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Abstract 

Conventional metallurgy has been widely used in material design for centuries, 

which however does not always effectively guide material design and modification. A large 

number of trial-and-error tests are often needed in material development. Material 

developers have been making considerable efforts in developing complementary or 

alternative approaches to guide material design. Attributed to the intrinsic correlation 

between electron work function (EWF) and the atomic bond strength and stability, which 

govern mechanical and electrochemical properties of materials, EWF has been 

demonstrated to be a promising guiding parameter for material analysis and design. Many 

intrinsic properties of metals such as Young’s modulus, thermal expansion coefficient, and 

electrochemical activity, etc., can be well correlated with EWF theoretically, confirmed by 

experimental studies. For pure metals and single-phase solid solutions, the higher the EWF 

of a material, the higher atomic bond strength with higher mechanical stability. However, 

engineering materials are generally multi-phase materials. It is unclear whether or not the 

overall EWF of multiphase materials with specific microstructure features can still reflect 

the material properties. In this study, two-phase high-Cr cast irons were used to investigate 

microstructure-EWF-property relationships. A charge-compensation model was 

established to elucidate the mechanism responsible for such relationships. It turned out that 

fine and densely distributed second phase, i.e. the carbide in the ferrous matrix, contributed 

to higher interfacial/volume ratio, leading to charge redistribution at interface. Such charge 

redistribution at interface results in increased overall EWF, corresponding to elevated 

Young’s modulus. For further information and verification, low carbon steels with two-
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level microstructural complexity were used to verify the microstructure-EWF-property 

relationships and the charge-compensation model. Various experimental tools, including 

Scanning Kelvin Probe, Atomic Force Microscope, Scanning Electron Microscope, 

Transmission Electron Microscope and acoustic instrument etc., were used to investigate 

the effect of microstructure on overall EWF and corresponding properties of the steels. It 

was demonstrated that the properties of steel samples, including Young’s modulus, 

hardness and corrosion resistance, can be well reflected by their overall EWFs and 

explained based on the charge-compensation model. The calculated theoretical EWF was 

in consistent with experimental results. This study is of significance to the extension of 

utilizing EWF in structural materials design from single-phase materials to multi-phase 

ones. 
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Chapter 1 Introduction 

With the rapid technological development, the demand for high performance 

metallic materials is increasing. Materials can be improved through microstructural 

engineering. Traditional metallurgy has been widely applied to guide modification of 

metallic materials for optimized properties. However, the conventional metallurgy is not 

always effective, an immense amount of trial - and - error tests are often required to collect 

essential data, which is time-consuming and costly. It is desired to explore complementary 

or alternative, and fundamental approaches for material design and modification. It is 

known that the intrinsic mechanical properties of materials are largely dependent on the 

electron state and atomic bond strength (1). The electron density and energy state could be 

useful in material analysis, but it is complicated and not convenient for engineers to use 

them in material design. It is thus highly wished to have fundamental and feasible 

parameters, which can reflect electron behavior and bond strength, for guiding material 

development. 

Electron work function (EWF) is such a parameter which represents the minimum 

energy needed to extract electron from inside a metal at the fermi level to its surface (2, 3). 

Although EWF is dependent on surface condition, intrinsically it reflects interaction 

strength between nucleus and electrons, which is related to bulk properties (4). As a 

fundamental electronic parameter, EWF has already been correlated with atomic properties 

(electronegativity and ionization energy etc.) (2, 5, 6), which lays a theoretical foundation 

for application of EWF in material design. EWF has been shown to be correlated with 

many mechanical properties, such as Young’s modulus (7), yield strength, hardness (8) and 
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toughness (9) etc. Using Young’s modulus as an example, EWF and Young’s modulus of 

pure metals have a theoretical six power relationship (7). The experimental data on 

Young’s modulus and EWF of pure metals fit well with theoretical model. In addition to 

the mechanical properties, EWF also reflects physical parameters of materials, such as 

surface energy (10), adhesion (11, 12) and friction (13), which play crucial roles in 

tribology and wearing process. With in-depth researches on EWF, properties of multi-

elements solid solutions can be modified due to the dependence of their properties on EWF 

