 

One of the major problems caused by excessive frictional heat is the formation of 

white layers on the contact surface [32], [33], [34].  A white layer is characterized as a 

non-etching layer formed on contact surfaces, which appears featureless when viewed 

using an optical microscope [35].  The white layer is an extremely hard and brittle 

structure, and can cause crack formation and product failure [36], [37], [38], [39].  

Failure analyses on the field returned components showed that the white layer is a super-

refined microstructure with a grain size in the order of approximately 15 nm produced by 

thermomechanical deformation of the surface [23].  Micro-galling and fracture of the 

white layer is often the root cause of part failure in a metal-to-metal wear system. 

Increasing thermal diffusivity of metal-to-metal materials can potentially increase 

heat dissipation and mitigate the frictional heating, which could potentially increase the 

performance of these wear components.  In this regard, a composite approach by 

incorporating graphite to improve thermal diffusivity was investigated in this research.  

Addition of graphite to plasma sprayed NiCrBSi coating has demonstrated improved 

abrasive wear resistance [40] and addition of graphite was also found to improve the wear 

resistance of white iron mill rolls [41], [42], [43].  However, in the latter studies the 
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graphite addition observed in the white iron mill rolls was a spheroidal morphology, 

which may not be the optimum with respect to improving thermal diffusion [44], [45], 

[46].  Matsushita et al. reported that the thermal diffusivity of a cast iron increases with 

decreasing the nodularity of its graphite [47].  Therefore, flake graphite as observed in 

gray iron has the best thermal diffusivity when compared with vermicular graphite 

(compacted iron) and spheroidal graphite (ductile iron).   

The purpose of this research was to develop a new alloy system for metal-to-

metal wear systems by introducing graphite flakes into white iron.  This new alloy should 

have adequate abrasive wear resistance, and be cost friendly.  The author named this 

alloy as graphitic white iron. 
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2. LITERATURE REVIEW 

2.1. WEAR RESISTANT MATERIALS 

2.1.1. Alloyed White Iron.  White cast iron is one of the oldest wear resistant 

materials known and is named so because of its characteristically white fracture surface 

relative to the fracture of gray iron. White iron can be formed from the same composition 

as gray iron by increasing the cooling rate during solidification [48].  Instead of forming 

graphite (pure carbon), the carbon is present in the form of cementite or Fe3C carbide. 

An 1148°C cementite will form as part of a metastable eutectic solidification with 

austenite.  Fe3C carbide is a relatively hard phase (800-1100 HV) and is good for wear 

resistance, which makes white cast iron extensively used in grinding media for mineral 

processing [49].  In heavy sections or relatively large castings it is difficult to obtain 

sufficiently high cooling rates to promote white cast iron; and thus, high alloy additions 

are added to promote carbide formation at these slower cooling rates [20].   

 

 
(a) 

Figure 2.1. Plot showing typical alloying elements effect on the carbide formation in 
alloyed white iron.  (a) Carbide destabilizers; (b) Carbide stabilizers [50]. 
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(b) 
Figure 2.1. Plot showing typical alloying elements effect on the carbide formation in 

alloyed white iron.  (a) Carbide destabilizers; (b) Carbide stabilizers [50] (cont.). 

 

Figure 2.1 shows the effect of each alloy addition on the carbide formation for 

alloyed white iron, where “Depth of chill” represents the tendency of carbide formation 

[50].   

Numerous alloyed white irons have been developed by researchers to satisfy 

various applications.  There are two major groups of alloyed white iron for abrasion-

resistant application: (1) Ni-Cr white iron; (2) Cr-Mo white iron [51].  Table 2.1 shows 

the chemical compositions for these alloyed white irons specified in ASTM Standard 

A532 [52].  Among all grades of alloyed white irons, high chromium white iron is most 

popular due to its high hardness resulting from the primary formation of M7C3 carbide 

(1100-1600 HV) during solidification [49].  Numerous of studies have been conducted on 

the effects of alloy additions on high chromium white iron.  Addition of vanadium was 

found to be powerful with regard to grain refinement [53], [54].  Silicon addition was 

found to not only refine grains but also increase the volume fraction of the eutectic 
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carbides [55].  Titanium was reported to be useful in terms of refining primary M7C3 

carbides [56], [57], [58], [59], [60].  And addition of niobium was found effective with 

respect to improving the fracture strength by changing the morphology of eutectic 

carbides from plate/rod-like shapes to more isotropic shapes [61]. 

 

Table 2.1. Chemical compositions of alloyed white irons for abrasion-resistant 
application. 

Alloy 
Designation 

Chemical Composition (wt.%) 
C Mn Si Ni Cr Mo Cu P S 

Ni-Cr-Hc 2.8-3.6 2.0 0.8 3.3-5.0 1.4-4.0 1.0 - 0.3 0.15 
Ni-Cr-Lc 2.4-3.0 2.0 0.8 3.3-5.0 1.4-4.0 1.0 - 0.3 0.15 
Ni-Cr-GB 2.5-3.7 2.0 0.8 4.0 1.0-2.5 1.0 - 0.3 0.15 
Ni-HiCr 2.5-3.6 2.0 2.0 4.5-7.0 7.0-11.0 1.5 - 0.10 0.15 
12 % Cr 2.0-3.3 2.0 1.5 2.5 11.0-14.0 3.0 1.2 0.10 0.06 

15 % Cr-Mo 2.0-3.3 2.0 1.5 2.5 14.0-18.0 3.0 1.2 0.10 0.06 
20 % Cr-Mo 2.0-3.3 2.0 1.0-2.2 2.5 18.0-23.0 3.0 1.2 0.10 0.06 

25 % Cr 2.0-3.3 2.0 1.5 2.5 23.0-30.0 3.0 1.2 0.10 0.06 

 

High chromium alloyed white iron is widely used in abrasion applications, mainly 

due to its higher hardness, lower cost relative to other alloy additions and better 

castability. However, addition of chromium to white iron decreases both thermal 

conductivity and thermal diffusivity [62], [24], [20], and makes the material more 

susceptible to adhesive wear [26], [27], [28], [29], [30]. 

2.1.2. Cobalt-Based Stellite.  As a popular group of wear resistant materials, the 

initial development of Stellite alloys can been retrospected back to the early 1900s by one 

of the early American automotive pioneers, Elwood Haynes [63], [64].  The name 

“Stellite” is a trademark of Union Carbide, Stellite Division, and is now owned by 

Kennametal Inc. [65].  It was initially developed as cutting tools for automotive 
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manufacturers to replace high speed steel, and use of Stellite permits an increase in the 

rate of feed on lathe to approximately three times when compared with high speed steel 

tooling [63].  Stellite was used extensively in munitions production during the World War 

I [63].  Ever since then, Stellite draws enormous research attention and now exists as a 

large alloy family. 

Chemical compositions for Stellite alloys are mostly cobalt based with additions 

of chromium, carbon, tungsten, and/or molybdenum.  The chromium addition provides 

strength and corrosion resistance to the alloy, and molybdenum and tungsten additions 

provide the alloy with strengthening properties.  Considerable amounts of other alloy 

additions such as nickel, vanadium, niobium, and boron, have been added during the 

development of new Stellite alloys [66], [67].  Up till now, there are dozens of Stellite 

alloys that have been invented for different applications [68].  Table 2.2 shows the 

nominal chemical compositions for a select few Stellite alloys that are used in metal-to-

metal wear systems.  The Stellite alloys with lower carbon content are generally used for 

cavitation, sliding wear, or moderate galling.  Those with higher carbon content are 

usually selected for abrasion, severe galling, or low- angle erosion.  Among all the 

selected Stellite alloys, Stellite 6 is the most popular, as it provides a good combination 

of abrasion resistance, galling resistance, cavitation resistance, and corrosion resistance. 

 

Table 2.2. Chemical compositions for selected Stellite alloys. 

Alloy 
Designation 

Chemical Composition (wt.%) 
Co Cr W C Mo Ni V B 

Stellite 1 Bal. 32 13 2.5 - - - - 
Stellite 6 Bal. 27 5 1.0 - - - - 
Stellite 12 Bal. 30 9 1.8 - - - - 
Stellite 20 Bal. 32 17 2.5 - - - - 
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Table 2.2. Chemical compositions for selected Stellite alloys (cont.). 

Alloy 
Designation 

Chemical Composition (wt.%) 
Co Cr W C Mo Ni V B 

Stellite 21 Bal. 27 - 0.2 5 - - - 
Stellite 157 Bal. 22 4.5 - - - - 2.4 
Stellite 694 Bal. 28 19 1.0 - 5 1 - 

 

A high temperature (750°C) sliding wear test using ball-on-disc apparatus showed 

that Stellite 6 is approximately five times more wear-resistant compared with Inconel 617 

[69].  The exceptional wear performance of Stellite is mainly resulted from its inherent 

microstructure of hard, complex chemistry carbides dispersed in the CoCr alloy matrix 

[70], [71].  The price of Stellite is almost solely determined by the market price of cobalt, 

which makes it much more expensive than other traditional iron based alloys.  As a 

result, Stellite alloys are primarily used for military applications where performance is 

critical.  To utilize the superior wear performance of Stellite at a reasonable price, 

different deposition technologies have been utilized to deposit Stellite layer onto the 

surface of a base metal, e.g. plasma transferred arc, tungsten inert gas welding, thermal 

spraying, and laser cladding [72], [73], [74], [75], [76].   

2.1.3. Nickel-Based/Boride Alloy.  Due to the relatively high cost of cobalt, 

attempts have been made to design alternate materials, with nickel as the predominant 

cobalt substitute [77].  One of the biggest benefits of nickel is the versatility of nickel 

which can alloy with most metals.  For example, complete solid solubility exists between 

nickel and copper and wide solubility ranges exist between iron, chromium, and nickel 

[78].   Thus, nickel can be alloyed with many combinations, to create solid solution 

strengthening, carbide strengthening, and precipitation hardening.   
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Nickel-based alloys are widely used in applications requiring corrosion resistance 

and/or heat resistance.  However, when it comes to wear application, boron addition is 

often needed to improve the wear resistance for nickel-based alloys.  Table 2.3 shows the 

chemical compositions for selected nickel-based/boride alloys.  In nickel-based/boride 

alloys, boron promotes a primary, hard, boride phase and carbon acts as a secondary 

hardening contribution by forming carbides [77].  Because of the fine dispersion of 

boride and carbide, nickel-based/boride alloy has a typical hardness range of 51 to 57 

HRC, which exhibits excellent wear resistance with acceptable corrosion resistance [79].  

It was reported that low-stress abrasion resistance, e.g. dry sand rubber wheel test [80], 

generally increases with increasing boron and carbon contents, namely the hard phase 

volume fraction for these materials.  

 

Table 2.3. Chemical compositions for common nickel-based/boride alloys. 

Alloy 
Designation 

Chemical Composition (wt.%) 
Ni Cr B Fe C Si 

Alloy 40 Bal. 7.5 1.5 1.5 0.3 3.5 
ERNiCr-A Bal. 11 1.7 2.8 0.3 3 
ERNiCr-A Bal. 11 2.5 3 0.5 4 
ERNiCr-A Bal. 16 3.5 4 0.7 4 

 

It should be noted that nickel-based/boride alloys are too expensive to be widely 

used in metal-to-metal wear systems, and are generally adopted as hardfacing for other 

base materials in surface engineering [81], [79], [82], [83], although small parts requiring 

a good combination of wear resistance, corrosion resistance, and thermal stability are 

sometimes made from these alloys.   
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2.2. WEAR MECHANISMS 

Wear is defined by ASTM G40 as “alteration of a solid surface by progressive 

loss or progressive displacement of material due to relative motion between that surface 

and a contacting substance or substances” [84].  As one of the most complex subjects in 

engineering, Bayer remarked [85]: “Wear is not a material property.  It is a system 

response.”  There are many terms used to describe wear, however, they are not 

differentiated and classified very well, which sometimes makes understanding wear 

mechanisms confusing and difficult.  Among all of the terms used to describe wear, the 

following four wear modes are generally recognized as fundamental and major ones: 

adhesive wear, abrasive wear, fatigue wear, and corrosive wear [19], [86].  Figure 2.2 

shows the schematic images of these four wear modes. 

 

 

Figure 2.2. Schematic images of four representative wear modes [87]. 
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2.2.1. Adhesive Wear.  Adhesive wear is one of the most common forms of wear, 

which occurs due to localized bonding between contacting solid surfaces leading to 

material transfer between two surfaces or loss from either surface [88].  There is always a 

contact load between two surfaces in metal-to-metal wear systems.  It should be noted 

that the entire contact load is often carried only by a very limited area of asperity 

contacts, due to materials’ roughness, which can cause very high contact pressure over 

the asperity [89].  The high contact pressure can then lead to high localized adhesive 

bonding strength.  If the adhesive bonding strength is high enough to resist relative local 

sliding, large plastic deformation caused by dislocation is introduced in the contact region 

[87].  As a result of relative sliding, subsurface plastic deformation may initiate a crack.  

When the crack propagates and reaches the contact interface, the adhesive wear complete, 

and a wear particle is generated.  The wear particle may deposit on the other surface or 

come off as a loose particle and contribute to abrasive wear. 

Adhesive wear occurs mostly between the same or similar materials, in which 

cases adhesive bonding strength is very strong.  Using dissimilar materials can 

significantly reduce the adhesive wear rate.  However, other factors like chemistry of the 

interacting materials, atmospheric environment, lubrication, normal load, area of contact, 

and sliding distance can also affect the adhesive wear rate [90], [91].  It was reported that 

application of lubricants can significantly reduce the adhesive wear and extend the 

lifetime of the wear components [89].   

2.2.2. Abrasive Wear.  Abrasive wear is considered as the most damaging wear 

mechanism [88].  It usually occurs when a hard, rough surface slides against a softer 

surface.  If the contact interface has interlocking of an inclined or curved contact, 
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ploughing takes place between two wearing surfaces during sliding.  As a result, a certain 

portion of material is removed and abrasive grooves present on the weaker surface [87].  

Abrasive wear resistance is closely related to the material’s hardness.  Typically, it is 

believed that there is a linear correlation between the volume loss and the hardness for 

the similar type of material [92], [9], [93].  However, when the hardness of a material 

reaches a certain point, the wear resistance does not increase significantly any more [94].  

Instead, the controlling factor of a material’s wear resistance becomes the removal of the 

hard phase and the toughness of the matrix [24].  Other factors can also affect the 

abrasive wear resistance, such as penetration depth, friction force, temperature, and 

hardness ratio etc. 

 

 

(a)                                       (b)                                        (c) 
Figure 2.3. Three different modes of abrasive wear observed by SEM: cutting mode (a), 

steel pin on brass plate; wedge-forming mode (b), steel pin on stainless steel plate; 
ploughing mode (c), steel pin on brass plate [95]. 

 

To simplify the wear mechanism during the investigation, it is always assumed a 

single contact point model, where a hard, sharp abrasive is indented and slid against a flat 

and softer surface, and forming a groove on the abraded surface.  Based on the 

morphology of the abrasive grooves formed, abrasive wear can be further categorized 

into three modes: cutting, wedge-forming, and ploughing, as shown in Figure 2.3 [95].  In 
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the cutting mode, a long and curled ribbon-like wear particle is formed, while a wedge-

like wear particle is formed at the tip of abrasive groove in the wedge forming mode.  

Finally, no wear particle is generated and only a shallow groove is formed in the 

ploughing mode. 

2.2.3. Fatigue Wear.  Fatigue wear or surface fatigue is caused by a cycling 

loading during friction [96].  Repeated cycles are not necessary for the generation of wear 

particles in other major wear mechanisms [91].  Nevertheless, a certain number of 

repeated contacts are essential for the generation of wear particles in fatigue wear [97].  

Based on the number of the contact cycles, fatigue can be further classified as high-cycle 

fatigue mechanism, and low-cycle fatigue mechanism.  The high-cycle fatigue fracture 

predominantly occurs in the case of elastic contact, while the low-cycle fatigue fracture 

mostly occurs in the case of plastic contact [87].  

 

 

Figure 2.4. Magnitude of shear stress at various depths directly below the point of contact 
of two hard surfaces in rolling, sliding and combined contact [98].   



 

  

14 

The mechanism of fatigue fracture is best explained by Burwell [98].  As shown 

in Figure 2.4, the maximum shear stress occurs not at the contact surface, but at a small 

distance underneath the contact surface.  Therefore, once the maximum shear stress 

exceeds the material’s limit, a fatigue crack will be initiated slightly below the contact 

surface.  The fatigue crack will propagate, then reaches the surface, and eventually flake 

off leaving the surface badly damaged. 

2.2.4. Corrosive Wear.  Different from other major wear mechanisms, corrosive 

wear is a tribochemical wear, which involves two actions [99], [100].  The first one is the 

alteration of the contact surface chemistry via chemical or electrochemical interaction.  

This action typically produces a reaction layer on the contact surface, which is always 

weaker and easier to be removed compared with the original material.  The second action 

is the friction between the contact surfaces.  This action typically removes the weakened 

reaction layer produced in the first action, and offers a fresh surface for the continuation 

of further corrosive wear [88].   

The corrosive wear rate is determined by both chemical reaction rate and reaction 

layer removal rate.  Although corrosive wear has a very minor contribution to the overall 

cost resulted from wear for industry, a lot of powerful corrosion inhibitors have been 

invented and added into the lubricant to decrease the chemical reaction rate [17], [18], 

[101]. 

2.3. FRICTIONAL HEATING AND CONTACT TEMPERATURE 

2.3.1. Frictional Heating.  Wear of moving machinery parts always involve 

frictional processes associated with differences in velocity between two surfaces.  It is 



 

  

15 

believed that nearly all the frictional energy is dissipated as heat or frictional heat in 

metal-to-metal wear systems [30], [102], [103], [104].  Frictional heating is the process of 

temperature increase on the contact interface and the temperature will continuously 

increase until disapative heat removal mechanisms balance the frictional heating.  Heat 

transport via lubrication and thermal transport through the metallic components are the 

two most important heat dissipation mechanisms.  As the surface temperature increases, 

the tribological mechanisms of wear can change dramatically and these include: (1) 

changes in the structure and properties of the materials; (2) oxidation of the surface; (3) 

melting of the contacting parts; (4) softening of the materials; (5) changes in stability and 

viscosity of the lubricant [30], [31], [105].   