(14). Homogeneous Cu-Ni alloy has been investigated to determine if the overall EWF 

reflects properties of the alloy (15-17). The relationship between Young’s modulus and 

EWF for the isomorphous alloy shows good fit with the Young’s modulus-EWF curve for 

pure metals (15). The overall EWF of Cu-Ni alloy increases by adding Ni which has a 

higher EWF, leading to a stronger average atomic bond in the system, and a higher barrier 

to any change in the current mechanical state. With a higher EWF, the Cu-Ni alloy shows 

correspondingly increased wear resistance and hardness (16). The corrosion resistance of 

the Cu-Ni alloy also increases due to elevated electrochemical stability with a more stable 

electron state (17). 

 Up to date, most studies are focused on pure metals and isomorphous solid solutions 

without microstructural complexity. Whether multiphase metallic materials have similar 

EWF - property relationship and how microstructure of multiphases synergistically affect 

overall EWF are unknown. This is the main barrier for EWF to be used in realistic material 

design involving microstructural complexity (18-20). The microstructural factors mutually 

interact and the overall material properties are integrated from those of individual phases 

(21, 22). When two phases having different EWFs are in contact, an interphase boundary 
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is formed between two adjacent phases (11, 23). As electrons tend to move from low-

potential regions, e.g., the metallic matrix, to high-potential regions such as carbides in a 

cast iron, equivalently the matrix becomes positively charged, making electrons harder to 

escape from the matrix. We may hypothesize that the matrix would be in a more stable 

electronic state, corresponding to a higher EWF. The driving force for charge redistribution 

at interphase is the potential difference (or the difference in EWF) between phases, and 

formed depletion layer would balance the potential difference with increasing electron 

stability. Mosleh-Shirazi has observed increased EWF of Al-SiC nanocomposite (24). 

When nano-sized SiC is added to Al matrix, the corrosion resistance of nanocomposite 

increases. The first-principles calculation indicates that electrons localized at SiC-Al 

interfacial region, which hinders electrons to participate in corrosion reactions. Hao Lu et 

al. also report similar results of a study on carbon steel alloyed with Ni (25). All the studies 

indicate that interphase boundary plays an important role. Thus, how the microstructure 

influences the overall EWF needs to be investigated. 

 In this thesis study, the effects of microstructure on EWF and corresponding 

properties of two-phase alloys are investigated. This thesis consists of the following parts: 

Chapter 1 & 2 provide background information and relevant studies about EWF and its 

potential application in material design.  An established microstructure - EWF - property 

theoretical model is described in Chapter 3, in which high-Cr cast irons are used as a simple 

material to verify this model. Chapter 4 presents studies on low carbon steels, which has 

two levels of microstructural inhomogeneity achieved by adjusting the cooling rate. 

Differences in microstructure and property among samples are analyzed and linked to EWF 

as a bridge, which helps develop the microstructure - EWF - property model for multiphase 
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material design. Finally, Chapter 5 gives general conclusions of this study and potential 

follow-up studies. 
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Chapter 2 Literature review 

In this chapter, EWF is introduced and its correlation with mechanical properties 

of pure metals and homogeneous alloys is illustrated. Some experimental observations 

related to EWFs of multiphase metallic products and corresponding properties are also 

presented. 

2.1 Introduction to EWF 

In the early 20th century, people became interested in the electron behavior and 

believed that it governed the properties of material. Since then, a large number of 

fundamental rules about the electron behavior has been established based on the 

development of quantum mechanics (26-28). The quantum mechanics is effective to deal 

with problems but not feasible to guide material design. Researchers also looked for other 

parameters that may reflect the electron behavior which were easy to be utilized. EWF is 

one of such parameters. The concept of EWF was developed in early 20th (29, 30) and after 

that, researchers were trying to figure out how to apply EWF in material analysis, mainly 

for semiconductors and defects. Recent studies show that EWF is also a promising 

parameter for material design (7). 

2.1.1 Definition of EWF 

EWF (electron work function) represents the minimum energy required to move 

electrons from inside a metal at Fermi level to its surface (2, 31). Fermi level is considered 

as a hypothetical energy level, which has a 50% possibility of being occupied at any given 

time (32). The position of fermi level inside metal plays a crucial role in determining 
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electronic properties under the thermodynamic equilibrium condition. The vacuum level 

represents the energy of a free stationary electron outside a metal surface, taking as infinite 

position far away from inside the metal (33). As shown in figure 2.1, EWF is represented 

as potential energy difference between fermi level and vacuum level, which is represented 

as: 

φ = −μ + D (2.1) 

where μ is bulk chemical potential of electrons inside a metal, and D represents the energy 

needed to penetrate the dipole barrier (34, 35). One can well perceive that the value of EWF 

is largely dependent on surface condition, this lays a theoretical foundation for EWF to be 

used in corrosion behavior (17, 24, 36, 37), and adsorption (38, 39) etc. Although EWF is 

largely dependent on the electron behavior at surface, intrinsically it reflects interaction 

strength between nucleus and electrons, which is related to bulk properties (4). The details 

about the connection between EWF and bulk properties will be described later. 

 

Figure 2.1 Schematic diagram of EWF 
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2.1.2 Measurement of EWF 

Scanning kelvin probe (SKP) and ultraviolet photoelectron spectroscopy (UPS) are 

commonly used to measure EWF. SKP technology stems from parallel plate capacitor 

experiments conducted by Lord Kelvin (40). As a non-contact, non-destructive technique, 

SKP is widely used in corrosion and coating analysis. The probe is placed at the top of the 

sample and a current is applied to form a parallel plate capacitor. A difference in Fermi 

level is presented in figure 2.2A when two different materials are in contact. When a 

connection is formed (figure 2.2B), the electron flow moves from material having a higher 

Fermi energy level region to that having a low Fermi energy level, until their Fermi levels 

become equal. A potential difference is formed between probe and sample, which is also 

called contact potential (Vc) (41). In order to get the contact potential difference between 

probe and sample, reverse potential (Vb) is applied to neutralize the charge difference 

between two parts (figure 2.2C) (42). The Fermi level of the sample returns to its original 

position once local charge changes to zero. Thus, we get: 

Vb = −Vc (2.2)  

and this is how SKP technology analyze EWF of samples by comparing the standard EWF 

of the probe (43). It is not hard to see that this technique requires clean surface and 

oxidation products on surface need be avoided. 
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Figure 2.2 (A) Status before the electron flow is connected between sample and 

probe, (B) Status after the electron flow is connected between sample and probe, (C) 

Status when reverse potential (Vb) applied to the system 

 

Regarding the UPS method, in short, UPS measures the bonding energy from the 

highest kinetic energy (from Fermi level) to the lower kinetic energy cutoff as shown in 

figure 2.3. On the cutoff region of the spectrum, electrons have just enough energy to 

overcome the potential barrier.  EWF can be represented as: 

𝜑 = hv − 𝐸𝑘 (2.3) 

where Ek represents kinetic energy and hv is input energy of ionizing light. UPS is more 

like an absolute method of measuring EWF, while SKP is a relative method (44). 

With the development of atomic force microscope (AFM), kelvin probe force 

microscopy (KPFM) was added as a function of AFM mapping (45, 46). It is also called 

surface potential microscope with non-contact technology. When sample and tip having 

different EWFs are in contact, electric flow would form between the two parts and contact 
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potential difference (CPD) is generated.  To calculate EWF, the electrostatic force between 

sample and tip is analyzed. KPFM is widely used in analyzing local EWF as the in situ 

mapping can be well connected with topography condition (11, 47). It is also one of the 

key methods used in this study and detailed information will be discussed later. 