 

 

Figure 2.5. Temperature effect on the wear rate of an Al0.25CoCrFeNi high-entropy 
alloy from a dry sliding wear test [106].   

 

Figure 2.5 shows the temperature effect on the wear rate of an Al0.25CoCrFeNi 

high-entropy alloy [106], which clearly indicates that the wear rate increases with 
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increasing testing temperature.  It should be noted that the change of the wear rate 

decreases with increasing testing temperature, while others researchers found that the 

change of the wear rate increases with increasing the testing temperature [107].  The 

difference could be resulted from different test condition and material properties.   

2.3.2. Contact Temperature.  The contact temperature at the wear interface is 

defined by two quantitative parameters: bulk temperature and flash temperature [108].  In 

metal-to-metal wear systems, frictional heating occurs over a very limited area of asperity 

contacts.  As a result, the highest temperatures occur close to the real contact areas where 

the energy is dissipated.  Those highest temperatures are of short duration and generally 

termed as flash temperatures [109], [110].  In contrast, the temperature of the contact 

area, which does not depend on the instantaneous frictional heat generation, is called the 

bulk temperature [108].  It was reported that the flash temperature can be as high as 1000 

°C [111].  Moreover, some red welding spots were observed by these researchers in high 

speed sliding experiment.   

 

 
Figure 2.6. Contact temperature profile in a flash temperature study during dry friction 

process at high sliding speed [111].   
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Figure 2.6 shows the contact temperature profile near a real contact asperity.  It is 

worth noting that relatively steep temperature gradients exist in the areas near the contact 

asperity, and these temperature gradients are on the order of few hundred degrees Celsius 

per micrometer, which indicate that the flash temperature can be significantly different 

from the bulk temperature.  

2.4. EMPHASIS FOR THIS WORK 

The purpose of this work is to improve the lifetime of metal-to-metal wear 

systems by means of introducing graphite falkes into white iron.  The additional graphite 

in white iron can benefit the wear performance of metal-to-metal wear systems from 

following aspects: 

(1) Graphite addition can increase the thermal diffusvity of the material, which in turn 

reduces the flash heating temperature at the contact interface; 

(2) Graphite flakes can be partially pulled out from the original sites and leave some 

pockets on the wearing surface.  Those pockets can work as resivors to hold lubricant 

and decrease the wear rate; 

(3) Graphite flakes pulled out can be abraded into small particles and dispersed across the 

wearing surface.  Those dispersed graphite can work as lubricant and reduce the 

friction coefficient between two wearing surfaces. 
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ABSTRACT 

An Fe-18Cr-3.3C-15Mo-1.65V white iron used for metal-to-metal contact wear 

resistance was field tested to failure.  Microstructural analyses were performed using 

optical microscopy and scanning electron microscopy with phase identification 

performed using a transmission Kikuchi diffraction (TKD) technique.  A solidification 

sequence was proposed by correlating thermodynamic equilibrium calculations with the 

distribution and size of the phase constituents.  Field returned components were analyzed 

after approximately 10,000 service hours.  Micro-galling defects exhibited regions of 

material flow and white layer formation.  The white layer was determined to be 

nanocrystalline with average grain size less than 15 nm.  Phase constitution of the white 
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layer was similar to the basemetal and contained M2C, M7C3, austenite and ferrite.  

Cracking of the white layer produced both surface pits and abrasive particles that lead to 

wear scars and eventual leakage of the lubricant protecting the wear components.   

 

1. INTRODUCTION 

 

Metal-to-metal wear systems are widely used in various industrial machineries 

that incorporate rolling element bearings [1], gears [2], and dynamic rotary seals [3].  In 

the case of dynamic rotary seals, failure of worn surfaces can lead to damage of more 

costly components and significant machine downtime [4].  White cast irons, Stellite, Ni-

Resist cast irons, tungsten carbide hard faced steel, and various ceramic systems 

(aluminum oxide or silicon carbide) have been used in dynamic rotary seals [3], [5], [6], 

[7].  High chromium white irons are the least expensive and exhibit good abrasive wear 

resistance as a result of large M7C3 carbides with Vickers hardness 1100 to 1600 HV [8], 

[9], [10], [11], [12], [13]. 

Frictional heating is a major concern with dynamic rotary seals, and heat 

dissipation is often regulated by lubrication.  Catastrophic failure of the dynamic rotary 

seal often follows loss of lubrication and overheating of the contact surfaces.  Initially, 

frictional heating occurs over very small area of asperity contacts resulting in high local 

temperatures for short time durations.  The maximum local temperature has been called a 

flash temperature [14], [15], [16].  In dry friction, flash temperatures as high as 1000 °C 

have been reported [17].  High surface temperatures can negatively impact tribological 

behavior and even cause failures by (1) changes in the microstructure and properties of 
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the contacting materials; (2) oxidation of the surfaces; (3) local melting of the contacting 

parts; (4) softening of the materials; and (5) changes in stability and viscosity of the 

lubricant [18], [19].  It is generally observed that the wear rate increases exponentially 

with temperature [20], [21], [22], [23], [24].   

One of the major problems caused by excessive frictional heating for metal-to-

metal wear systems is the formation of white layers on the contacting surfaces [25], [26], 

[27].  The term “white layer” or “white etching layer” refers to an etching resistant layer 

that appears white and featureless when viewed using an optical microscope [28].  In 

some studies the white layer has been identified as untempered martensite [29], [30], 

[31].  The white layer is an extremely hard and brittle structure, and can cause crack 

formation and product failure [32], [33], [34], [35].  It was reported that the hardness 

increase resulted from the formation of the white layer can be as high as 180% compared 

with the original substrate [36].  The high hardness difference between the white layer 

and substrate leads to high stress concentrations that accelerate contact fatigue crack 

initiation and propagation in these areas [37], [38].  While most studies indicate that the 

white layer has a detrimental influence on wear components, Cho et al. [36] found that 

the white layer can increase wear resistance in a low loading condition.  This advantage 

diminishes, as the white layer begins to delaminate at higher loads.  While most of the 

past works related to white layer were carried on steels [39], [40], [41], [42], [43], [44], 

[45], the authors are unaware of any study on white layer in cast iron.  Thus, phase 

constitution, chemical composition, and failure mechanism remain unknown for white 

layer formation in cast irons. 
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In this paper, a wear resistant, high molybdenum and chromium white iron used 

for metal-to-metal wear systems has been investigated.  This material is based upon a 

hard-facing alloy that was chemically modified to produce a castable white iron. A 

comprehensive phase characterization was carried out, and failure analysis was 

conducted from a field returned component made from this material. 

 

2. MATERIAL AND METHOD 

2.1. MATERIAL 

High-purity charge materials were melted in an induction furnace and poured into 

shell molds to produce commercial sliding wear parts.  Chemical composition for the 

white iron is shown in Table 1.   

   

Table 1. Composition (wt.%) analyzed using an optical emission spectrometer and a Leco 
C/S analyzer. 

Fe C S (ppm) Si Mn Ni Cr Mo V 
Bal. 3.30 405 0.26 0.50 0.49 18.00 15.00 1.65 

 

2.2. SAMPLE PREPARATION AND CHARACTERIZATION 

2.2.1. As-Cast Samples.  Metallographic samples were prepared for both wearing 

surface (in-plane) and cross section from the wear component casting.  Standard 

metallogrphic methods were used to prepare the specimens with a final polish using 

0.1µm diamond paste.  Marble’s reagent [46] was used to etch the specimens to reveal 
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different phases in the material.  A Nikon FX-35DX camera was utilized to capture the 

optical micrographs. 

Samples were also prepared by means of electrolytic deep etching or polishing 

using a solution of 60 vol.% methanol, 34 vol.% butoxyethanol, and 6 vol.% perchloric 

acid [47].  Deep etched structures were used to observe the 3-dimensitional 

microstructure using an FEI Helios NanoLab 600 scanning electron microscope (SEM).  

A separate sample was prepared by dual-Jet electropolishing to study the phase 

constituent via transmission Kikuchi diffraction (TKD) technique.  SEM operation 

parameters are shown with each of the SEM images.  The electrolytic deep etching and 

polishing parameters are reported in Table 2. 

 

Table 2. Operation parameters for electrolytic deep etching and polishing. 

Sample Temperature (°C) Voltage (V) Current (mA) 
Electrolytic Deep Etching -25 20 20 
Dual-Jet Electropolishing -40 60 30 

 

2.2.2. Field Returned Wear Component.  Cast parts were also assembled into a 

metal-to-metal wear system for field testing.  The components failed after 10,000 service 

hours with failure defined by excessive oil leakage.  Failure analysis was then performed 

on the worn components using an optical microscope and an SEM.  Samples for optical 

microscope were prepared using the same procedure aforementioned in Section 2.2.1 to 

study the cross section of the failed component.  Samples for SEM were sectioned to 

preserve the wearing surface of the failed component and investigate cause of the failure.  

As shown in Figure 1, A TEM sample was extracted from a region containing white layer 
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formation (indicated by arrows in Figure 1(a)) using a focused ion beam (FIB) technique.  

Bright-field (BF), dark-field (DF), and selected area diffraction (SAD) techniques were 

used to investigate the microstructure of the white layer. Operating parameters for SEM 

and FIB are provided in the figure caption of each SEM image. 

 

  
(a) (b) 

  
(c)                                                                  (d) 

Figure 1. FIB-SEM sample preparation: (a) SEM image before FIB; (b) Pt deposition on 
the selected area for site-specific sample preparation; (c) Removal of material adjacent; 
(d) Lift-out of the TEM sample using a micro-manipulator.  Arrows indicate the white 

layer formed on the wearing surface. 
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3. RESULTS 

3.1. METALLOGRAPHIC RESULTS 

3.1.1. Optical Microstructure.  Figure 2(a) is an optical image showing the 

microstructure of the casting center, which was about 8 mm away from the casting 

surface.  At least three different features were distinguished in Figure 2(a): hexagon 

(arrow with straight end), white segment with brownish tint boundary (arrow with round 

end), and network structure (arrow with rhomb end).  Figure 2(b) shows the 

microstructure from the casting surface, also the wearing surface.  As the cooling rate at 

the casting surface was faster, all three foresaid features were finer (<1 μm) than those in 

the casting center.  The corresponding features in the casting surface are also marked by 

the same type of arrows, as shown in Figure 2(b). 

 

   

(a)                                                                     (b) 

Figure 2. Marble’s reagent etched microstructure from: (a) Casting center; (b) Casting 
surface.  Three features can be observed including: hexagon indicated by arrows with 

straight end, white segment with brownish boundary indicated by arrows with round end, 
and network structure indicated by arrows with rhomb end. 
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3.1.2. Electrolytic Deep Etching Microstructure.  Deep etching produced a 

surface where carbides stood in relief and these surfaces were imaged using an SEM.  

Figure 3 shows the electrolytic deep etched microstructures taken from the casting 

subsurface, which was about 3 mm away from the casting surface.  As shown in Figure 

3(a), many finger-like rods were observed, which were named as columnar carbides.  

Figure 3(b) is a magnified image of Figure 3(a).  In addition to the rod-like columnar 

carbide, a second rod solidification product was identified, which was termed as 2ry 

columnar carbide.  Figure 3(c) and (d) revealed that there were also very few but 

relatively large carbides (~15um) in this alloy, which were named as Crocodile Jaw 

Shaped (CJS) carbide.  According to Liu’s work [48], the CJS carbides are primary 

M7C3 carbides, which were formed into crocodile jaw shape due to its unique 

coalescence process during growth.   

 

  
(a)                                                                   (b) 

Figure 3. SEM images showing the electrolytic deep etched microstructure taken from 
the subsurface of the casting. 
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(c)                                                                   (d) 

Figure 3. SEM images showing the electrolytic deep etched microstructure taken from 
the subsurface of the casting (cont.). 

 

The columnar carbides in Figure 3(a) appeared denser than in Figures 3(b)-(d).  

This is possibly due to the imaging angle difference, as Figure 3(a) was taken at 20° tilt, 

while Figures 3(b)-(d) were taken at no tilt.  Overall, there are four different phases 

revealed by electrolytic deep etching: CJS carbide, columnar carbide, 2ry columnar 

carbide, and matrix. 

3.1.3. TKD Phase Mapping.  A TKD technique using transmitted electrons was 

used to identify the microconstituents that were smaller than 100 nm.  TKD analyses 

using high operation voltage (30 kV), provides better spatial resolution than either 

secondary or backscattered electrons, which can be less than 10 nm [49], [50].  Results 

are shown in Figure 4 from the casting subsurface, which was about 3 mm away from the 

casting surface.  The white rectangle in Figure 4(a) indicated the area where phase 

mapping and EDS mapping were performed.  Phase constituents are identified in Figure 

4(b) and EDS mappings are shown in Figure 4(c)-(h).  As shown in Figure 4(b), there 
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were four phases in this material including: BCC (ferrite), FCC (austenite), M7C3, and 

M2C.  Combining the phase mapping with the EDS mapping, the following conclusion 

can be drawn: (1) the matrix was rich in Fe, and it consisted of ferrite and retained 

austenite; (2) the columnar carbides were M7C3 carbides, and they were rich in Cr, V 

and Mn; (3) the 2ry columnar carbides were M2C carbides, which were rich in Mo and 

V.  It should be noted that most of the signal for ferrite matrix between 2ry columnar 

carbides was blocked, since M2C carbides were much taller than ferrite. 

 

 
(a) (b) 

 
(c)                                           (d)                                           (e) 

Figure 4. TKD images from the casting subsurface showing: (a) TEM image; (b) Phase 
mapping on the white box in (a); and (c)-(h) EDS mappings for Fe, Cr, V, Mo, C, and 

Mn, respectively. 

 Fe EDS  Cr EDS  V EDS 
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(f)                                           (g)                                           (h) 

Figure 4. TKD images from the casting subsurface showing: (a) TEM image; (b) Phase 
mapping on the white box in (a); and (c)-(h) EDS mappings for Fe, Cr, V, Mo, C, and 

Mn, respectively (cont.).   

3.2. FAILURE ANALYSIS 

Failure analysis was performed on a field returned metal-to-metal wear 

component after failure and leakage of the lubricant.  The observation results of the cross 

section and the wearing surface are reported. 

3.2.1. Cross Section.  It should be noted that the wear contact position changes 

with time during operation with the border of the actual contact area propagating from 

one side to the other during service.  Figure 5 shows optical images of the cross section 

with the wear surface at the top of the image.  The final wear point appears as a peak on 

the surface in Figure 5(a) with unworn surface to the left and the worn surface to the 

right.  The unworn surface is protected by clean lubricant when in operation, whereas the 

worn surface can be contaminated by debris from the working environment.  The image 

shown in Figure 5(b) was observed approximately 10 μm to the right of Figure 5(a).  A 

comparison of the unworn surface with the worn surface yields two observations. The 

columnar M7C3 eutectic structure is nearly normal to the unworn surface due to 

 Mo EDS  C EDS  Mn EDS 
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directional solidification, whereas this same structure appears tilted towards the final 

point of contact.  In addition, many of these carbides seem to be fractured below the 

surface.  The depth of deformation continuously decreases towards the point of final 

contact.  A maximum depth of 32µm was observed on the worn surface.  Secondly, a 

non-etching white layer appears on the worn surface, but not at the point of final contact. 

 

  
(a)                                                                         (b) 

 Figure 5. Optical micrographs on the cross section of the field returned component 
showing: (a) final wear point on the wearing surface; (b) affected depth next to the final 

wear point. 

 

Figure 6 is also an optical micrograph of the cross section showing some white 

layer formation on the worn surface.  White layer refers to an etching resistant layer 

formed on the contact surface, which appears white and featureless [28].  It is believed 

that white layer is a result of excessive frictional heat and repeated mechanical load [39], 

[51].  Figure 6 was taken from an area that was worn for a much longer time compared 

with the worn surfaces shown in Figure 5.  As a comparison, there was no white layer 

observable in Figure 5(a), thin white layers in Figure 5(b), but thick white layers (~4 μm) 

Material Flow 
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in Figure 6.  Cracks can also be observed within the white layer, which are indicated by 

arrows. 

 

  
Figure 6. Optical micrograph on the cross section of the field return component showing 

white layer on the worn surface.  Arrows indicate cracks within the white layer. 

 

3.2.2. White Layer.  Figure 7 shows the bright-field (BF) TEM images for the 

white layer.  In Figure 7(a), the dashed line shows the interface between the white layer 

and the deformed substrate, and the dashed circle shows where the selected area 

diffraction (SAD) shown in Figure 8 was conducted.  The grain sizes in the deformed 

substrate were much bigger than those in the white layer.  Figure 7(b) is a high 

magnification BF TEM image taken from the white layer, and the grain sizes were 

estimated to be approximately 15 nm.   
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(a)                                                                  (b) 

Figure 7. BF TEM images of the white layer.  (a) The area under the dashed line shows 
the white layer, and the dashed circle shows where the SAD was conducted; (b) High 

magnification image on the white layer. 

 

  

(a)                                                (b) 

Figure 8. TEM images showing (a) SAD pattern for the white layer; (b) Indexing of the 
SAD pattern. 

 

 

Deformed Substrate 

White Layer 
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(a) 

 

 
(b) 

Figure 9. Pictures of (a) TEM DF image with the dashed line showing the line scan 
position, and arrows indicating the persistent carbides; (b) Line scan spectrum profile. 

0 Position 

Deformed Substrate 

White Layer 



 

  

33 

Figure 8(a) shows the SAD pattern for the white layer, and Figure 8(b) shows the 

indexing of the SAD pattern, where phases and planes are labeled for each reflection.   As 

shown in Figure 8(b), the reflections for the white layer have been indexed as ferrite, 

austenite, M7C3 carbide, and M2C carbide.  In general, the white layer exhibited the 

same phase constituents as the original microstructure analyzed via TKD technique 

shown in Figure 4. 

Figure 9(a) shows a dark-field (DF) TEM image containing a white layer and a 

portion of the deformed substrate.  Figure 9(b) shows an EDS line scan conducted along 

the dashed line in Figure 9(a) to compare the chemical composition of the white layer and 

the deformed microstructure.  The line scan terminated at a dark-contrast feature 

approximately 200nm in size contained in the white layer. The composition of this 

feature is similar to an M7C3 carbide. The proximity and size of this feature would 

suggest that it is a persistent constituent of the original cast microstructure.  This type 

feature was not observed near the contact surface of the white layer.   Moreover, the 

phase constituents in deformed substrate can be speculated from the line scan spectrum 

profile, as labeled in Figure 9(b).  However, the white layer showed a more uniform 

chemical composition compared with that in the deformed substrate, excepted for the 

persistent carbide, as shown in Figure 9(b).  This could be resulted from the finer 

microstructures within the white layer.     

3.2.3. Worn Surface.  An SEM was used to observe the worn surface of the field 

returned component.  As shown in Figure 10, three characteristics can be observed on the 

worn surface and are labeled in the SEM images including: Attachment, Cutting, and 

Micro-Galling.  Generally, attachment is a characteristic for adhesive wear and result 
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from material transfer during asperity contact, whereas cutting is a characteristic for 

abrasive wear.  Micro-galling is initiated by adhesive wear, but involves subsurface 

fatigue cracking that culminates with spallation of the surface. 

 

  
(a)                                                                       (b) 

  
(c)                                                                      (d) 

Figure 10. SEM images showing the worn surface of a field returned component. 

 

4. DISCUSSION 

4.1. SOLIDIFICATION SEQUENCE AND MICROSTRUCTURAL 
CORRELATION 

As shown in Figure 11, the phase evolution for this alloy during equilibrium 

solidification was calculated using Temperature Step Calculation module provided in 

Attachment 

Micro-Galling 
Micro-Galling 

Micro-Galling 

Cutting 

Cutting 
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JMatPro software (version 9.1).  Figure 11(a) shows the overall phase evolution from 

1300 °C to 700 °C, while Figure 11(b) shows the solidification evolution in more detail 

from 1270 °C to 1150 °C.  A liquidus temperature of 1243 °C and a solidus temperature 

of 1179 °C are predicted.  Primary solidification of M7C3 carbide is predicted with two 

subsequent eutectic reactions.  At 1194 °C, M7C3 forms with austenite during the first 

eutectic reaction (binary).  A second eutectic reaction (ternary) occurs at 1187 °C to form 

M2C in combination with austenite and M7C3.  Austenite transforms to ferrite starting at 

803°C. 

 

 

(a) 

Figure 11. Diagrams showing phase evolution calculated using JMatPro during 
solidification from 1300 °C to 700 °C (a), and from1270 °C to 1150 °C (b).  It should be 

noted that M6C was excluded for these calculations. 
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(b) 

Figure 11. Diagrams showing phase evolution calculated using JMatPro during 
solidification from 1300 °C to 700 °C (a), and from1270 °C to 1150 °C (b).  It should be 

noted that M6C was excluded for these calculations (cont.). 

 

A complete explanation of the cast microstructure can now be given based upon a 

correlation of the thermodynamic calculations and the observed scale and phase 

distributions. Figure 12 depicts all of the major transformations during solidification.  

The CJS carbide is now identified as the primary M7C3 phase that initially forms at the 

liquidus temperature of 1243°C.  The faceted character of M7C3 is easily identified in the 

coarse rod eutectic microstructure and this can be identified as the first eutectic reaction 

beginning at 1194°C, i.e. L->M7C3+austenite.  The ternary reaction, L-> 

austenite+M2C+M7C3, appears to be mostly austenite and M2C; however, close 

examination of Figures 3(d), 4(b) and 12 shows regions where M7C3 is present within 

this eutectic microstructure.  The scale differences between the two eutectic 
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microstructures also agree with this proposed sequence, since phases formed at higher 

temperatures have a kinetic growth advantage and will be larger in size.  It should be 

noted that at the casting surface, as shown in Figure 2(b), the primary M7C3 may not be 

distinct from the M7C3 formed during the first eutectic reaction as a result of the chill 

induced by the mold producing both undercooling and rapid solidification.  Retained 

austenite observed at room temperature in the first eutectic reaction may also be an effect 

of scale and the ability to resolve the phase constituents or composition differences in the 

formed austenite.  It should be noted that in a similar alloy containing higher silicon 

content (1.34 vs. 0.26 wt.%), a M6C eutectic (“fishbone” morphology) forms instead of 

the M2C eutectic as observed in this study [52].  It is known that silicon can be 

incorporated into the M6C carbide as observed in 2.25Cr-1Mo type steels [53] and silicon 

destabilizes M2C in favor of M6C in nickel based alloys as reported by Xu et al. [54], 

[55]. 

 

 

Figure 12. Schematic showing the correlation between the microstructure and the 
solidification sequence.  SEM image was taken from the casting subsurface (3mm down). 
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4.2. WHITE LAYER  

While most of the past works related to white layer were carried on steels [39], 

[40], [41], [42], [43], [44], [45], the authors are unaware of any study on white layer 

formation in white cast iron.  According to Hosseini’s work [56], the grain size in white 

layer formed by hard turning of AISI 52100 steel was in the range of 30 nm to 80 nm.  

The finer grain size in this study may be attributed to the multiphase structure and 

mechanical mixing over a longer time of contact.  Grain size in multiphase 

microstructures are prone to pinning, which prevents grain growth.  It was reported by 

Hosseini [56], that the contact time in hard turning was in the range of 45 to 400 

milliseconds. 

In the current study, white layer grain structure produced complex ring diffraction 

patterns (see Figure 8) and is similar to Hosseini’s works [43], [56].  In their studies, 

white layers were induced by hard turning.  Meanwhile, the as-cast steel microstructure 

in their study was fully martensitic and bainitic, and white layers were divided into two 

groups due to different formation mechanisms proposed: thermally induced, and 

mechanically induced.  The mechanically induced white layer contained ferrite and 

cementite, whereas the thermally induced white layer consisted of austenite, martensite 

and cementite [56].  Current study was unable to differentiate between BCT martensite, 

tempered martensite, or ferrite and the authors labeled the phase as ferrite.    

Severe plastic deformation has been found to be effective in refining the grains of 

metals and alloys [57], [58].  The fine grain size and nanocrystalline structure of the 

white layer are remarkably similar to those produced under severe plastic deformation 

[59].  It was reported that high pressure torsion can produce a nanocrystalline structure 
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with a grain size as small as a few nanometers [60].  Neglecting the possible differences 

in thermal history and material type, the high strain and dynamic loading accompanied 

with adiabatic shear associated with the wear components in metal-to-metal wear systems 

are very similar to the high pressure torsion experiments.  Therefore, it is likely that the 

white layer in this study was mechanically induced via severe plastic deformation 

mechanism.  Frictional heating enhanced the adhesive bonding strength on the contact 

interface, which in turn assisted the formation of the white layer.  Similar white layer 

formation mechanism has been describe on the investigation of white layer formed on 

high-speed railway brake discs [61].   

Refinement of grains in metals is generally controlled by dislocation activities, 

which subdivide the original coarse grains.  Therefore, the white layer has a refined grain 

size, while its phase constituent is the same as the original microstructure, as is 

characterized by SAD diffraction shown in Figure 8.  However, refinement of carbide is 

more difficult due to its high hardness [8], [13], and lack of sufficient slip systems [56], 

[62], [63].  The presence of persistent M7C3 carbide in the white layer can be speculated 

as a result of the combination effect from high hardness, fewer slip systems, and bigger 

original size (primary M7C3).  It should be noted that primary M7C3 growth was 

suppressed by fast cooling rate near casting/wearing surface.  The distance from primary 

M7C3 to casting surface affects cooling rate, which can in turn affect the original size of 

primary M7C3.  The distance from persistent M7C3 observed in Figure 9(a) to the worn 

surface was estimated to be approximately 1.3 μm. 

It was reported that the hardness of the white layer can be as high as 180% of the 

original substrate [36].  The high hardness difference leads to a higher stress 
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concentration within the white layer and the interface between the white layer and the 

substrate.  Therefore, the white layer can not only initiate cracks but also accelerate their 

propagation [37], [38].  Based on the crack propagation direction, Yang et al. [64] further 

proposed two failure models: (1) along a path parallel to the wearing surface; (2) along a 

path at an acute angle (31-45°) to the wearing surface.  Based on the cracks shown in 

Figure 6, the failure of the white layer in this study is model 1, which is stress state 

related and delamination along the cracking path is the main failure mechanism. 

4.3. FAILURE MECHANISM   

The service component examined was a matched pair of ground Fe-18Cr-3.3C-

15Mo-1.65V white iron wear parts.  The component was examined and there was no 

evidence of white layer formation as a result of surface grinding, as shown on the unworn 

surface in Figure 5(a).  Worn surfaces exhibited various stages of adhesive wear 

beginning with material transfer between components with a characteristic of attachment, 

as shown in Figure 10(c).  It is known that a certain amount of plastic deformation is 

required to close the interfacial gap between two contact surfaces during the service [65].  

Point loading with high contact pressure occurred, as the number and severity of the 

attachments increase.  Surface temperature is also expected to increase.  The combination 

of high contact pressure and increased surface temperature induced plastic flow along the 

sliding direction as shown in Figure 5.  Carbides phases such as M7C3 and M2C are 

expected to have limited plasticity and fractures were observed along the length of the 

rod-shaped carbides.  This process refined the grains, and at some certain point, 

nanocrystalline white layer was produced.  Similar nanocrystalline white layers have 
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been reported in AISI 1065 steel, where the authors produced white layer by adhesive 

sliding wear friction [66]. 

While most studies state that the white layer has a detrimental influence on wear 

components, Cho et al. found that the white layer can increase wear resistance in a low 

contact stress condition.  This advantage diminishes, as the white layer delaminated at a 

higher load [36].  The high contact pressure introduced higher load on the white layer, 

and eventually delamination of white layer occurred along the cracks within the white 

layer, as shown in Figure 6.  Discontinuity of the white layer on the worn surface may be 

a result of variation in contact pressure on the worn surfaces, since the engineered point 

of contact continuously shifts during service. 

Delamination of white layers can be expected to produce large loose particles 

between the two contact surfaces creating a three-body abrasive wear condition.  The 

abrasive cutting scars in the radial direction of sliding are shown in Figure 10(a) and 

Figure 10(b).  Growth of surface delamination produced the micro-galling defects as 

shown in Figure 10(d).  In this case, the plastic deformation generated by contact pressure 

was not high enough to close the gaps and subsequent oil leakage resulted in failure.  

 

5. CONCLUSION 

 

A wear-resistant, high molybdenum and chromium white iron used for metal-to-

metal wear systems was investigated.  Microstructural characterization showed that there 

were four phases in this wear-resistant material including: ferrite, retained austenite, 
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M7C3 and M2C carbides.  Solidification sequence was determined based on the size of 

the phase constituents and equilibrium calculation results.   

Micro-galling defects were found on the wearing surface of the field returned 

component which lead to loss of lubrication.  Examination of the micro-galling defects 

and microstructure suggests the following sequence.  Excessive frictional heat induced 

severe adhesive wear, which in turn introduced material attachment and white layer 

formation on the worn surface.  The delamination of white layer led to loose particle 

debris on the contact interface, followed by three-body abrasive wear.  Eventually, the 

complex wear activity produced large areas of defects (micro-galling), and caused oil 

leakage in the wear systems. 
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ABSTRACT 

Metal-to-metal wear systems are widely used in various industries, but heat 

induced adhesive wear has been limiting the lifetime of the components for many years. 

An idea of introducing interconnected flake graphite networks into white iron was 

developed by the authors, which can potentially solve this problem by increasing the 

overall thermal conductivity.  To optimize the thermal conductivity and wear resistance, 

five alloys with different chromium and carbon contents were designed, produced and 

investigated to develop the first generation of graphitic white iron. Mathematical models 

were developed to correlate the graphite phase concentration and cooling rate with carbon 

equivalent.  It was shown that graphite volume percent needs to be higher than 7% to 

have a consistent thermal conductivity increase. Hardness model developed in this article 

suggested that M7C3 has a higher hardness than the plate cementite, and hardness 
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increases with increasing chromium content in the carbides. The as-solidified 

microstructure was characterized using a SEM, and solidification sequence was 

established for this novel alloy system.  Unexpectedly, for the first time, study of alloy 

with 11 wt.% Cr shows that M7C3 was formed during eutectic reaction and then 

transformed into cementite at a lower temperature. 

 

1. INTRODUCTION 

 

White cast iron exhibits a white, crystalline fracture surface because the fracture 

occurs along the iron carbide plate [1], which is a result of no graphitization and fast 

cooling rate. Due to the relatively high hardness of cementite carbide (800-1100HV) [2], 

white cast iron is extensively used in wear resistance applications. However, it is difficult 

to obtain sufficient cooling rate to produce white cast iron in heavy sections or relatively 

large castings, thus high alloy additions are added to promote carbide formation at a 

slower solidification cooling rate. Typically, high-alloyed white cast irons fall into two 

major groups [3]: Ni-Cr white iron and Cr-Mo white iron. Among all grades of white cast 

irons, high Cr white iron is the most popular type due to its higher hardness resulted from 

M7C3 carbides (1100-1600HV) [2]. Numerous studies have been conducted on the 

effects of alloy additions on high Cr white cast iron. Additional vanadium is added for 

grain refinement purpose [4-5]. Silicon is also added for grain refinement and it also 

increases the volume fraction of the eutectic carbides [6]. Titanium is used to refine 

primary M7C3 carbides [7-11]. In addition, niobium was found to be effective to improve 
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the fracture strength by changing the morphology of eutectic carbides from plate/rod-like 

shape to isotropic shape [12]. 

Gray cast iron exhibits a gray fracture surface because the fracture occurs along 

graphite flakes [1], which can be formed as primary graphite or eutectic graphite. 

Generally, flake graphite in gray iron is divided into five type based on their distributions, 

morphologies and patterns [13-14].  In specific, type A graphite flakes have a random 

orientation and are intended in gray iron, type B graphite has a rosette pattern, type C 

graphite is kish graphite which is formed in hypereutectic cast irons, type D graphite is 

randomly orientated very fine interdendritic flakes, and type E graphite is very fine 

interdendritic flakes with a preferred orientation [14]. Due to interconnected structure of 

graphite, gray iron always presents higher thermal conductivity as compared to the with 

other graphitic irons [15-16], which also can be concluded from the cooling curves for 

different cast irons [17-19]. 

High Cr white cast iron is commonly used in metal-to-metal wear applications, 

where significant heat induced by friction causes severe adhesive wear [20-21].  To take 

the advantage of both high wear resistance from carbide and high thermal conductivity 

from interconnected graphite, the authors proposed to design a mottled graphitic white 

iron. Typically, mottled cast iron refers to mottled nodular cast iron [22-27] and are 

generally used for mill rolls [22-24]. But limited work has been done on designing 

mottled cast iron containing flake graphite.  

In the present work, the authors introduced interconnected graphite networks into 

the as-solidified matrix to increase the thermal conductivity of white iron.  Specifically, 

five mottled cast iron alloys were designed and produced in an induction furnace. The 



 

  

52 

five alloys were studied metallographically to determine the graphite and carbide phase 

fraction. Solidification sequences were studied by rationalizing the thermodynamic 

equilibrium calculation results with optical microstructures. Meanwhile, Energy 

Dispersive Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD) were used 

to further verify the solidification sequences. Hardness of different carbides in all five 

alloys were measured.  Numerical models were constructed for guiding future alloy 

design. 

 

2. MATERIAL AND METHODS 

2.1. RATIONAL FOR CHEMISTRY 

In the present investigation, a series of 2wt.%Si-0.5wt.%Mn-C-Cr-Fe alloys were 

designed and studied. Based on thermodynamic calculation using software FactSage 

Equilibrium Modulus (version 7.1, database FSstel), the primary phase formed during 

solidification over 0-30wt.% Cr and 0-8wt.% C was plotted in Figure 1. It is shown that 

carbon promotes the formation of graphite, while chromium promotes the formation of 

M7C3 and ferrite. It is well known that an interconnected graphite network in metal can 

provide high thermal conductivity, for example, the type A flake graphite in grey cast 

iron.  Carbides are known for a relatively high hardness, which increases a casting’s wear 

resistance. To take the advantage of both graphite and carbides, three hypereutectic and 

two hypoeutectic chemistries were proposed.  The alloys were named with their 

individual Cr content and marked as different colored dots in Figure 1. Here Cr is 
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working as a regulator to control the competition of carbon between graphite and 

carbides.   

 

 

Figure 1. The primary phase formed during solidification at different contents of C and 
Cr; Colored dots represent the alloys studied in this research; numbers in each callout 

represent the chemistry of C and Cr individually. 

 

To accurately control the chemistry, high purity charge materials including 

induction iron, Desulco graphite, low carbon ferrochrome, ferrosilicon and 

ferromanganese were melt in an induction furnace to produce five alloys with various Cr 

and C contents. Metal was cast into no-bake sand molds with 200ºC superheat for each 

alloy. The chemical composition of the five produced alloys is given in Table 1. 

Additionally, 0.15wt.% graphite inoculant was added into the sprue well prior to each 

pour to promote graphite formation. The pertinent temperature information is shown in 

Table 2. 
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Table 1. Composition analyzed using spark emission spectrometer and Leco C/S 
analyzer. 

Alloys Chemical composition (wt.%) Inoculant 
(wt.%) Leco C Leco S (ppm) Si Mn Cr 

3Cr 4.45 154 2.06 0.44 2.79 0.15 
5Cr 4.72 157 2.00 0.47 5.11 0.15 
7Cr 4.88 184 2.07 0.49 7.08 0.15 
9Cr 4.93 198 2.05 0.50 9.08 0.15 
11Cr 5.00 170 2.03 0.50 11.03 0.15 

 

Table 2. Pertinent temperature information for all studied alloys. 

Alloys Temperature (ºC) 
A1 Solidus Liquidus Pouring Temperature 

3Cr 798 1142 1305 1505 
5Cr 818 1139 1304 1504 
7Cr 834 1134 1292 1492 
9Cr 834 1138 1256 1456 
11Cr 834 1138 1282 1482 

 

2.2. SAMPLE PREPARATION AND CHARACTERIZATION 

All specimens were sectioned from the bottom part of the casting to minimize the 

amount of shrinkage porosity. Metallography samples were machined from the same 

location to minimize the variation due to different cooling rates. Two sets of samples 

were ground on silicon carbide papers to 1200 grits and then polished using 3 µm 

followed by 0.1 µm diamond paste. The first set of as-polished samples were used to 

study the graphite fraction, and the second set of samples were etched with 2% nital to 

measure carbide fraction as well as micro-hardness. Microstructure was analyzed using a 

Nikon FX-35DX camera. Microhardness was conducted with Duramin-5 microhardness 

tester. ASPEX-EDS was used to determine the composition of each carbide phase. EBSD 

was performed on alloy 11Cr to discriminate different types of carbides in it. FactSage 
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7.1 (FSstel database) was used to calculate the phase diagrams and phase equilibrium step 

diagrams to study the solidification sequences. 