 

Figure 2.3 UPS spectrum 

 

2.2 Relationship between EWF and intrinsic properties 

2.2.1 Image charge model of EWF 

The image charge model of EWF has gradually been accepted by the researchers, 

which assumes the valence electron is located at the center of the arranged structure as 

shown in figure 2.4A. Based on the definition of EWF in electrostatics, the energy required 

to prevent moving an electron from surface to infinity under image charge attractive force 

can be represented as: 
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φ = ∫
d

∞ e2

4πε0(2r)2
dr =

e2

16πε0d
(2.4) 

where d is initial distance as shown in figure 2.4B, r represents the instantaneous distance 

in the process of moving electron away from surface (7, 48). According to the expression 

of Debye length (D) in plasma physics (32): 

D = √
2ε0Ef

3ne2
=

d

√3
(2.5) 

So EWF can be expressed with fermi level (Ef) and electron density (n): 

φ =
e2

16πε0

√
ne2

2ε0Ef

(2.6) 

To simplify this expression, fermi level can also be replaced by electron density as ℏ is 

Planck’s constant and m represents mass of electron: 

Ef =
ℏ2(3π2n)

2
3⁄

2m
(2.7) 

Thus, we get the expression of EWF related with electron density (7): 

φ =
e3m

1
2⁄ n

1
6⁄

163√3π
5

3⁄ ℏε0

3
2⁄

∝ n
1

6⁄ (2.8) 

This laid a foundation for the theoretical derivation of relationships between EWF and a 

series of parameters. 
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Figure 2.4 (A) Electrons and irons alternately arranged with distance of a, (B) 

Electrons and its image charge located symmetrically in cubic point arrays (7) 

 

2.2.2 Atomic bond strength  

From our previous deduction, Young’s modulus can be expressed as (49):  

E =
k

re
∝

εb

re
3

(2.9) 

where εb  represents the bond energy, re  is equilibrium distance between two adjacent 

atoms. Based on the image charge model, Young’s modulus also has a six-power 

relationship with EWF (7): 

E ∝ φ6 (2.10) 

The following equation correlates relationship between bond energy and EWF: 
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φ6 = ξ ×
εb

re
3

(2.11) 

where ξ is determined by experimental data from pure metals. As shown in figure 2.5, the 

EWF has a theoretical six-power relationship with bond energy, the experimental data 

correlates well with theoretical model (49). More researches indicate that atomic size also 

has a secondary polynomial relationship with EWF, due to an increasing atomic bond 

strength with smaller spacing between adjacent atoms (50). 

 

Figure 2.5 Relationship between atomic bond energy and EWF, units are 

KJ/(mol×nm3) and eV respectively (49) 

 

2.2.3 Mechanical parameters  

2.2.3.1 Young’s modulus 

Young’s modulus describes the ability of a solid material to resist deformation. To 

simplify the expression, Madelung energy is formulated as (7): 
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U(a) = −
Nαz2e2

a
(1 −

ρ

a
) (2.12) 

where α is Madelung constant, N is number of metal irons, z is number of valence electrons, 

a is equilibrium distance as shown in figure 2.4. ρ represents the repulsive interaction 

distance. By neglecting the repulsive interaction when the distance increases, interaction 

potential is presented as: 

u =
αze2

a
(2.13) 

Since Young’s modulus is determined by second derivation of interaction potential with 

regarding to distance (51), Young’s modulus is expressed with equilibrium distance (a): 

E =
d2u(r)

dr2
=

2αze2

a3
(2.14) 

Based on previous equation (2.8), when electron density is replaced by lattice distance (52), 

n =
z

a3
(2.15) 

expression of EWF can be rewrite as: 

φ =
e3m

1
2⁄ z

1
6⁄

163√3π
5

3⁄ ℏε0

3
2⁄

a
1

2⁄
(2.16) 

Finally, Young’s modulus is related with EWF based on a six-power expression (7): 

E = 2αze2 (
e3m

1
2⁄ z

1
6⁄

163√3π
5

3⁄ ℏε0

3
2⁄

)

−6

φ6 ∝ φ6 (2.17) 
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Figure 2.6 shows experimental data on Young’s modulus and EWF of pure metals with 

black dots, which fits well on theoretical model (53, 54). 

 

Figure 2.6 Relationship between Young’s modulus and EWF on pure metals (black 

dots) and Cu-Ni alloy (red dots) 

 

2.2.3.2 Yield strength 

Yield strength is defined as the yield limit of metallic materials when dislocation 

occurs, which represents the critical stress that resists a small amount of plastic deformation. 

In the viewpoint of atomic bond strength, yield strength can be expressed as (8, 55): 

σy =
2G

(1 − υ)cosθcosφ
exp (−

4πξ

B
) (2.18) 
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where G is shear modulus, υ is Poisson’s ratio, θ and φ represents angles of slip direction 

and slip plane normal respectively. B is Burgers vector. ξ represents width of a dislocation 

and relates with lattice constant a: 

ξ =
a

2(1 − υ)
(2.19) 

In addition, shear modulus can be well related with Young’s modulus: 

G =
E

2(1 + υ)
(2.20) 

We get the expression of yield strength: 

σy =
E

(1 − υ2)cosθcosφ
exp (−

4πξ

B
) (2.21) 

Based on previous relationship between Young’s modulus and EWF in Chapter 2.2.3.1, 

yield strength has a six-power relationship with EWF as well (8): 

σy ∝
1

(1 − υ2)cosθcosφ
exp (−

4πξ

B
) φ6 (2.22) 

Figure 2.7 gives experimental data on yield strength of pure metals, which fits well with 

theoretical model. 
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Figure 2.7 Relationship between yield strength and EWF on pure metals (8) 

 

2.2.3.3 Hardness 

The resistance to localized plastic deformation induced by mechanical indentation 

or abrasion is called hardness, which is one of the most fundamental mechanical parameters 

in engineering design. In general, hardness can be proportional related with yield strength 

(56). Based on results from Chapter 2.2.3.2, hardness can be related with EWF through 

yield strength: 

H ∝ c
1

(1 − υ2)cosθcosφ
exp (−

4πξ

b
) φ6 (2.23) 

where c is determined by structure of indenter geometry. Figure 2.8 shows relationship 

between intrinsic hardness (material in annealed state) and EWF of transition metals, the 

experimental data correlates well with theoretical trend (8). Although hardness is 

influenced by many factors such as methods of heat treatment and cold working at surface, 
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dislocation density still plays a main role on hardness. Stronger atomic bond strength is 

established based on higher EWF, which can increase the resistance of dislocation 

movement and electron rearrangement. This makes EWF a potential parameter on guiding 

hardness of material. 

 

Figure 2.8 Relationship between hardness and EWF (8) 

 

2.2.4 Other physical and chemical parameters 

Surface energy is defined as the destruction of chemical bonds between molecules 

when creating the surface of a substance, which plays a crucial role on many surface-related 

phenomena (3). Based on the studies of M. Brajczewska, surface energy can be well related 

with EWF according to density parameter rs (57). A certain relationship is established 

between these two parameters (10): 

γi = (2 −
φi

φ0
) φ0 (2.24) 
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where γi represents surface energy and φi represents EWF of specific crystal plane. φ0 is 

the average EWF of all crystal faces in polycrystalline sample. It is clear that EWF and 

surface energy are highly dependent on crystal orientation (58), a crystal plane with higher 

EWF would generally have lower surface energy. For different materials, a higher EWF of 

material has a higher surface energy. 

Adhesion is one of the applications on surface energy. As a manifestation of 

molecular force, adhesion refers to the mutual attraction of two different substances in 

contact. A higher surface energy can create larger adhesive force between counter faces, 

thus, a higher EWF could create higher adhesive force between phases. This mainly 

influences wearing and tribology process (59). Experimental data of EWF, friction and 

adhesion on 3d transition metals were presented in our research, which showed that 

adhesion and friction have certain correlation with EWF (12). Such relationship was also 

observed in austenite-ferrite duplex steel (11). 