 

3. METALLOGRAPHY RESULTS 

 

As polished microstructure is shown in Figure 2 to reveal different graphite 

morphology and fraction among five alloys. Type A (green arrows in Figure 2) and type 

C (red arrows in Figure 2) graphite are observed in alloy 3Cr, 5Cr and 7Cr.  Type D 

graphite (purple arrows in Figure 2) is found within the dendritic structures for all five 

alloys. 

 

    
(a)                                          (b)                                          (c) 

   
(d)                                         (e)                                                     

Figure 2. Graphite morphology in as-polished microstructure: (a) 3Cr; (b) 5Cr; (c) 7Cr; 
(d) 9Cr; (e) 11Cr. 
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Another set of specimens were etched with 2% nital to reveal various phases. 

Figure 3 shows the microstructures under a lower magnification. Few skinny plate 

carbides are observed in alloys 3Cr.  Longer and thicker plate carbides are found in alloy 

5Cr. In alloy 7Cr, besides plate carbide, cluster carbides are noticed. As the Cr content 

increases, in alloys 9Cr, more hexagonal shaped carbides and fewer plate carbides are 

observed. However, in alloy 11Cr, a lot of hexagonal shaped carbides but minimum plate 

carbide was observed. In Figure 3, the plate carbides are indicated by red arrows, cluster 

carbides are indicated by purple arrows, and hexagonal shaped carbides are indicated by 

green arrows, respectively. Furthermore, pearlite was differentiated in all five alloys 

under a higher magnification shown in Figure 4 and there was no obvious difference in 

pearlite morphology among all five alloys. 

 

   
(a)                                          (b)                                          (c) 

   
(d)                                        (e) 

Figure 3. Carbide morphology in 2% nital etched microstructure at a lower 
magnification: (a) 3Cr; (b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 11Cr. 
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(a)                                          (b)                                          (c) 

   
(d)                                         (e) 

Figure 4. Pearlite structure revealed by 2% nital etched microstructure at a higher 
magnification: (a) 3Cr; (b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 11Cr. 

 

4. DISCUSSION 

4.1. GRAPHITE PHASE FRACTION VS CARBON EQUIVALENT 

FactSage 7.1 (database FSstel) was used to calculate the amount of graphite and 

carbide during solidification in all studied alloys. The weight percent of both graphite and 

carbides were calculated at a temperature right above the critical temperature A1 during 

the equilibrium solidification.  No eutectoid reaction takes place at such temperature, 

consequently no eutectoid product was considered in the calculation. In another word, 

only primary carbide and those carbides formed during metastable eutectic reaction in 

ledeburite were included. Then weight percent for each phases were transformed into 

volume percent using following densities: ρ(graphite)=2266 kg/m3, ρ(Fe3C)=7730 

kg/m3, ρ(M7C3)=7230 kg/m3 and ρ(austenite)=7915 kg/m3. 

Pearlite 

Pearlite Pearlite 

Pearlite 

Pearlite 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 
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ImageJ software was used to measure the amount of graphite and carbide on 

optical micrographs for all five alloys. Graphite was measured from the as polished 

microstructures shown in Figure 2. The contrast threshold was adjusted to include both 

primary graphite and eutectic graphite. Carbides were measured using the 2% nital etched 

microstructures shown in Figure 3. Similarly, the contrast threshold was carefully 

adjusted such that only primary carbides and eutectic carbides were highlighted. Carbides 

in pearlite formed during the eutectoid reaction were not included in the ImageJ 

measurements. As a consequence, neither FactSage calculation nor ImageJ measurements 

considered the eutectoid reaction products. Figure 5 shows an example of an adjusted 

threshold for both graphite and carbides. 

 

  
(a)                                                                  (b) 

Figure 5. Contrast threshold was adjusted in ImageJ to include (a) graphite and (b) 
primary and eutectic carbides; scale bars were removed to avoid interference with the 

threshold. 

 

As shown in Figure 6, the volume percent of graphite and carbides calculated 

using FactSage was compared with that measured with ImageJ. Red bars represent 

FactSage equilibrium calculation results at a temperature above critical temperature A1. 
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Blue bars represent ImageJ measurements averaged from ten micrographs. The error bars 

represent 95% CL uncertainty range [28]. 

 

 
 (a) 

 
(b) 

Figure 6. Phase percent comparison among five alloys for: (a) Graphite; (b) Carbide. 
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Overall, volume fractions measured by ImageJ is similar to those calculated by 

FactSage. Following conclusion can be drawn: graphite percent decreases and carbide 

percent increases with increasing Cr content. Nevertheless, as the Cr content increases, 

graphite concentration predicted by FactSage at A1 temperature decreases at a slower 

speed compared to ImageJ measurements. One possible explanation is that at higher Cr 

levels, FactSage equilibrium module doesn’t have a graphite growth model via diffusion 

built in. It is worth noting that the measured carbide volume percent for all five studied 

alloys is smaller than the calculated values, which is consistent with Hecht’s work [29]. 

According to previous published works [30-31], following multiplying factors 

were reported for carbon equivalent calculation: 𝐺𝐺𝐶𝐶𝑆𝑆 = 0.4, 𝐺𝐺𝐶𝐶𝑆𝑆𝑆𝑆 = 0.33, 𝐺𝐺𝐶𝐶𝑀𝑀𝑀𝑀 = -0.027, 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 

= -0.25, so Eq. (1) is established to calculate carbon equivalent in these studied alloys.   

 

𝐶𝐶𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶 + 0.4𝐶𝐶𝑆𝑆 + 0.33𝐶𝐶𝑆𝑆𝑆𝑆 − 0.027𝐶𝐶𝑀𝑀𝑀𝑀 − 0.25𝐶𝐶𝐶𝐶𝐶𝐶                                   (1) 

 

To fully understand how the graphite volume percent is affected by the carbon 

equivalent, Eq. (1) was used to calculate the carbon equivalents for all five alloys. Then 

the relation between carbon equivalent and graphite volume percent for those alloys was 

plotted in Figure 7. It turned out that graphite volume percent increases with increasing 

carbon equivalent by a linear relation following Eq. (2). And the coefficient of 

determination is 0.9696, which indicates that Eq. (2) is fitting very well and can be used 

for future works. 

 

𝑉𝑉𝑝𝑝(𝐺𝐺𝐺𝐺) = 4.1046𝐶𝐶𝐸𝐸𝐸𝐸 − 9.0513                                                  (2) 
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Figure 7. Relation between carbon equivalent and graphite percent. 

 

Cooling curves can be used to predict the graphite morphology and cast structure 

by studying the cooling characteristics and critical points [19]. One way to qualitatively 

study the effect of graphite on thermal conductivity is to compare the cooling rate among 

different alloys during solidification. Figure 8 correlated the cooling rate at 900°C with 

graphite volume percent for all five alloys. Figure 8(a) shows the cooling curves obtained 

from thermal analysis cups and Figure 8(b) shows the relation between graphite volume 

percent and cooling rate at 900°C measured from cooling curves in Figure 8(a). A linear 

relation between cooling rate at 900°C and graphite volume percent is established and 

shown in Eq. (3) for all five studied alloys. As is shown in Figure 8(b), as the graphite 

volume percent increases, cooling rate at 900ºC also increases, which proved that 

introducing graphite into white iron increases its thermal conductivity. However, cooling 

rates at 900ºC for alloy 3Cr and alloy 5Cr are much higher than the rest three studied 
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alloys and once the graphite volume percent is lower than 7%, which is the minimum 

measured graphite volume percent for alloy 5Cr, the corresponding cooling rate at 900ºC 

is scattered around 1.1ºC/s. One can conclude that graphite volume percent needs to be 

higher than 7% in order to increase the thermal conductivity consistently in a graphitic 

white iron alloy. 

 

𝑉𝑉𝑝𝑝(𝐺𝐺𝐺𝐺) = 2.8358𝑅𝑅 + 1.6419                                               (3) 

 

 

(a) 

Figure 8. Cooling rate study for: (a) Cooling curves obtained from ATAS quick cups; (b) 
Relation between graphite volume percent and cooling rate measured from temperature 

curves at 900°C. 
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(b) 

Figure 8. Cooling rate study for: (a) Cooling curves obtained from ATAS quick cups; (b) 
Relation between graphite volume percent and cooling rate measured from temperature 

curves at 900°C (cont.). 

4.2. CHARACTERIZATION OF CARBIDES 

Plate carbides found in alloy 3Cr and 5Cr were cementite, which is proved by 

FactSage thermodynamic calculation in Sections 4.3.1 and 4.3.2.  However, different 

morphologies of carbides were observed in alloys with higher Cr contents. Initial 

FactSage calculation indicated those carbides are cementite and M7C3 carbides. 

Solidification equilibrium was calculated for alloy 7Cr, 9Cr and 11 Cr, and the different 

ratios of Fe/Cr(wt.%) between cementite and M7C3 can be used to differentiate the types 

of carbide under an electron microscope with an EDS detector.  Figure 9 shows some of 

the examples of EDS measured carbide morphologies.  Table 3 summarizes the 
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calculated and measured Fe/Cr(wt.%) ratios within cementite and M7C3 carbides across 

all samples.  It is noticed that the Cr concentration in both cementite and M7C3 carbides 

increases with increasing Cr content in the alloy.  By comparing the EDS measured 

results with the equilibrium calculation, it can be concluded that the plate carbides are 

primary cementite and hexagonal shaped carbides are M7C3 carbides.  It is worth noting 

that the difference on the exact chemistry between EDS and thermodynamic calculation 

is a result of electron reaction volume in the SEM. 

 

  
(a)                                          (b) 

   
(c)                                          (d)                                          (e) 

Figure 9. Fe/Cr(wt.%) ratio of : (a) Plate carbide in 7Cr; (b) Plate carbide in 9Cr; (c) 
Cluster carbide in 7Cr; (d) Hexagonal shaped carbide in 9Cr; (e) Hexagonal shaped 

carbide in 11Cr. 
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Table 3. Comparison of Fe/Cr(wt.%) ratio between FactSage calculation and ASPEX-
EDS measurement for Fe3C and M7C3. 

Fe/Cr (wt.%) 3Cr 5Cr 7Cr 9Cr 11Cr 

Fe3C FactSage 7.418/1 6.186/1 5.521/1 5.521/1 5.571/1 
EDS 12.690/1 6.722/1 6.500/1 6.458/1 - 

M7C3 
FactSage - - 1.528/1 1.528/1 1.528/1 

EDS - - 3.021/1 2.398/1 2.044/1 

 

Previous work by Xing et al. suggested that M7C3 has a hollow hexagonal 

structure at high chrome ratio [32]. As shown in Figure 10, higher magnification images 

show that the cores of the hexagonal M7C3 carbide were pearlite, which was austenite 

before eutectoid reaction. Similar to M7C3 carbides in 7Cr and 9Cr. Sha Liu’s work 

claimed that primary M7C3 is irregular polygonal shape with several hollows in the center 

and gaps on the edge [33]. However, Figure 9(e) and Figure 10(c) show that with 

increasing Cr content in the alloy, the primary M7C3 carbide becomes more regular and 

close to hexagonal in the shape and there is no gaps around the edge of M7C3 carbide in 

alloy 11Cr. 

 

   

(a)                                                (b)                                                (c) 

Figure 10. Pearlite in the center of M7C3: (a) 7Cr; (b) 9Cr; (c) 11Cr. 

 

M7C3 
M7C3 M7C3 

Pearlite Pearlite 

Pearlite 
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4.3. SOLIDIFICATION SEQUENCE 

4.3.1. Alloy 3Cr.  By relating the FactSage Equilibrium step diagram, as shown 

in Figure 11(a), to the microstructure, one can construct the solidification sequence. 

Specifically, during the solidification, graphite was the primary phase thus type A and 

type C graphite were observed.  As the temperature decreases, the solidification reached 

the stable eutectic reaction, where austenite and type D graphite were formed.  As the 

solidification continues, cementite (Fe3C) was precipitated as the primary phase for the 

metastable reaction, followed by the metastable eutectic reaction.  In the metastable 

eutectic reaction, ledeburite was formed which contains cementite and austenite.  When 

the temperature reached A1, the austenite transformed to pearlite, as shown in Figure 4(a). 

4.3.2. Alloy 5Cr.  Similarly to alloys 3Cr, during the solidification of alloy 5Cr, 

graphite precipitates firstly, as shown in Figure 11(b).  As a result, type A and type C 

graphite were observed.  As the solidification continues, primary cementite was formed 

as the primary phase for the metastable reaction. With decreasing temperatures, the 

solidification reached stable eutectic reaction where liquid transformed to austenite, type 

D graphite. Then ledeburite was formed which contains cementite and austenite during 

the metastable eutectic reaction.  Finally when the temperature reached A1, pearlite 

structure was formed from the austenite, as shown in Figure 4(b). 

4.3.3. Alloy 7Cr.  As shown in Figure 11(c), during the solidification of alloy 

7Cr, graphite was still the primary phase. Type A and type C graphite were expected.  

Then M7C3 precipitated into cluster carbide instead of cementite as a result of high Cr 

content compared with alloy 5Cr. After that, primary cementite solidified as the primary 

phase for the metastable reaction. Austenite and type D graphite were formed as 
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metastable eutectic products after the solidification of primary cementite. Subsequently, 

ledeburite was formed during the metastable eutectic reaction.  At last, as shown in 

Figure 4(c), eutectoid reaction occurred and austenite transformed into pearlite at 

temperature below A1. 

4.3.4. Alloy 9Cr.  With regarding to alloy 9Cr, M7C3 precipitated first from the 

liquid metal.  As the temperature decreases, primary austenite solidified as the primary 

phase for the hypo-eutectic reaction. At a lower temperature, primary cementite formed 

as the primary phase for the metastable hyper-eutectic reaction. Then, the stable eutectic 

reaction occurred, where austenite and type D graphite were formed, followed by the 

metastable eutectic reaction, where ledeburite was formed which contains cementite and 

austenite. And pearlite shown in Figure 4(d) was formed as a eutectoid product at last. 

4.3.5. Alloy 11Cr.  During the solidification of alloy 11Cr, as shown in Figure 

11(e), the hexagonal shaped M7C3 formed first as the primary phase. As the temperature 

decreases, eutectic reaction occurred and formed M7C3 and austenite into a ledeburite-

shaped structure. As the temperature reduced, very few primary graphite was formed as 

the primary phase for stable eutectic reaction followed by the stable eutectic reaction, 

where austenite and type D graphite were formed. Meanwhile, part of the M7C3 carbide 

was transformed into cementite (Fe3C), as seen in Figure 11(e) at temperatures below 

1126°C. Further ASPEX-EDS analysis in Figure 9 and Figure 12 confirmed that the 

carbide in ledeburite-shaped structure for alloy 11Cr has a similar Fe/Cr ratio with the 

cementite in alloys 7Cr and 9Cr.  Electron Backscatter Diffraction (EBSD) was used to 

confirm the phase constituent in alloy 11Cr. As is shown in Figure 13, EBSD analysis 

was conducted on an area including both carbide in the ledeburite-shaped structure and 
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primary hexagonal shaped carbide. And Figure 13(b) shows most of the carbides in 

ledeburite-shaped structure are cementite, while the primary hexagonal shaped carbide is 

still M7C3 except few cementite around it. More details are discussed in later section. 

Finally starting at the critical temperature A1, austenite transformed into pearlitic 

structure shown in Figure 4(e). 

Overall, the schematics of solidification sequence for each alloy are shown in 

Figure 14.  

 

 
(a)                                                                (b) 

 
(b) (d) 

Figure 11. Schematics of equilibrium step diagram calculated using Factsage for: (a) 3Cr; 
(b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 11Cr. 
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(e) 

Figure 11. Schematics of equilibrium step diagram calculated using Factsage for: (a) 3Cr; 
(b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 11Cr (cont.). 

 

 

Figure 12. Fe/Cr(wt.%) ratio for carbide in ledeburite-shaped structure for alloy 11Cr. 
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(a)                                                               (b) 

 
(c)                                            (d)                                            (e) 

Figure 13. Schematics of: (a) SEM image of alloy 11Cr taken by an EBSD forescatter 
detector; (b) EBSD phase mapping including spots where Kikuchi pattern was taken for 

each phases; (c) Indexed Kikuchi pattern for ferrite obtained at spot 1; (d) Indexed 
Kikuchi pattern for Fe3C obtained at spot 2; (e) Indexed Kikuchi pattern for M7C3 at spot 

3. 

 

      
(a) (b)                

Figure 14. Schematics of solidification sequence: (a) 3Cr; (b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 
11Cr. 

Ferrite Fe3C M7C3 
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                                        (c)                                                                    (d) 

 
 (e) 

Figure 14. Schematics of solidification sequence: (a) 3Cr; (b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 
11Cr (cont.). 

4.4. M7C3 TO FE3C TRANSFORMATION IN LEDEBURITE-SHAPED 
STRUCTURE IN ALLOY 11CR 

Since both Skobir [34] and Inoue [35] claimed that M3C can transform into M7C3 

during a tempering process in high Cr white iron, to further verify that the Fe3C in 

ledeburite-shaped structure was originally transformed from M7C3, a heat treatment was 

done on alloy 11Cr. A small piece of metal sectioned from alloy 11Cr was sealed with 

inert argon gas in a quartz tube to avoid decarburization during the heat treatment. The 

sample was heat treated for four hours at a temperature 1122ºC, which is right below 
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solidus temperature in a SiC box furnace and then quenched in agitating water. EBSD 

technique again was used to confirm the phase constituent in alloy 11Cr after heat 

treatment. As is shown in Figure 15(a), EBSD analysis was performed on the ledeburite-

shaped structure to verify the phase constituent in the ledeburite-shaped structure in this 

heat treated alloy 11Cr. The Figure 15(b) is an EBSD phase mapping and shows both 

M7C3 and Fe3C are existing in the ledeburite-shaped structure after the heat treatment, 

which means this specimen was quenched in a state where M7C3 and Fe3C are co-

existing. The Cr EDS mapping in Figure 15(c) shows that the M7C3 in the ledeburite-

shaped structure has a higher Cr content compared with Fe3C. The Cr content in both 

M7C3 and Fe3C in the ledeburite-shaped structure was measured using SEM-EDS, and 

compared with the Cr content calculated from FactSage equilibrium modulus in Figure 

16. It is shown that the Cr content in M7C3 is about twice of that in Fe3C, although the 

measured Cr contents are slightly lower than the calculated Cr contents, which is due to 

the reaction volume effect in the SEM-EDS. Consequently, M7C3 is proved to be the 

initial carbide in the ledeburite-shaped structure during the solidification and was 

transformed into Fe3C at a lower temperature. It is worth noting that the temperature 

range between solidus temperature and M7C3 in ledeburite-shaped structure 

transformation temperature is too narrow to capture a stage where only M7C3 but no Fe3C 

exists in the ledeburite-shaped structure. The red dashed line in Figure 16 represents the 

temperature used for this heat treatment. The difference to Inoue’s [35] work could be 

resulted from different Cr content. In this work, at lower Cr content (11wt.% vs 18wt.%), 

Fe3C is more stable at temperature below 1100°C. 
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(a)                                            (b)                                            (c) 

Figure 15. Schematics of heat treated alloy 11Cr: (a) SEM image taken by an EBSD 
forescatter detector; (b) EBSD phase mapping on ledeburite-shaped structure; (c) Cr EDS 

mapping. 

 

 
Figure 16.  Change of Cr content in wt.% versus temperature in different phases 

calculated using FactSage equilibrium module. The blue regions represent the Cr wt.% 
measured by SEM-EDS for M7C3 and Fe3C both in ledeburite-shaped structure. The Red 

dashed line represents the temperature used for heat treatment. 
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4.5. VICKERS INDENTATION HARDNESS ANALYSIS 

Hardness is related to wear resistance of the metal.  To understand the hardness 

change at various chemistry level, Vickers indentation hardness was taken for primary 

plate cementite, hexagonal shaped M7C3 cross face and side face in accordance with 

ASTM standard E92 [36]. A Vickers scale of HV 0.05 (50gf test force) was used along 

with 10 seconds press time and 40x objective magnification to ease the measurements 

and ensure the testing condition was coherent. Figure 17 shows an average of ten 

measurements with an error bar showing 95% CL uncertainty range [28]. By comparing 

the Vickers hardness of each phase and their Fe/Cr(wt.%) ratio listed in Table 3, one can 

conclude that: (1) Hexagonal shaped M7C3 is harder than plate cementite; (2) Hardness of 

hexagonal shaped M7C3 and plate cementite increases with increasing Cr content; (3) 

Cross face is harder than Side face in the hexagonal shaped M7C3 which indicates the 

close packed plane is the hardest plane in HCP structure for M7C3, and this is consistent 

with both Wang’s and Coronado’s investigations, respectively [37-38]. 

 

 
Figure 17. Schematics of Vickers indentation hardness with a parameter of 490.6mN 

press load, 10s press time and 40x objective magnification. 
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5. CONCLUSION 

 

Five graphitic white iron alloys have been designed, cast and investigated. 

Graphite and carbides (excluding carbides in pearlite) percent measured using ImageJ 

matches thermodynamic calculation results using FactSage equilibrium module. Two 

numerical models were constructed to guide future design efforts: 1) graphite volume 

percent increases linearly with increasing carbon equivalent; 2) graphite volume percent 

needs to be at least 7% to be effective on increasing the thermal conductivity of the 

alloys. 

Solidification sequences for each alloy have be determined based on 

microstructures and FactSage equilibrium step diagrams.  Over the investigated five alloy 

compositions, as Cr content in bulk materials increases, 1) the Cr content in M7C3 carbide 

increases, 2) M7C3 carbides start to be the primary phase, and the morphology of M7C3 

carbide becomes more regular and closer to hexagonal, 3) carbon competition is more 

favorable towards carbides formation. At higher Cr content, alloy 11Cr, M7C3 and 

austenite were formed during the metastable eutectic reaction at early stage, then as the 

temperature decreases, M7C3 in the ledeburite-shaped structure was transformed into 

cementite.  Moreover, the presence of M7C3 in ledeburite-shaped structure at high 

temperature during the early stage metastable eutectic reaction was verified by EBSD 

analysis on the heat-treated specimen. 

It was also observed that M7C3 carbide has a transformed austenite core structure 

along its [0001] direction.  Vickers hardness measurements show that, in these austenite-

cored M7C3 carbides, cross face is harder than side face.  When comparing the hardness 
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between different phases and chemistries, M7C3 carbide is harder than plate cementite, 

and hardness of M7C3 and plate cementite increases with increasing Cr content. 

 

ACKNOWLEDGEMENTS 

This work was financially supported by Caterpillar Inc. The authors are grateful 

for the technical discussion with Dr. David C. Van Aken. Perrin W. Habecker is 

acknowledged for his assistance with the experiments and sample preparations. The FEI 

Helios NanoLab EBSD was obtained with a Major Research Instrumentation grant from 

the National Science Foundation under contract DMR-0723128. 

 

REFERENCES 

[1] D. M. Stefanescu: ASM Handbook, 10th ed., ASM International, 1990, vol. 1, pp. 3-
11. 

[2] H. Berns and W. Theisen: Ferrous Materials, 1st ed., Springer- Verlag Berlin 
Heidelberg, 2008, pp. 103.  

[3] R. B. Gundlach: ASM Handbook, ASM International, 2008, vol. 15 pp. 896-903. 

[4] M. Mohammadnezhad, V. Javaheri, M. Shamanian, M. Naseri and M. Bahrami: 
Materials & Design, 2013, vol. 49, pp. 888-893. 

[5] M. Filipovic, Z. Kamberovic and M. Korac: Materials Transactions, 2011, vol. 52, 
pp. 386-390. 

[6] A. Bedolla-Jacuinde, M. W. Rainforth and I. Mejia: Metall. Trans. A, 2013, vol 44, 
pp. 856-872. 

[7] Z. F. Huang, J. D. Xing, X. H. Zhi and Y. M. Gao: Materials Science and 
Technology, 2014, vol. 27, pp. 426-430. 



 

  

77 

[8] W. T. Yu, J. Li, C. B. Shi and Q. T. Zhu: Metals, 2016, vol. 6, pp. 193. 

[9] X. H. Zhi, J. D. Xing, H. G. Fu and Y. M. Gao: Materials Characterization, 2008, 
vol. 59, pp. 1221-1226. 

[10] A. Bedolla-Jacuinde, R. Correa, J. G. Quezada and C. Maldonado: Materials Science 
and Engineering A, 2005, vol. 398, pp. 297-308. 

[11] X. J. Wu, J. D. Xing, H. G. Fu and X. H. Zhi: Materials Science and Engineering A, 
2007, vol. 457, pp. 180-185. 

[12] M. E. Maja, M. G. Maruma, L. A. Mampuru and S. J. Moema: Journal of the 
Southern African Institute of Mining and Metallurgy, 2016, vol. 116, pp. 981-986. 

[13] Annual Book of ASTM Standards, ASTM Designation A247-17, ASTM, 2017.  

[14] C. V. White: Metals Handbook, 10th ed., ASM International, 1990, vol. 1, pp. 12-
32. 

[15] W. L. Guesser, I. Masiero, E. Melleras and C. S. Cabezas: Revista Materia, 2005, 
vol. 10, pp. 265-272. 

[16] D. Holmgren: International Journal of Cast Metals Research, 2013, vol. 18, pp. 
331-345. 

[17] I. G. Chen and D. M. Stefanescu: AFS Transaction, 1984, vol. 92, pp. 947-964. 

[18] J. M. Frost and D. M. Stefanescu: AFS Transaction, 1992, vol. 100, pp. 189-200. 

[19] D. Emadi, L. V. Whiting, S. Nafisi and R. Ghomashchi: Journal of Thermal Analysis 
and Calorimetry, 2005, vol. 81, pp. 235-242. 

[20] A. Gaard, N. Hallback, P. Krakhmalev and J. Bergstrom: Wear, 2010, vol. 268, pp. 
968-975.  

[21] P. C. Okonkwo, G. Kelly, B. F. Rolfe and M. P. Pereira: Wear, 2012, vol. 282-283, 
pp. 22-30. 

[22] J. Krawczyk and J. Pacyna: Metallurgy and Foundry Engineering, 2009, vol. 35, pp. 
101-110. 

[23] J. Krawczyk and J. Pacyna: 18th International Conference on Metallurgy and 
Materials, 2009, pp. 19-21. 



 

  

78 

[24] J. Krawczyk and J. Pacyna: Archives of Foundry Engineering, 2010, vol. 10, pp. 45-
50. 

[25] J. J. Coronado, A. Gomez and A. Sinatora: Wear, 2009, vol. 267, pp. 2070-2076. 

[26] J. J. Coronado and A. Sinatora: Wear, 2009, vol. 267, pp. 2077-2082. 

[27] J. J. Coronado, S. A. Rodriguez, C. E. K. Mady and A. Sinatora: Abrasion Wear 
Resistant Allowed White Cast Iron for Rolling and Pulverizing Mills, 2008, pp. 212-
221. 

[28] D. C. Van Aken and W. F. Hosford: Reporting Results: a practical guide for 
engineers and scientists, 1st ed., Cambridge University, 2008, pp. 87-91. 

[29] M. D. Hecht, B. A. Webler and Y. N. Picard: Metall. Trans. A, 2018, vol. 49, pp. 
2161-2172. 

[30] M. Bruneau, C.M. Uang and A. S. Whittaker: Ductile design of steel structures, 1st 
ed., McGraw-Hill Education, 1998. 

[31] A. A. Zhukov: Theoretical foundations of graphitization of cast iron and formation 
of structure in preforms, 1978. 

[32] S. Q. Ma, J. D. Xing, Y. L. He, Y. F. Li, Z. F. Huang, G. Z. Liu and Q. J. Geng: 
Materials Chemistry and Physics, 2015, vol. 161, pp. 65-73. 

[33] L. Sha, Y.F. Zhou, X. L. Xing, J. B. Wang, X. J. Ren and Q. X. Yang: Scientific 
Reports 2016, vol. 6. 

[34] D. A. Skobir, F. Vodopivec, M. Jenko, S. Spaic and B. Markoli: Zeitschrift fur 
Metallkunde, 2004, vol. 95, pp. 1020-1024. 

[35] A. Inoue and T. Masumoto: Metallurgical Transaction A, 1980, vol. 11, pp. 739-
747. 

[36] Annual Book of ASTM Standards, ASTM Designation E92-17, ASTM, 2017.  

[37] S. R. Wang, L. H. Song, Y. Qiao and M. Wang: Tribology Letters, 2013, vol. 50, pp. 
439-448. 

[38] J. J. Coronado: Wear, 2011, vol. 270, pp. 287-293.  



 

  

79 

III. DEVELOPING A GRAPHITIC WHITE IRON FOR ABRASIVE WEAR 
APPLICATION: THERMAL AND WEAR PROPERTIES 

 

Jie Wan1, David C. Van Aken1, Jingjing Qing2, Thomas J. Yaniak3, Thomas E. 
Clements3, Mingzhi Xu2 

1Missouri University of Science and Technology, Rolla, MO 65401, USA 

2Georgia Southern University, Statesboro, GA 30460, USA 

3Caterpillar Inc., Peoria, IL 61552, USA 

Tel: 573-578-3874 

Email: jwvt7@mst.edu 

Keywords: Graphitic White Iron, Alloy Design, Three-Body Abrasion, Thermal 
Diffusivity 

ABSTRACT 

Frictional heat generated in high speed sliding and rolling wear generates a 

significant amount of heat.  Metal loses a large portion of hardness at high temperature, 

making it more susceptible to failures.  Temperature rise due to abrasive wear on contact 

surface is a serious issue that limits the lifetime of many metal-to-metal contact wear 

systems.  Five flake graphite containing white irons with different chromium and carbon 

contents (graphitic white irons) were designed, cast and investigated by the authors to 

solve this problem.  This study examined the introduction of flake graphite into a white 

iron to increase the net thermal diffusivity, and to improve the abrasive wear resistance.  

Thermal diffusivity was measured using the laser flash method following ASTM E1461 

and thermal diffusivity increased with increasing graphite volume percentage.  Abrasive 

mailto:jwvt7@mst.edu
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wear resistance was evaluated utilizing a dry sand/rubber wheel apparatus following 

ASTM G65 Procedure A, and it was found that 1 vol% graphite was equivalent to an 

increase in wear resistance resulting from a hardness increment of 2.3 HRC, which 

benefited from the evaluated thermal diffusivity.  Several numerical models were 

established to correlate hardness, microstructure, thermal and wear properties with the 

developed carbon equivalent.  Comparisons with other commonly used alloys showed 

that the graphitic white irons had comparable wear performance to a premium high 

molybdenum, high chromium, white iron, but the alloy cost was 90% lower. 

 

1. INTRODUCTION 

 

Wear is defined by ASTM G40 as “alteration of a solid surface by progressive 

loss or progressive displacement of material due to relative motion between that surface 

and a contacting substance or substances” [1].  Kato [2] categorized wear into four basic 

types: abrasive wear, adhesive wear, fatigue wear, and corrosive wear.  As a major 

problem in various industries, the cost induced by abrasive wear is high and has been 

estimated as ranging from 1 to 4% of the gross national product of an industrialized 

nation [3].  According to the type of contact and contact environment, abrasive wear is 

typically categorized into two-body or three-body abrasive wear.  Two-body abrasive 

wear commonly occurs when the abrasive particles are constrained, and remove material 

from the opposite surface, whereas the abrasive particles are not constrained, and free to 

roll and slide down surfaces in three-body abrasive wear.  A dry sand/rubber wheel 

apparatus is often used to quantitatively assess three-body abrasive wear performance due 
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to the ease of utilization and its high reproducibility [4-6].  There are many factors 

affecting three-body abrasive wear, such as specimen hardness, spinning speed, force, 

temperature, and particle size.  While most of these influencing factors have been 

thoroughly investigated, only a few investigations have reported the effect of specimen 

temperature increase on the wear behavior.  Frictional heating of the test specimen is one 

of the attributes of the dry sand/ rubber wheel test and that the wear rate increases with 

increasing temperature [7,8], which could be due to the fact that hardness decreases with 

increasing temperature [9].  The authors are unaware of any studies where graphite flake 

addition to white iron have been used to thermally manage specimen heating during 

abrasive wear. 

High Cr white irons are widely used in both abrasive and adhesive wear 

applications because it contains M7C3 carbide of high hardness (1100-1600 HV) [10].  

M7C3 carbides appear as hexagonal shaped rods in high Cr white iron and serve as 

“stoppers” in terminating a penetrating wear gouge or scar [4].  However, Cr content also 

decreases thermal diffusivity of white iron and make it more susceptible to abrasive wear 

[11].  Natarajan found that graphite addition enhanced the abrasive wear resistance of 

plasma sprayed NiCrBSi coatings [12].  Addition of graphite to white iron mill rolls has 

also been shown to improve wear resistance.  These mottled cast iron microstructures 

usually contain spheroidal graphite, which may not be optimum with respect to 

improving thermal diffusion [13-18].  It was found the thermal diffusivity of a cast iron 

increases with decreasing nodularity [19], and flake graphite has the best thermal 

diffusivity compared with the vermicular graphite and spheroidal graphite.  To take the 

advantage of both high wear resistance of M7C3 carbides and high thermal diffusivity of  
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flake graphite, the authors designed and produced the first generation of graphitic white 

iron [20-22]. 

In the present investigation, the authors studied the microstructure, hardness, 

thermal diffusivity and abrasive wear performance.  The designed alloys were treated as a 

composite material to quantify the graphite effect on the thermal diffusivity.  Numerical 

models correlating the chemistry and phase constituents to thermal diffusivity and wear 

resistance were also developed. 

 

2. MATERIALS AND METHODS 

2.1. MATERIAL DEVELOPMENT 

In the present investigation, the primary phases formed during the solidification 

for ferrous alloys containing 2wt.%Si, 0.5wt.%Mn, and a range of carbon (0-8 wt.% C) 

and chromium (0-30 wt.% Cr) contents were calculated using FactSage Equilibrium 

module (version 7.1, using database FSstel).  As shown in Figure 1, carbon promotes the 

formation of graphite, while chromium promotes the formation of M7C3 and ferrite.  It 

should be noted that Figure 1 is a liquidus projection, and primary phases are formed at 

different temperature across the studied carbon and chromium range.  To take advantages 

of both thermal diffusivity from graphite and hardness from carbides, three hypereutectic 

and two hypoeutectic chemical compositions were selected for this study, with the goal to 

produce graphite flakes of high thermal diffusivity, and M7C3 carbide with high wear 

resistance.  The alloys were named as 3Cr, 5Cr, 7Cr, 9Cr and 11Cr, based on the Cr 
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content in the alloy and are shown in Figure 1.  Numbers in the parentheses in the legend 

show the weight percentage of Cr and C for each alloy. 

 

 
Figure 1. Primary phase formed during solidification for ferrous alloy containing 

2wt.%Si-0.5wt.%Mn, and different levels of C and Cr. 

 

To accurately control the chemistry, high purity charge materials including 

induction iron, graphite, low carbon ferrochrome, ferrosilicon and ferromanganese were 

melted in a coreless induction furnace to produce the five alloys.  Additionally, 0.15wt.% 

graphite inoculant (Fe-Si-Sr-Zr) was added into the sprue well prior to each pour to 

promote formation of graphite.  Metal was cast into no-bake keel block sand molds and a 

superheat of 200 ºC was used for each alloy.  Figure 2 shows an example of the actual 

casting.  The chemical compositions of the five alloys produced are given in Table 1.  
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Calculated values for the liquidus, solidus and eutectoid temperature are reported in 

Table 2 along with the measured pouring temperature. 

 

 
Figure 2. An example of a keel block casting produced. 

 

Table 1. Composition of the five alloys analyzed using an optical emission spectrometer 
and Leco combustion C/S analyzers. 