 

2.3 Experimental observations on correlations between 

EWF and properties of multi-elements solid solutions 

Based on the ability of EWF to reflect atomic bond strength and electronic stability, 

relationships are established between EWF and intrinsic properties as shown in Chapter 

2.2. Besides, experimental data of mechanical properties and EWF for pure metals was 

also given, which was in line with theoretical model. However, the relationships are 

established only for pure metals. Industrial materials are generally alloys with certain 



19 

 

microstructures. Thus, multi-elements alloys need to be investigated to understand the 

correlations between their properties and corresponding EWFs.  

When two elements with different EWFs are mixed together, the overall EWF of 

alloy would change accordingly. Overall EWF could be well predicted if the material is in 

a solid-solution state (60). Based on Hao Lu’s previous studies, Cu-Ni alloy with different 

Ni concentration were produced to clarify how overall EWF reflects properties of alloy 

(15). Lattice constants between Cu and Ni were assumed to be similar since Ni is 

homogeneously dissolved into Cu as an isomorphous solution. So overall EWF of alloy is 

approximately equal to: 

φAB
6 ≈ XAφA

6 + XBφB
6 (2.25) 

where φA  and φB  are individual EWFs of metals, XA  and XB  are molar fraction of 

elements. EWFs of alloys calculated using the image model, first-principle method, and 

measured by UPS showed similar trends with different Ni concentrations. Red dots in 

figure 2.6 represent Cu-Ni alloys with different Ni concentration (15, 61). The relationship 

between Young’s modulus and EWF of the isomorphous Cu-Ni alloy shows good fit with 

theoretical curve derived from pure metals. The overall EWF of the alloy increases with 

added Ni, which has higher EWF, corresponding to stronger atomic bonding between 

adjacent Cu-Ni bonds, and a higher barrier to any attempt to change the current mechanical 

state. Hardness of alloy also increases with increasing the overall EWF as shown in figure 

2.9.  



20 

 

 

Figure 2.9 The fitted curve of hardness as a function of EWF on Cu-Ni alloy (15) 

 

Sliding wear resistance was also related with EWF on Cu-Ni alloy (16). Based on 

Archard’s equation (62): 

WL = KW

F × l

H
(2.26) 

Wear volume loss (WL) is determined by wear coefficient (KW), load (F), sliding distance 

(l) and hardness (H) of the sample. According to previous relation with EWF and hardness 

in Chapter 2.2.3.3, WL can be expressed as (16): 

WL ∝
F × l(1 − υ2)

φ6
(2.27) 

The wear volume loss has a reverse six-power relation with EWF, which represents wear 

resistance should increase with overall EWF. However, this depends on the wearing 

condition, experimental data could show sometimes an opposite trend, e.g., when 

formation and failure of oxide scales are involved (16).  Besides, in the study of Cu-Ni 



21 

 

alloy, the corrosion behavior of Cu-Ni alloy was also measured in NaCl and HCl solutions 

respectively (17). Cu-Ni alloy dissolved without the formation of oxide layer in acid 

solutions. With higher overall EWF, a higher electrochemical stability is established 

corresponding to a more stable electronic state. In general, EWF can be used to predict 

properties of solid solution alloys.  

 

2.4 Experimental observations on relations between EWF 

and properties of multiphases metallic materials 

Previous researches have shown that EWF can be well correlated with properties 

of pure metals and isomorphous solid solutions. While most structural materials used in 

manufacturing have complex microstructure with multiphases, further studies are needed 

to determine whether EWF can be applied to multiphase materials. X70 steels adding by 

Ni were used to investigate the relationship between EWF and property (63). When a small 

amount of Ni (less than 10 wt. %) was added to the system, both EWF and mechanical 

properties increase because Ni has a higher EWF than iron and can bring in more “free” 

valence electrons to the system, leading to a higher stability on electronic state. With 

further increasing on Ni concentration, a second phase FiNi3 was formed which has 

relatively lower EWF. The occurrence of FiNi3 resulted in a lower overall EWF and 

deterioration on mechanical performance. However, the mechanisms regarding how the 

second phase influences the overall EWF is unclear.  