Alloys Chemical composition (wt.%) Inoculant 
(wt.%) Leco C Leco S (ppm) Si Mn Cr 

3Cr 4.45 154 2.06 0.44 2.79 0.15 
5Cr 4.72 157 2.00 0.47 5.11 0.15 
7Cr 4.88 184 2.07 0.49 7.08 0.15 
9Cr 4.93 198 2.05 0.50 9.08 0.15 
11Cr 5.00 170 2.03 0.50 11.03 0.15 

 

Table 2. Pertinent temperature information for the five alloys studied. 

Alloys 
Temperature (K) 

A1 Solidus Liquidus Pouring 
Temperature 

3Cr 1071 (798 ºC) 1415 (1142 ºC) 1578 (1305 ºC) 1778 (1505 ºC) 
5Cr 1091 (818 ºC) 1412 (1139 ºC) 1577 (1304 ºC) 1777 (1504 ºC) 
7Cr 1107 (834 ºC) 1407 (1134 ºC) 1565 (1292 ºC) 1765 (1492 ºC) 
9Cr 1107 (834 ºC) 1411 (1138 ºC) 1529 (1256 ºC) 1729 (1456 ºC) 
11Cr 1107 (834 ºC) 1411 (1138 ºC) 1555 (1282 ºC) 1755 (1482 ºC) 
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2.2. SAMPLE PREPARATION AND CHARACTERIZATION 

Specimens used for microstructural characterization, thermal diffusivity and wear 

resistance were prepared from the bottom part of the Y-block casting (box in Figure 2) 

where the amount of shrinkage porosity was a minimum.  Samples for each test were 

sectioned from the same location with the same orientation for each alloy to minimize the 

effects of cooling rate as well as the orientation of carbide.   

2.2.1. Metallographic Sample Preparation and Characterization. 

Metallographic specimens were ground with silicon carbide papers from 180 to 1200 grit 

and polished using 3 µm and 0.1 µm diamond paste.  As-polished samples were used to 

study the graphite morphology and volume percent, and the second set of samples were 

etched with 2% nital to reveal different carbides as well as the matrix microstructure.  

Graphite volume percent was estimated by measuring area percent using the ImageJ 

contrast threshold method on images obtained by optical microscopy. [20,21].  Phase 

mapping via electron backscattered diffraction (EBSD) pattern analysis was performed 

on a Helios Nanolab 600 FIB system using a Nordlys detector and the AZtec 3.3 software 

package.  An accelerating voltage of 20.0 kV, an emission current of 5.5 nA, and a step 

size of 57 nm were used for EBSD analysis.  Vickers indentation hardness of M7C3 

carbide in alloy 7Cr, 9Cr and 11Cr was measured on the 2% nital etched metallographic 

samples following ASTM E92 [23].  The parameters of 490.6 mN press load and 10 

second press time were used. 

2.2.2. Thermal Diffusivity Sample Preparation and Characterization.  

Thermal diffusivity of each alloy was measured using a laser flash method following 

ASTM E1461 [24].  Five laser flash samples were prepared and measured for each alloy.  
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The dimension of the laser flash samples was 12.7 mm x 12.7 mm and the thickness of 

each sample was 3.0±0.2 mm.  Both surfaces of the laser flash sample along with a 

thermographite standard were surface ground and spray coated with graphite to promote 

the heat absorption [24] and to achieve a consistent surface emissivity [25,26].  The 

thermal diffusivity of each sample was tested at temperatures of 200 ºC, 300 ºC, 400 ºC, 

500 ºC, 600 ºC and 800ºC, respectively.  Tests were repeated for three times at each 

testing temperature. 

2.2.3. Wear Test Sample Preparation and Characterization.  The abrasive 

wear resistance of the alloy produced was evaluated using a dry sand/rubber wheel 

apparatus following ASTM G65 Procedure A [27].  Three specimens of 12.7mm x 

25.4mm x 76.2mm were prepared for each alloy for dry sand/rubber wheel wear testing.  

In addition to the five graphitic white irons, Hardox 400 and alloy Fe15Mo19Cr were 

also tested for comparison.  Hardox 400 is a commercialized wear-resistant steel, which 

is commonly used as a reference in industries due to its consistent wear performance.  

Alloy Fe15Mo19Cr is a premium wear-resistant white iron that is currently used in 

metal-to-metal wear application.  Each specimen was weighed before and after the wear 

test.  The density of each alloy was measured utilizing Archimedes Principle, and the 

weight loss was then converted to volume loss.  Lower volume loss reflects a higher wear 

resistance.  To correlate the effect of graphite addition to the wear performance of 

graphitic white iron, the Rockwell hardness of each alloy was measured in C scale.  The 

wear scars of each studied alloys were evaluated using the scanning electron microscope 

(SEM) to investigate the wear mechanism.  The electron beam was operated at an 
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accelerating voltage of 20.0 kV and an emission current of 5.5 nA during image 

acquisition.   

 

3. RESULTS 

3.1. METALLOGRAPHIC MICROSTRUCTURE 

Optical images of as-polished specimens showing graphite morphology and 

distribution are reported in Figure 3 and Figure 4 for the five alloys.  Generally, flake 

graphite is divided into five types, where Type A graphite flakes have a random 

orientation, type B graphite has a rosette pattern, Type C graphite is kish graphite which 

is formed in hypereutectic cast irons, Type D graphite is randomly orientated very fine 

interdendritic flakes, and Type E graphite is very fine interdendritic flakes with a 

preferred orientation.  Based on the above mentioned classification, Type A (arrows with 

round end) and Type C (arrows with rhomb end) flake graphite was observed in alloys 

3Cr, 5Cr and 7Cr, as shown in Figure 3, in addition to Type D flake graphite (arrows with 

straight end) which was observed in all five alloys as shown in Figure 3 and Figure 4. 

 

   
3Cr                                         5Cr                                         7Cr 

Figure 3. As polished microstructures for alloys studied.  Arrows with rhomb end 
indicate the Type C graphite, arrows with round end indicate the Type A graphite, and 

arrows with straight end indicate the Type D graphite. 
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9Cr                                       11Cr                                                    

Figure 3. As polished microstructures for alloys studied.  Arrows with rhomb end 
indicate the Type C graphite, arrows with round end indicate the Type A graphite, and 

arrows with straight end indicate the Type D graphite (cont.). 

 

   
3Cr                                         5Cr                                         7Cr 

   
9Cr                                       11Cr                                                    

Figure 4. As polished microstructures for alloys studied at a higher magnification.  
Arrows with straight end indicate the Type D flake graphite. 

 

Different carbides and matrix phases were differentiated on the microstructures 

for the specimen etched with 2% nital, as shown in Figures 5 and 6.  A detailed phase 

characterization procedure was described in authors’ previously published work [20].  

Both M7C3 carbide and M3C carbide are shown as white phases in the optical 

microstructure.  The arrows with straight end in Figure 5 highlight the plate cementite 
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(M3C) carbides, and the arrows with round end label the M7C3 carbides.  The matrix 

(other than graphite and carbide) is pearlitic in each of the graphitic white irons (see 

Figure 6). 

 

    
3Cr                                         5Cr                                         7Cr 

   
9Cr                                       11Cr                                                    

Figure 5. Carbides of different shapes observed on the etched micrographs of alloys 
studied.  Arrows with straight end indicate plate cementite, arrows with round end 

indicate M7C3 carbide. 

 

     
3Cr                                         5Cr                                         7Cr 

Figure 6. Pearlite in the matrix revealed using 2% nital etching in alloys studied.  The 
highlighted black flakes are graphite particles.  
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9Cr                                       11Cr                                                    

Figure 6. Pearlite in the matrix revealed using 2% nital etching in alloys studied.  The 
highlighted black flakes are graphite particles (cont.). 

 

Graphite volume percent determined by image analysis [20] varied between 3 and 

10% and decreased as Cr content increased as shown in Figure 7.  The graphite volume 

percent was averaged over ten different fields of view for each alloy, and the error bars in 

Figure 7 represent a 95% confidence level (CL) [28].  Carbide content was more difficult 

to quantify in optical images, but appeared to increase in volume with increasing Cr 

content [20]. 

 

 
Figure 7. Measured graphite volume percent for the five alloys studied.  Error bars 

represent a 95% CL. 
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3.2. THERMAL DIFFUSIVITY ANALYSIS 

Figure 8 shows the averaged results at various temperatures with the error bars 

representing a 95% CL [28].  In general and within the testing temperature range 

measured, up to 800°C, thermal diffusivity decreased with increasing temperature for 

each of the graphitic white irons.  Thermal diffusivity is also plotted against the graphite 

volume percent at different temperatures in Figure 9 and as expected an increasing 

thermal diffusivity was observed with increasing graphite volume percent. 

 

 
Figure 8. Thermal diffusivity results for five graphitic white irons.  The alloy thermal 

diffusivity increases as the volume percent of graphite increases.  Alloys in the legend are 
listed in order of graphite content with 11 Cr having the least graphite.  Error bars 

represent a 95% CL. 
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Figure 9. Measurements showing that a higher graphite volume percent improves the 
thermal diffusivity of the alloy at every testing temperature.  Error bars represent a 95% 

CL. 

3.3. WEAR PROPERTY ANALYSIS 

Volume loss measurements are reported in Figure 10 for the dry sand/rubber 

wheel tests.  Hardox 400 and Fe15Mo19Cr were also tested as a standard for comparison.  

Within the five graphitic white irons studied, alloy 9Cr had the best wear performance, 

which indicates that Cr content, carbide type or carbide hardness were not the only 

controlling factors for the wear resistance. 
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Figure 10. Volume loss of the five graphitic white irons studied compared to Hardox 400 

and alloy Fe15Mo19Cr.  Error bars represent a 95% CL. 

3.4. WEAR SCARS EVALUATION 

Wear scars were analyzed using SEM to determine the wear mechanism.  Figure 

11 shows the back scatted electron images of the wear scars for the five graphitic white 

irons as well as the alloys Fe15Mo19Cr.  The matrix in alloy 3Cr was worn down almost 

evenly, due to a low fraction of hard phase in the alloy, as shown in Figure 11(a).  Higher 

volume fraction of hard plate cementite was found in alloy 5Cr than alloy 3Cr [20] and 

these plate carbides worked as “stoppers” during particle ploughing or cutting during 

wear scar formation, see Figure 11(b).  As for the alloy 7Cr shown in Figure 11(c), a 

combination of plate cementite and hexagonal shaped M7C3 carbide worked as “stoppers” 

to decrease the wear rate.  Increasing the Cr content further as in 9Cr produced more 

M7C3 carbides, which show greater relief resulting from a higher intrinsic hardness than 
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the cementite [10], see Figures 11(c) and 11(d).  The highest volume percent of M7C3 

carbides was found in 11Cr as shown in Figure 11(e) although the volume loss was 

greater than that reported for 9 Cr.  Alloy Fe15Mo19Cr also contains hexagonal-shaped 

M7C3 carbide as shown in Figure 11(f), but at a lower volume percent than observed for 

9Cr.  It should be noted that the premium Fe15Mo19Cr had the least volume loss and had 

a M7C3 carbide content comparable to 9Cr.  A less worn-away volume was observed in in 

alloy Fe15Mo19Cr based on Figure 10, so the topographic height difference between the 

matrix and M7C3 carbides in the Fe15Mo19Cr iron appears smaller in Figure 11(f) when 

comparing to that in alloy 11Cr in Figure 11(e). 

 

   
(a)                                          (b)                                          (c) 

   
(d)                                          (e)                                          (f) 

Figure 11. SEM back scattered electron images showing the topography information of 
wear scars for alloys (a) 3Cr; (b) 5Cr; (c) 7Cr; (d) 9Cr; (e) 11Cr; (f) Fe15Mo19Cr. 

 

300 μm 300 μm 300 μm 

300 μm 300 μm 300 μm 
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4. DISCUSSION 

4.1. THERMAL DIFFUSIVITY INVESTIGATION 

Thermal diffusivity of the graphite containing white irons was treated as a 

multiphase composite.  Many numerical models have been established to calculate the 

effective thermal diffusivity and conductivity for composite materials [29-35].  One of 

the most popular models for an isotropic composite is the Hashin-Shtrikman model [30].  

The alloys studied here can be treated as an isotropic composite material containing 

graphite since the graphite flakes are mostly discrete and randomly oriented.  

Furthermore, a lower bound analysis was found to better agree with the results.  The 

lower bound of Hashin-Shtrikman model is shown in Eq. 1.  

 

𝑑𝑑 = 𝑑𝑑𝑚𝑚 + 𝑣𝑣𝐺𝐺𝐺𝐺
1 (⁄ 𝑑𝑑𝐺𝐺𝐺𝐺−𝑑𝑑𝑚𝑚)+𝑣𝑣𝑚𝑚 3⁄ 𝑑𝑑𝑚𝑚

                                                      (1) 

 

where, 𝑑𝑑 is the effective thermal diffusivity for the composite, 𝑑𝑑𝑚𝑚 is the thermal 

diffusivity for the alloy excluding graphite, 𝑑𝑑𝐺𝐺𝐶𝐶 is the thermal diffusivity for graphite, 𝑣𝑣𝑚𝑚 

is the volume fraction of the alloy excluding graphite and 𝑣𝑣𝐺𝐺𝐶𝐶 is the volume fraction of 

graphite. 

As described in Section 2.3, the measured thermal diffusivity of the 

thermographite was used as the thermal diffusivity of graphite and the measured thermal 

diffusivity of the alloys can be treated as the overall effective thermal diffusivity for the 

graphitic white iron composite.  The thermal diffusivity of the alloys excluding graphite 

at each temperature was inversely calculated using Eq. 1.  The calculated thermal 
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diffusivity of the alloy excluding graphite is different among the five alloys, as shown in 

Figure 12.  Overall, thermal diffusivity of the alloy excluding graphite decreases with 

increasing Cr content in the bulk material. 

 

 

Figure 12. Thermal diffusivity of the alloy excluding graphite calculated using the lower 
bound of the Hashin-Shtrikman model [30].  Error bars represent a 95% CL. 

 

To fully understand how the chemistry affects the thermal diffusivity of the alloy 

excluding graphite, the chemical composition of the alloy excluding graphite was 

calculated by deducting the carbon in the flake graphite particles (assumed 100% carbon) 

from the overall alloy composition listed in Table 1. The carbon equivalent of the alloy 

excluding graphite for each alloy was then calculated using the carbon equivalent 

equation [20] developed for the graphitic white iron shown as Eq. 2. The detailed  
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chemical composition for the alloy excluding graphite and its carbon equivalent is listed 

in Table 3. 

 

𝐶𝐶𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶 + 0.4𝐶𝐶𝑆𝑆 + 0.33𝐶𝐶𝑆𝑆𝑆𝑆 − 0.027𝐶𝐶𝑀𝑀𝑀𝑀 − 0.25𝐶𝐶𝐶𝐶𝐶𝐶                                   (2) 

 

Table 3. Composition of the alloy excluding graphite for the five graphitic white irons. 

Alloys Chemical Composition (wt.%) Carbon 
Equivalent  C S (ppm) Si Mn Cr 

3Cr 1.55 159 2.12 0.45 2.87 1.52 
5Cr 2.50 161 2.05 0.48 5.23 1.86 
7Cr 3.10 187 2.11 0.50 7.21 1.98 
9Cr 3.60 198 2.05 0.50 9.08 2.00 
11Cr 4.13 172 2.05 0.50 11.13 2.02 

 

The thermal diffusivities of the alloy excluding graphite at various temperatures 

were then plotted against carbon equivalent (CE) of alloy excluding graphite, using the 

data in Table 3.  As shown in Figure 13, the thermal diffusivity of the alloy excluding 

graphite follows a linear relation with the carbon equivalent of the alloy at each 

individual testing temperature.  The linear equations fitted to the diffusivity-CE 

relationships are shown in Figure 13.  Moreover, the slope of the linear equation 

increases and the constant of the linear equation decreases with increasing temperature 

(see data points in Figure 14).  Second order polynomial equations were fitted to 

represent the relationships between linear equation slope and testing temperature, and 

between linear equation constant and testing temperature, respectively.  Taking both CE 

of the alloy excluding graphite and the temperature into consideration, a comprehensive 

equation shown in Eq. 3 was developed and was used to calculate the thermal diffusivity 
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of each alloy matrix (excluding graphite) at any given temperature.  As a result, the 

effective thermal diffusivity of any graphitic white iron can be determined by combining 

Eq. 2, Eq. 3 and the Hashin-Shtrikman model.  This method can be potentially applied to 

other similar alloyed cast iron systems. 

 

 
(a)                                                                     (b) 

 
(c)                                                                     (d) 

 
(e)                                                                     (f) 

Figure 13. Plots of thermal diffusivity of the alloy excluding graphite against carbon 
equivalent of the alloy excluding graphite at temperatures of: (a) 200 °C; (b) 300 °C; (c) 

400 °C; (d) 500 °C; (e) 600 °C; (f) 800 °C. 
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(a)                                                                     (b) 

Figure 14. Plots showing the relationship between temperature and (a) slope of linear 
equations; (b) constant of linear equations shown in Figure 12.  The dots represent the 

calculated slopes versus constants at the various testing temperatures.  

 

𝑑𝑑𝑑𝑑 = (−7 × 10−8𝑇𝑇2 + 1.38 × 10−4𝑇𝑇 − 0.0777)𝐶𝐶𝐶𝐶 

           +(1.3 × 10−7𝑇𝑇2 − 2.75 × 10−4𝑇𝑇 + 0.19583)                              (3) 

 

where, 𝑑𝑑𝑚𝑚 is the thermal diffusivity for the alloy excluding graphite, 𝑇𝑇 is temperature in 

Celsius, 𝐶𝐶𝐶𝐶 is the carbon equivalent of the alloy excluding graphite. 

4.2. WEAR RESISTANCE INVESTIGATION 

Comparing the wear scars for various alloys in Figure 11, the wear mechanism is 

controlled by both removal of the hard phases and removal of the matrix.  Tolfree [36] 

found that when the hardness of a material reaches a certain point, the wear resistance 

does not increase significantly any more.  Instead, the controlling factor of a material’s 

wear resistance becomes the removal of the hard phase and the toughness of the matrix.  

As a consequence, the harder M7C3 carbides provided a better wear resistance comparing 

to cementite.  In addition, as shown in Figure 15, the hardness of M7C3 increases with the 

addition of Cr.  This explains the improved wear resistant from alloy 3Cr to alloy 9Cr. 
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Figure 15. Vickers indentation hardness for M7C3 carbide in alloys 7Cr, 9Cr and 11Cr. 
Error bars represent a 95% CL for 10 measurements.  

 

Another dominating wear mechanism in abrasive wear is the removal of softer 

metal matrix [37].  The additional plate cementite existing in the alloy 9Cr (compared to 

alloy 11Cr) served as a “buffer” for the matrix, which also slowed down the wear rate of 

matrix as M7C3 carbides is worn away.  A phase map obtained using EBSD shown in 

Figure 16(a) indicates that alloy Fe15Mo19Cr contains a high fraction of M6C.  In 

contrast, the matrix of alloy 11Cr (Figure 16(b)) is primarily pearlite, including those 

around the graphite flakes and transformed from austenite, as well as those in the 

ledeburite structure.  The EBSD does not have the resolution to differentiate the fine 

lamellar structure of cementite in the pearlite, and only the ferrite was captured and 
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indexed.  The extra hardness provided by M6C in alloy Fe15Mo19Cr made it more wear 

resistant. 

 

 
(a)                                                                     (b) 

Figure 16. EBSD phase mapping for alloys (a) Fe15Mo9Cr; (b) 9Cr. 

 

Cr EDS (Energy Dispersive Spectroscopy) mappings were acquired on the wear 

surfaces of alloy 7Cr, 9Cr and 11Cr.  As shown in Figure 17(a-c), M7C3 carbide has a 

higher Cr content, plate cementite has an intermediate Cr content, and all the additional 

matrix structures have the lowest Cr content.  Carbide volume percent was then measured 

on the Cr EDS mappings by adjusting the contrast threshold to include only the M7C3 

carbide and the plate cementite.  The measured results are shown in Table 4.  Although 

alloy 11Cr has the highest Cr content and the M7C3 has the highest hardness (>2100 HV), 

alloy 9Cr has a better wear resistance than alloy 11Cr since the carbide volume percent in 

alloy 11Cr is lower than that in alloy 7Cr and alloy 9Cr.  
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(a)                                          (b)                                          (c) 

   

(d)                                          (e)                                          (f) 

Figure 17. Cr EDS mapping for alloys 7Cr (a), 9Cr (b) and 11Cr (c); Contrast threshold 
adjusted to include carbidic phases in alloys 7Cr (d), 9Cr (e) and 11Cr (f). 

 

Table 4. Exposed volume percent for carbides measured on the Cr EDS mapping 
acquired from the wear scars. 

Alloy 7Cr 9Cr 11Cr 
Carbide Volume Percent (vol.%) 58.73 70.92 35.49 

 

4.3. WEAR PROPERTY MODEL 

It is reported that there is a linear correlation between the volume loss and the 

hardness for the similar type of material [38-40].  As shown in Figure 18 (a), the 

developed graphitic white irons fall into the lower left side of the volume loss vs. 

hardness graph compared with the other two non-graphite-containing alloys.  This 

indicates that graphitic white irons have a better wear resistance compared with non-
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graphitic irons at equivalent hardness.  To quantitatively study the graphite effect on the 

wear resistance, a graphite contribution factor was added as an independent variable.  As 

shown in Figure 18 (b), volume loss determined from the wear test was plotted against 

the alloy hardness using the Rockwell C-scale and graphite volume percent.  Data for 

seven studied alloys were fitted with a linear equation.  This implies that introducing 

graphite flakes into white irons can reduce the wear rate.  Namely, graphitic white irons 

have a better wear resistance compared with the non-graphite-containing irons of 

equivalent hardness.  Quantitatively, 1 vol.% addition of graphite has the same effect as a 

2.33 HRC increase in hardness with respect to the wear resistance.  The empirical 

equation shown in Figure 18(b) can be used to calculate the volume loss of similar alloy 

with any given hardness and graphite volume percent in future study. 

 

 

(a)                                                                              (b) 

Figure 18. Plots showing: (a) volume loss versus hardness of alloys studied; (b) volume 
loss as a function of alloy hardness and graphite volume percent. 
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4.4. RATIONAL FOR GRAPHITE CONTRIBUTION 

Two possible mechanisms may play a role in the observed increase of wear 

resistance for white iron via the addition of graphite flakes.  First, graphite addition 

increases the thermal diffusivity of the white irons as shown in Figure 9.  Formation of 

the wear scar requires substantial plastic deformation and the flow stress decreases with 

increasing temperature.  Thus, a reduced surface temperature during particle penetration 

may reduce the depth of penetration and increase the work of particle ploughing or 

cutting.  Graphite may also become dispersed on the surface during abrasive wear which 

may contribute to particle sliding versus penetration and ploughing.  Similar to graphite 

impregnated metal composites [41-44], the abraded and dispersed graphite particles on 

the wear scars work as a lubricant, which further slows down the wear rate.  The optimal 

combination of graphite volume percent and graphite flake size may be studied in future 

work. 

4.5. ALLOY COST 

Cost is a key factor during material selection.  To compare the alloy cost among 

the alloys studied, the scrap price for different ferrous alloy was acquired from InfoMine 

[45].  The unit price for each alloy was calculated based on chemistry.  The alloy cost 

was plotted against its volume loss in Figure 19(b).  Even though alloy Fe15Mo19Cr has 

the best wear performance, it is almost ten times more expensive as a result of the high 

Mo (15wt.%) and high Cr (19wt.%) concentrations as compared with the developed 

graphitic white irons.  The 9Cr graphitic white iron gives the best combination of wear 

resistance and cost with wear resistance almost as good as the Fe15Mo19Cr iron while 
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having a cost comparable to Hardox 400.  There still exists large potential to improve the 

wear performance for graphitic white iron.  Future work will focus on improving the 

matrix hardness by adding alloy addition, in order to improve the wear performance of 

developed alloy. 

 

 
(a)                                                                  (b) 

Figure 19. Plots showing: (a) alloy cost comparison in dollar per pound for alloys 
studied; (b) alloy cost versus volume loss. 

 

5. CONCLUSION 

 

Five alloys have been designed, cast and investigated to develop the first 

generation of graphitic white iron, which shows premium thermal diffusivity and can 

potentially extend the lifetime of dissimilar metals contact wear systems.  Abrasive wear 

tests showed that graphite had a positive effect on the wear performance within the 3-10 

vol.% of graphite studied.  The improved wear resistance of the graphite flake containing 

composites was related to improved thermal diffusivity.  A numerical model taking both 

hardness and graphite volume percent into volume loss calculation was established.  
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Alloy cost comparison indicated that the alloy 9Cr graphitic white iron had a comparable 

wear resistance to a Fe15Mo19Cr white iron, but at a cost comparable to Hardox 400.  

Future work will focus on producing carbide networks through alloy additions, in order to 

improve the wear resistance. 
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ABSTRACT 

Five chromium white iron composites were cast containing graphite between 3 

and 10 volume percent.  Chromium content was varied between 3 and 11 wt.% to change 

the primary solidification from graphite to M7C3 and graphite content decreased to 3 

volume percent. Adhesive wear resistance was assessed with a block on ring apparatus in 

accordance with ASTM G77.  Hardness and adhesive wear resistance increased with 

chromium content and the most wear resistant alloy (9wt.%Cr) had a microstructure 

containing both M7C3 carbides and graphite (4.6 vol.%).  An empirical model was 

formulated to quantitatively evaluate graphite additions on the adhesive wear resistance, 

which indicated that 1 vol.% graphite addition had the same effect as a hardness increase 

of 2.66 HRC.  The improved wear resistance was related to an increased thermal 

diffusivity of the composite microstructure and the surface lubricating effect of graphite. 
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1. INTRODUCTION 

 

Metal-to-metal wear systems are common in rotating machinery [1], [2], [3].  The 

cost of repair and replacement of these parts and the associated downtime related to these 

activities is a significant cost to the industry [4].  It has been estimated that the economic 

cost of wear ranges from 1% to 4% of the gross national product for an industrialized 

nation.  Various hard facing materials have been designed for such applications, such as 

silicon carbide, tungsten carbide, Ni-Resist cast iron, Stellite, and aluminum oxide in 

order to slow down the wear rate and extend the service life [3], [5], [6], [7].  However, 

all of these hard facing materials are either too expensive or too brittle to be widely used 

in metal-to-metal wear systems [8].   

A cast version of a hard facing material has been investigated by the authors, 

which was termed as Fe15Mo18Cr based on its nominal composition [9].  Failure 

analysis showed that a brittle white layer was formed on the wearing surface.  Similar 

observations of white layer formation have been associated with adhesive wear failures 

[10], [11], [12], [13].  Typically, a white layer is a result of excessive heat generated 

during adhesive wear for metal-to-metal surface contact under high contact pressure. 

A potential solution to deal with frictional heating is to increase thermal 

diffusivity by composite engineering.  In a previous study by the authors, flake graphite 

was introduced by inoculation when casting a chromium alloyed white iron [14].  These 

new composite alloys combined the advantages of both high wear resistant M7C3 

carbides [15], [16], [17] and high thermal diffusivity of flake graphite [18], [19], [20], 

[21], [8].  Thermal diffusivity and abrasive wear performance for these graphitic white 
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irons have been reported elsewhere, but are briefly reviewed below for the readers’ 

convenience [22]. 

1.1. THERMAL DIFFUSIVITY  

Thermal diffusivity was measured using a laser flash method following ASTM 

E1461 [23].  As shown in Figure 1, thermal diffusivity of the graphitic white iron 

increased with increasing graphite volume percent and decreased with increasing test 

temperature.   

 

 
 

Figure 1. Measurements showing that a higher graphite volume percent improves the 
thermal diffusivity of the alloy at every testing temperature.  Error bars represent a 95% 

CL [22]. 

1.2. ABRASIVE WEAR 

Abrasive wear resistance was evaluated utilizing a dry sand/rubber wheel 

apparatus following ASTM G65 [24].  Hardox 400 and a cast hard facing alloy 
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(designated Fe15Mo19Cr) were also tested to provide a standard for comparison.  In 

general, the abrasive wear resistance of the chromium white irons increased as the 

hardness increased, as shown in Figure 2(a).  An empirical model was established, where 

the volume percent of graphite was fit to the volume loss data, and graphite addition was 

found to be beneficial with respect to abrasive wear, as shown in Figure 2(b).  

Quantitatively, 1 vol.% addition of graphite has the same effect as a 2.33 HRC increase in 

hardness with respect to the wear resistance.  In conclusion, the graphitic white irons 

developed have a better abrasive wear resistance compared with regular non-graphite-

containing irons of equivalent hardness. 

 

 
(a)                                                                      (b)                                               

Figure 2. Plots showing: (a) volume loss versus hardness of alloys studied; (b) volume 
loss as a function of alloy hardness and graphite volume percent [22]. 

 

Thermal diffusivity is expected to play a more important role in adhesive wear 

resistance, since local heating or flash temperatures can be as high as 1000°C [25].  In the 

present investigation, the adhesive wear performance of these first generation of graphitic 

white irons have been studied using an ASTM G77 block on ring test.  The adhesive wear 
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mechanism was studied by means of optical microscopy and scanning electron 

microscopy. 

 

2. MATERIALS AND METHODS 

2.1. MATERIALS 

Thermodynamic and microstructural analyses of the five chromium white irons 

has been presented elsewhere [22], [14].  The five chromium compositions ranging from 

3 to 11 wt.% chromium produce primary graphite at low chromium concentrations and 

primary M7C3 carbide at higher chromium concentrations.  In general, the hardness 

increases and the volume fraction of graphite decreases with increasing chromium 

content.  Alloys were induction melted using high purity charge materials and cast in no-

bake sand molds.  An inoculant (0.15wt.%) was added into each alloy to promote the 

formation of graphite.  The chemical compositions were analyzed using an optical 

emission spectrometer and Leco combustion C/S analyzer, as listed in Table 1.  The five 

alloys produced are designated as 3Cr, 5Cr, 7Cr, 9Cr and 11Cr, based on their 

approximate Cr content. 

 

Table 1. Chemical compositions of the five alloys analyzed using an optical emission 
spectrometer and a Leco combustion C/S analyzer. 

Alloys Chemical composition (wt.%) 
Leco C Leco S (ppm) Si Mn Cr 

3Cr 4.45 154 2.06 0.44 2.79 
5Cr 4.72 157 2.00 0.47 5.11 
7Cr 4.88 184 2.07 0.49 7.08 
9Cr 4.93 198 2.05 0.50 9.08 
11Cr 5.00 170 2.03 0.50 11.03 
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2.2. SAMPLE PREPARATION AND CHARACTERIZATION 

2.2.1. Metallographic Samples.  Metallographic specimens were prepared with 

silicon carbide papers from 180 to 1200 grit, followed by polishing using diamond pastes 

from 3 µm to 0.1 µm.  The specimens were ultrasonically cleaned between each step.  

The first set of specimens were observed in an as-polished state to measure graphite 

volume percent and study the graphite morphology to determine when the graphite 

formed during solidification.  The second set of specimens were etched with 2% nital to 

observe different carbides as well as the matrix microstructure.  Images were recorded 

using a Nikon FX-35DX camera. 

2.2.2. Block On Ring Samples.  A block on ring (BOR) apparatus was utilized to 

study the adhesive wear performance of each alloy in accordance with ASTM G77 [26].  

In addition to the five graphitic white irons, a cast Fe15Mo19Cr alloy was also tested for 

comparison.  The Fe15Mo19Cr was originally used as a hardfacing alloy, but can also be 

cast directly to form a premium wear-resistant white iron, which can be used in metal-to-

metal wear applications.  Three block specimens were prepared for each alloy with 

dimensions of 6.35mm x 10.16mm x 15.75mm.  A fresh standard carburized 4620 steel 

Falex ring was used for each test to minimize the ring effect during the test.  Hardness of 

the rings was measured to be 60±2 HRC.  The test was run with a portion of the rotating 

ring submerged into lubricant to mimic a lubricated metal-to-metal wear system.  Each 

test was conducted for one hour at a constant load of 300 lbf (1334 N) and a constant 

speed of 400 rpm (42 m/s).  After testing, the average scar width was calculated based 

upon the measured area of the block wear scar.  Volume loss was determined according 

to ASTM G77 Table I using the measured average width of the block wear scar [26].  



 

  

117 

Wear scars for each alloy were then evaluated by means of optical microscope and SEM 

to investigate the adhesive wear mechanisms.  Operating parameters for the scanning 

electron microscope (SEM) consisted of an accelerating voltage of 20.0 kV and an 

emission current of 1.4 nA during image acquisition. 

 

3. RESULTS 

3.1. MICROSTRUCTURE 

Figure 3 shows the as-polished microstructure, and Figure 4 shows the Nital 

etched microstructure.  Low Cr alloys produced primary graphite (type A and type C), 

whereas higher Cr alloys exhibited primary M7C3 with eutectic graphite (type D).  As is 

indicated in Figure 3 and Figure 4, three types of graphite (A, C, and D) and two types of 

carbide (M3C and M7C3) can be observed.  The graphite addition is 9.64, 7.53, 5.90, 

4.63, and 3.17 vol.% for alloy 3Cr, 5Cr, 7Cr, 9Cr and 11Cr, respectively.  Detailed 

graphite volume percent measurement and phase characterization procedures can be 

accessed from authors’ previously published work [14].    

3.2. ADHESIVE WEAR PERFORMANCE 

Volume loss measurements are reported in Figure 5 for the BOR tests, with error 

bars representing a 95% CL [27].  The hardness for each alloy is also labeled in Figure 5.  

A lower volume loss reflects better wear resistance.  Alloy Fe15Mo19Cr showed the best 

wear resistance due to its high hardness, as it is even harder than the standard Falex ring 

(65 HRC vs. 60 HRC).   
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3Cr                                       5Cr                                          7Cr

  
9Cr                                   11Cr                                                    

Figure 3. As-polished microstructures for five alloys studied.  Three types of graphite can 
be observed, and are indicated by arrows with a letter in the end. 

 

    
3Cr                                         5Cr                                        7Cr  

  
9Cr                                       11Cr                                                    

Figure 4. Nital etched microstructures for five alloys studied.  Arrows indicate plate 
cementite (M3C), and circles indicate M7C3 carbide. 
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However, alloy 7Cr showed a better wear resistance than alloy 11Cr, even though 

it is softer than alloy 11Cr, which indicates that hardness was not the only controlling 

factors for the adhesive wear resistance.  Within the five graphitic white irons developed, 

alloy 9Cr showed the best wear resistance. 

 

 

Figure 5. BOR volume loss of the graphitic white irons studied compared to alloy 
Fe15Mo19Cr.  Error bars represent a 95% CL.  Hardness for each alloy is labeled in 

Rockwell C scale. 

3.3. ADHESIVE WEAR SCAR EVALUATION 

The BOR wear scars were evaluated by means of SEM.  As shown in Figure 6, 

three characteristics for adhesive wear can be observed including: material pulled out 

(indicated by arrows with straight end), material attachment (indicated by arrows with 

rhomb end), and material deformation (indicated by arrows with round end).  In addition, 

28 HRC 

41 HRC 
47 HRC 52 HRC 

51 HRC 

65 HRC 
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there was no direct evidence of abrasive wear like cutting or ploughing can be observed.  

It should be noted that the vertical lines on the wear scars are more likely a result of 

combination effect from ring surface roughness and plastic deformation.  Therefore, 

abrasive wear was minimized in the BOR test, and this test result can represent adhesive 

wear resistance.    

 

   
3Cr                                         5Cr                                      7Cr 

   
9Cr                                      11Cr                              Fe15Mo19Cr 

Figure 6. SEM secondary electron images showing the BOR wear scars for all five 
graphitic white irons studied as well as alloy Fe15Mo19Cr.  Arrows with straight end 
indicate material pulled out, arrows with rhomb end indicate material attachment, and 

arrows with round end indicate material deformation. 

 

Furthermore, high magnification SEM images on the material pulled out areas 

clearly revealed an adhesive wear mechanism, as shown in Figure 7.  Solid arrows 

indicate crack initiation sites, and dashed arrows indicate the stepped crack propagation 

along the slip planes.  As block surface and ring surface were pressed against each other 

300 μm 300 μm 300 μm 

300 μm 300 μm 300 μm 
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during the test, the adhesive bonding strength on the contact interface resisted relative 

sliding between the block and the ring.  A large enough resistance relative to sliding 

created plastic deformation followed by shearing along slip planes.  The slip initiated 

crack underneath the contact interface (solid arrows), which then propagated along the 

slip planes (dashed arrows).  Taking the above mentioned into consideration, the 

performed BOR test was predominately an adhesive wear test and the results shown in 

Figure 5 can be used exclusively to assess the adhesive wear resistance. 