For more information, SiC nanoparticle-reinforced Al matrix was used to analyze 

the overall EWF and corresponding corrosion resistance (24). As observed, EWF increased 
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with increasing the amount of SiC nanoparticles, along with higher corrosion potential and 

higher corrosion resistance. The valence electron density and electron localization function 

(ELF) were analyzed by first-principles calculations (24). As shown in figure 2.10C, the 

regions marked by arrows have higher values or ELF compared with other areas, which 

means more valence electrons are localized at the Al-SiC interfacial region. This indicates 

that interphase is a crucial factor and how the microstructure of multiphase materials 

mutually interact overall EWF needs to be determined. 

 

Figure 2.10 (a) The atomic configuration on Al-SiC interface, (b) Distribution 

diagram of valence electron density, (c) ELF of valence electrons (24) 

 

2.5 Other applications of EWF 

 Since EWF is related to properties of metallic materials, it could be applied to 

various fields of material science. Below are a few application examples of EWF. 
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2.5.1 EWF as a probe for interfacial diagnosis  

For multi-phases structural materials and composite materials, the interface plays a 

critical role in influencing their mechanical and chemical properties. However, how to 

evaluate the interfacial strength is challenging. EWF, which indicates electron behavior 

and atomic bond strength in material, could be used to diagnose the interphase condition 

by analyzing interfacial gradient of EWF. Conventional duplex stainless steels were used 

to study this phenomenon (23). As shown in figure 2.11, a steeper change of EWF at 

interface (point 2) resulted in a weaker interface with larger modulus and deformation 

magnitude. In general, a small interface gradient on EWF would create a stronger interface. 

Since EWF (φ) is directly related with electron density (ρe) (7), interfacial bonding is 

expected to correlate with electron density gradient: 

dφ

dx
∝

d

dx (ρe

1
6⁄

)
∝

ρe

5
6⁄

6
×

dρe

dx
(2.28) 

A gradual change implies stronger interaction between the two phases in contact and thus 

stronger interfacial bonding. Theoretical calculation also proved that local EWF gradient 

should be used for evaluating interface rather than average one (23). 
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Figure 2.11 (a) Topography mapping of duplex stainless steel; (b) Work function 

mapping with interfacial gradient; (c) Modulus mapping with interfacial gradient; 

(d) Deformation mapping with interfacial gradient (23) 

 

2.5.2 EWF-guided solute selection for enhanced solution 

hardening 

EWF can be used as an indicator to select solute atoms for stronger solution 

hardening effect. Traditional mechanism for solution hardening contains elastic modulus 

and atomic size between solute and matrix (64, 65). Solution hardening can be related with 

atomic size misfit based on Mott and Nabarro’s theory (66): 

δa =
1

a
×

da

dc
(2.29) 
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where a is lattice constant and c is solute concentration. Besides, modulus misfit between 

atoms can be expressed as (65): 

δG =
1

G
×

dG

dc
(2.30) 

G is represented as shear modulus. However, how these two factors simultaneously affect 

hardening effectiveness is unclear, trial-and-error experiments are needed to select suitable 

solutes for effective solution hardening, which is time-consuming. EWF in here can be 

used as a bridge to connect atom size and elastic modulus, which has higher accuracy on 

predicting designed hardening effect. Hao Lu et al. derived the relationship between EWF 

and solution hardening effect (67): 

F ≈ |κ∆a + τ∆G| = |[A(13.4φ̅ − 76.1) + Bφ̅5]∆φ| (2.31) 

Where F is a parameter reflecting the hardening effectiveness, ∆φ is potential difference 

between the solute and host atoms and φ̅ is average EWF, others are constant parameters 

based on host elements. It is clear that a higher EWF difference between host and solute 

atoms would increase solution hardening effect. Solutes with higher EWF would also 

increase average EWF with better solution strengthening. Cu-X alloys (adding by Ni, Zn, 