 

  
(a)                                                                   (b)                                               

Figure 7. SEM secondary electron image showing the BOR wear scar for: (a) alloy 9Cr; 
(b) alloy Fe15Mo19Cr.  Adhesive wear mechanism is revealed by the material pulled out 
area.  Solid arrows indicate crack initiation sites, and dashed arrows indicate the stepped 

crack propagation along the slip planes. 

 

Figure 8(a) shows another high magnification SEM picture taken from the wear 

scar of alloy Fe15Mo19Cr, and Figure 8(b) is an optical micrograph showing its 

corresponding original microstructure taken from an as-polished metallographic sample 

via differential interference contrast (DIC) technique.  A lot of fishbone carbides can be 

observed in both images.  According to authors’ pervious EBSD analysis, those fishbone 

10 μm 10 μm 
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carbides are M6C carbides with Mo as the predominant metallic element.  This eutectic 

M6C carbide worked as wear scare “stopper” or “buffer” in alloy Fe15Mo19Cr and 

decreased the wear rate during dry sand/rubber wheel abrasive wear test [22]. 

 

  
(a)                                                                   (b)                       

Figure 8. Pictures for alloy Fe15Mo19Cr showing: (a) SEM image taken from BOR wear 
scar; (b) DIC image of the as-polished microstructure. 

 

4. DISCUSSION 

4.1. ADHESIVE WEAR RESISTANCE 

Generally, adhesive wear resistance increases with increasing hardness [28], [29].  

Therefore, alloy Fe15Mo19Cr showed the best adhesive wear resistance, as it is harder 

than other alloys including the standard Falex ring used as a counterbody.  In work by 

Buchely et al. on the wear resistance of hard facing alloys [30], it was described that the 

M6C fishbone carbide is a tough phase that could withstand extensive plastic deformation 

without cracking and in turn enhance the material’s wear resistance.    
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Within the five graphitic white irons studied, the overall wear resistance increased 

with increasing hardness, as shown in Figure 5.  However, alloy 5Cr showed a similar 

wear resistance with alloy 11Cr, and 7Cr showed a better wear resistance than alloy 11Cr, 

even though they are softer than alloy 11Cr by 10 HRC and 4HRC, respectively.  Thus, 

hardness was not the only controlling factor for the adhesive wear resistance.  Also, as 

shown in Figure 6, the amount of material pulled out from the contact interface seemed to 

increase with decreasing the graphite addition in the bulk material, which is especially 

severe in alloy 11Cr.  This again indicated graphite phases were helpful in terms of 

reducing the severity of adhesive wear.  However, as a phase of pure carbon, too much 

graphite depleted carbon from other portion of the material.  This led to fewer carbides 

(Figure 4) and lower hardness (Figure 5).  Therefore, the severity of plastic deformation 

appeared to increase with decreasing the graphite volume percent in the material, as 

shown in Figure 6.  It should be noted that the appearance of the wear scar only reflects 

the last several paths of the test, and may not be directly related to the wear resistance.  

Width and depth of wear scar, and volume loss should be used as the primary 

justifications for the overall wear resistance. 

  High Cr content promotes the formation of hard M7C3 carbide [15], [14].  As 

shown in Figure 7(a), the pullout of M7C3 is not a benefit to the wear resistance.  It’s 

worth noting that the density of slip planes in Figure 7(b) is much higher than in Figure 

7(a), which is due to the crystal structure difference.  The pullout phases in Figure 7(a) 

and Figure 7(b) appear to be M7C3, and austenite, respectively.  M7C3 has a hexagonal 

crystal structure, while austenite shows a FCC crystal structure.  There are more slip 

systems in FCC than in hexagonal structure.  It is also worth noting that the plastic 
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behavior of M7C3 has always been ignored due to its high hardness and lack of slip 

systems [15], [14], [16], [17].  However, many researchers found the plastic deformation 

behavior of M7C3 [31], [32], [33], [34].  The fracture behavior above the pullout area in 

Figure 7(a) could be resulted from the post cracking deformation. 

4.2. ADHESIVE WEAR MODEL 

A lot of numerical models have been developed to quantitatively study the 

adhesive wear resistance for different materials [35], [36], [37], [38].  However, most of 

those models are associated with complicated local asperity contacts area calculation, 

which makes them impractical.  One of the most popular and practical models for 

adhesive wear is Archard equation [39], as shown in Eq. 1.   

 

𝑉𝑉 = 𝐾𝐾
3

× 𝑊𝑊𝑊𝑊
𝐻𝐻

                                                           (1) 

 

where, V is the adhesive wear volume loss, K is the non-dimensional parameter, W is the 

normal load, L is the sliding distance, and H is the material’s hardness. 

As a constant normal load and a constant test duration (sliding distance) were 

used for each test, the parameters “W” and “L” should be constant.  Therefore, to 

quantitatively study the adhesive wear resistance, volume loss was plotted against 

1/hardness, as shown in Figure 9(a).  The data seemed to scatter around in the graph 

instead of falling into a linear line.  A linear fit showed that there is a strong correlation 

between volume loss and hardness.  However, the dispersion is unneglectable, which can 

be reduced and optimized by adding a graphite contribution factor into the independent 
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variable.  Volume loss determined from the wear test against 1/(HRC+226/85*Vp(Gr)) 

was fitted into a linear equation, with a coefficient of determination very close to one, as 

shown in Figure 9(b).  This implies that introducing graphite flakes into white irons does 

reduce the adhesive wear rate.  Specifically, graphitic white irons have a better adhesive 

wear resistance compared with the non-graphite-containing irons of equivalent hardness.  

Quantitatively, 1 vol.% addition of graphite has the same effect as a 2.66 HRC increase in 

hardness with respect to the adhesive wear resistance.  Eq. 2 can be used to quantitatively 

study the BOR adhesive wear resistance of similar alloys with any given hardness and 

graphite volume percent. 

 

 
(a)                                                                              (b)                                               

Figure 9. Plots showing: (a) volume loss versus hardness of alloys studied; (b) volume 
loss as a function of alloy hardness and graphite volume percent. 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 25.737/ �𝐻𝐻𝑅𝑅𝐶𝐶 + 226
85
𝑉𝑉𝑉𝑉(𝐺𝐺𝐺𝐺)� − 0.3905                        (2) 

 

where, Vloss is the adhesive wear volume loss, HRC is the material’s hardness, and 

Vp(Gr) is the graphite volume percent. 
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4.3. ADHESIVE WEAR VS. ABRASIVE WEAR  

Figure 10 compared the abrasive wear test results with the adhesive wear test 

results.  Similar to dry sand/rubber wheel (DSRW) abrasive wear, both hardness and 

graphite volume percent played positive roles in the wear resistance of graphitic white 

irons.  Within the five graphitic white irons developed, alloy 9Cr showed the best wear 

resistance for both abrasive wear and adhesive wear.  Moreover, the graphite contribution 

factor in the independent variable is 2.66 in adhesive wear model (Figure 9(b)) and 2.33 

in abrasive wear model (Figure 1), which means that graphite addition has a stronger 

effect in terms of reducing the adhesive wear rate than abrasive wear rate.  This is 

consistent with the expectation and thermal diffusivity plays a more important role in 

adhesive wear resistance. 

 

 

Figure 10. Wear resistance comparison between abrasive wear test (DSRW) and adhesive 
wear test (BOR) for five graphitic white irons developed.  Error bars represent a 95% CL. 
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4.4. RATIONAL FOR GRAPHITE CONTRIBUTION 

Authors propose two mechanisms by which the addition of graphite to chromium 

white iron increases the wear resistance.  First, graphite addition increases the thermal 

diffusivity of the alloy, as shown in Figure 1, which in turn mitigates the frictional 

heating during the wear test and reduces the wearing surface temperature of the test 

specimen.  Close proximity of graphite flakes to asperity contact is expected to lower the 

flash temperature and reduce the probability of asperity fusion, fracture of the fused 

asperity and material transfer.   Therefore, a reduced hardness loss can be expected from 

the elevated thermal diffusivity, which can enhance the wear resistance and lower the 

wear rate during the test [40].  Graphite may also be abraded into small particles and 

dispersed across the whole wearing surface.  Similar to the concept used for graphite 

impregnated metal composites [41], [42], [43], [44], the abraded and distributed graphite 

particles on the wear scars work as a lubricant, which further slows down the wear rate.  

This latter mechanism is very much similar to the self-lubricating theory adopted for 

bearings, gears, etc. [45], [46], [47]. 

 

5. CONCLUSION 

 

The adhesive wear property for the first generation of graphitic white iron has 

been investigated.  Results showed that graphite addition has a positive contribution to 

the adhesive wear resistance, which was benefited from the enhanced thermal diffusivity 

from graphite addition.  The empirical model suggested that, quantitatively, 1 vol.% 

graphite addition has the same effect with a 2.66 HRC increase in hardness with respect 
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to the adhesive wear resistance.  A comparison between adhesive wear model and 

previously developed abrasive wear model implied that graphite addition has a stronger 

effect in terms of reducing the adhesive wear rate than abrasive wear rate. 
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SECTION 

3. CONCLUSIONS AND RECOMMENDATIONS 

3.1. CONCLUSIONS  

3.1.1. Alloy Fe15Mo18Cr.  A comprehensive microstructural characterization 

was conducted for alloy Fe15Mo18Cr, by means of SEM and TKD techniques.  Results 

showed that this new wear-resistant material has a complex phase constituent of ferrite, 

retained austenite, M7C3 carbide, and M2C carbide.  The utilization of thermodynamic 

software to predict the solidification sequence was successful and matched the size of the 

phase constituents very well. 

Material flow, white layer, and micro-galling defects were analyzed on the 

contact interface of a field return wear component, which indicates that excessive 

frictional heat was associated with this wear component.  It is believed that frictional 

heating is detrimental to the service life of wear components [112], [113], [114].  It was 

concluded that the mechanical load and frictional heating were responsible for the 

material flow and formation of the white layer.  It was reported that white layer is an 

extremely brittle structure [38], [39].  Therefore, it can be fractured off during the service 

and leads to micro-galling defects, which were the potential root cause for failure.   

An in-depth microstructural investigation on the white layer was performed using 

TEM and the white layer has the same phase constituents as the cast material, but appears 

as a mixture of randomly oriented nanocrystalline grains.  TEM-BF images shows that its 

grain size is in the order of approximately 15 nm.   
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3.1.2. Graphitic White Iron.  To mitigate the frictional heating effect and extend 

the service life of the wear component, graphite flakes were introduced into the white 

cast iron and these new alloy systems were designated as graphitic white irons.  With the 

assistance of a thermodynamic software, five iron based alloys have been designed, cast, 

and investigated as the first generation of graphitic white iron for metal-to-metal wear 

systems.  Graphite addition increased the thermal diffusivity and enhanced the wear 

performance of metal-to-metal wear systems as measured by block on ring wear test. The 

following conclusions can be drawn for the different aspects of the alloys studied.   

3.1.2.1. Metallographic analyses of microstructures.  Solidification sequences 

have been determined by correlating the microstructures with the FactSage equilibrium 

step diagrams.  As chromium content in the five cast alloys increases, the chromium 

content in plate cementite and primary M7C3 carbide increases.  The increased chromium 

content of each carbide increased their micro-hardness.  Meanwhile, primary M7C3 

carbide was measured to be much harder than plate cementite, and the cross face ((0001) 

plane) of M7C3 carbide is harder than its side face ((1010) plane).  In addition, the 

primary M7C3 carbides become more regular and appears as hexagonal prisms in shape 

with increasing Cr content in the bulk materials.  It was also observed that the primary 

M7C3 carbide has a transformed austenite core structure along its [0001] direction.  

It was found, for the first time, M7C3 carbides formed together with austenite into 

a lamellar structure (similar to ledeburite) during the metastable eutectic reaction in alloy 

11Cr.  At lower temperature M7C3 in the lamellar-shaped structure was transformed into 

cementite.  The presence of M7C3 in lamellar-shaped structure at high temperatures 
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during the early-stage metastable eutectic reaction was verified by EBSD analysis on a 

heat-treated specimen. 

ImageJ measurements of phase fractions were consistent with the thermodynamic 

equilibrium calculations results for both graphite and non-eutectoid carbides.  A new 

carbon equivalent was established for graphitic white iron using the separate multiplying 

factors reported in published articles, and this carbon equivalent equation was utilized to 

develop an empirical model to predict the graphite volume percent in this new alloy 

system. 

3.1.2.2. Thermal diffusivity.  A laser flash method to measure the thermal 

diffusivity of graphitic white irons was used to study heat conduction in the graphitic 

white irons.  Results show that the thermal diffusivity increased with increasing graphite 

volume percent.  The rate of increase of the thermal diffusivity with increasing graphite 

also increased with increasing graphite volume percent.  However, the macroscopic 

hardness decreased as the volume of graphite increased.  Thus, the optimal graphite 

volume percent still needs to be determined and should be investigated in the future.   

The utilization of the lower bound of Hashin-Shtrikman model for thermal 

diffusivity [115] was successful in treating the graphitic white iron as a multiphase 

composite material.  The graphite was treated as the second phase, and the alloy 

excluding graphite was treated as the matrix.  A comprehensive numerical model was 

developed to predict the thermal diffusivity for any given chemical composition and 

temperature, which can be potentially used to predict the thermal diffusivity for other 

similar alloyed cast iron systems. 
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3.1.2.3. Wear performance.  Abrasive wear and adhesive wear testing were 

conducted via DSRW apparatus and BOR apparatus, respectively.  Results proved that 

graphite addition increased both abrasive wear resistance and adhesive wear resistance.  

Two tribological mechanisms were proposed to explain the improvement in wear 

resistance measured for the graphitic white irons.  First, graphite addition increased the 

thermal diffusivity of the alloy, which in turn mitigates the frictional heating during the 

test and reduces the temperature of the contact interface.  Graphite may also be abraded 

into small particles and dispersed across the whole wearing surface.  Similar to the 

concept used for graphite impregnated metal composites, the abraded and distributed 

graphite particles on the wear scars work as a lubricant, which further slows down the 

wear rate [116], [117], [118], [119].   

As for the abrasive wear performance, the hardest phase (M7C3) worked as 

“stopper” and decreased the wear rate.  Meanwhile, the second hard phase (M3C) was 

found effective in further increasing the wear resistance via a “buffer” effect.  An 

empirical model was developed to predict the volume loss during the wear test based 

upon graphite volume percent and macro-hardness.  Quantitatively, with regards to 

abrasive wear resistance, 1 vol.% graphite was equivalent to an increased hardness 

increment of 2.33 HRC.   

With respect to adhesive wear testing, the volume loss for adhesive wear test 

decreased with increasing hardness.  Evidence of metal pulled out, attachment, and 

plastic deformation were observed on the block specimen wear scar for each alloy, which 

are the characteristics of adhesive wear.  An empirical model was also developed to 

predict the volume loss during the wear test based upon graphite volume percent and 
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macro-hardness.  Quantitatively, with regards to abrasive wear resistance, 1 vol.% 

graphite was equivalent to an increased hardness increment of 2.66 HRC.   

By comparing the graphite contribution factor in adhesive wear model (2.66) and 

abrasive wear model (2.33), one can conclude that graphite addition has a bigger effect in 

terms of reducing the adhesive wear rate than abrasive wear rate.  This is consistent with 

the expectation and thermal diffusivity played a more important role in adhesive wear 

resistance, as the local heating or flash temperatures can be as high as 1000 °C.  Both 

hardness and graphite volume percent played important roles in wear resistance.  Within 

the five graphitic white irons studied, alloy 9Cr showed the best wear performance for 

both abrasive wear and adhesive wear.  The optimal combination of hardness, and 

graphite volume percent need to be further studied. 

3.2. RECOMMENDATIONS 

Among the five graphitic white irons studied in this dissertation, alloy 9Cr had the 

best wear performance for both abrasive wear and adhesive wear.  Upon the abrasive 

wear performance study, a second hard phase, usually carbide, was found effective in 

increasing the wear resistance via a “buffer” effect.  It was found that the premium white 

iron Fe15Mo19Cr had a better wear performance than alloy 9Cr. The premium white iron 

benefited from a molybdenum containing M6C carbide that formed in a fishbone 

morphology.  Therefore, introducing M6C fishbone carbide into alloy 9Cr may offer a 

way to formulate the next generation of graphitic white iron, which can potentially 

advance the wear performance of this new alloy system.  
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According to the stoichiometric calculation for Mo6C, approximately 0.02 wt.% 

carbon addition needs to be added for every weight percent of molybdenum addition to 

form M6C carbide.  Thereafter, four chemical compositions have been proposed for 

future graphitic white iron alloy design, as shown in Table 3.1.  Each of the alloy was 

named according to their individual molybdenum content.  

 

Table 3.1. Chemical compositions proposed for future graphitic white iron alloy design. 

Alloys Chemical composition (wt.%) 
C Mo Si Mn Cr 

3Mo 4.99 3 2.05 0.50 9.08 
4Mo 5.01 4 2.05 0.50 9.08 
5Mo 5.03 5 2.05 0.50 9.08 
6Mo 5.05 6 2.05 0.50 9.08 

 

The equilibrium step diagrams for each of the alloy proposed was 

thermodynamically calculated using JMatPro software, as shown in Figure 3.1.  It should 

be noted that with increasing molybdenum content in the material, the amount of M6C 

carbide formed increases.  However, the amount of graphite formed does not change with 

the molybdenum addition, and approximately 3.1 wt.% of graphite is predicted for each 

alloy proposed.  These calculations are consistent with the equilibrium calculations for 

alloy 9Cr [20].  Therefore, the four alloys proposed can potentially exhibit similar 

thermal diffusivity with alloy 9Cr, but at a higher overall hardness.  An exceptional wear 

performance for metal-to-metal wear systems can be expected for these proposed new 

alloys. 
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3Mo                                                                   4Mo 

 
5Mo                                                                   6Mo 

Figure 3.1. Schematics of equilibrium step diagram calculated using JMatPro for future 
graphitic white iron alloy design. 
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