Ga) were used to verify this correlation and experimental observations are consistent with 

theoretical model (67). As shown in figure 2.12, Cu-Ni alloy with 20% Ni concentration 

presents highest hardness, due to the high value of ∆φ and φ̅ in Cu-20%Ni alloy. 
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Figure 2.12 Hardness of Cu-X alloys with different concentration (67) 

 

2.5.3 EWF in gas sensing purpose 

Gas sensor has been widely applied in daily life and G-FET (gas sensing field effect 

transistors) is one of the most attractive technique in this field (68). The main challenge is 

to find applicable sensing material with good sensitive properties, high stability under 

extreme condition and compatible with matrix material. Since surface EWF of metal is 

expected to change based on interaction with gas atoms, EWF can respond to chemo-

physical process, which is under electronic system by using sensing elements as conductors 

(69). Therefore, EWF can be well related with gas sensing technique as an approach to 

select potential sensing material. Alexandru Oprea gives a detailed development history on 

gas sensing technique based on application of EWF (70). 
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Chapter 3 Understanding the Microstructure – 

EWF – property relationship 

Considerable studies have shown that EWF, the minimum energy required to move 

electrons from inside a metal at Fermi level to its surface (7), is related to Young’s modulus 

and other mechanical properties of metals due to the fact that atomic bond strength is 

dependent on the electron state and has inherent correlation with EWF (9, 23, 50, 71-75). 

Both experimental and theoretical studies have shown that Young’s modulus and intrinsic 

hardness of metals exhibit six-power relationships with EWF (7, 8). The mechanical 

strength is affected by the electron state. A higher EWF represents a more stable electronic 

state, thus a higher resistance to mechanical deformation. As shown in Chapter 2.3, adding 

Ni (φNi = 5.1 eV) to Cu (φCu = 4.6 eV) forms a solid solution having elevated overall 

EWF and Young’s modulus since Ni brings in more free electrons to the system (15) and 

EWF is dependent on the electron density. However, how EWF affects mechanical 

properties of multiphase materials is unclear. This hinders the application of EWF in 

realistic material design. Structural materials generally have multiphase microstructures 

(19, 20), which influence the mechanical properties due to their dependence on grain size, 

2nd phases, and other microstructural factors (21). Microstructural factors mutually interact 

and the overall properties are integrated from those of individual microstructural 

constituents in the material. Although properties of individual phases are related to their 

EWFs, whether the overall EWF of a multiphase material reflects its integrated electron 

behavior and overall properties is unclear. It is thus of significance to determine how the 

microstructure affects the overall EWF and corresponding properties of multiphase 
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materials, towards the design of materials on a feasible electronic base or through 

“electronic metallurgy”.    

When two phases having different EWFs are in contact, electrons move from the 

low-EWF phase to that having a higher EWF, forming a dipole layer at the interface which 

stops continuous electron movement (23). The above process would lead to redistribution 

of charges between phases, thus affecting the apparent work function of the system. It is 

expected that the apparent EWF can reflect overall properties of the system.  To confirm 

this, we investigated microstructure - EWF - property relationships using high-Cr cast irons 

(HCCI: 40 wt.% Cr with 1-6 wt.% C) as a sample material. Results of the study are reported 

in this Chapter. 

 

3.1 Experimental procedure 

3.1.1 Sample preparation 

Materials used for the study were high-Cr cast irons with compositions of 40 wt.% 

Cr, 1-6 wt.% C, balanced by iron and minor elements (2.2-2.8 wt.% Mn and 0.8-1.4 wt.% 

Si etc.). Samples were made using an arc furnace and cast in a mold. After modeling, the 

samples were treated at 950 ℃ for 5 hours and then slowly cooled to room temperature. 

The samples were polished using sand papers up to 1200 grit, and then polished by using 

1μm diamond slurry. Chemical etching was used to remove oxide layer and distinguish 

different phase features, followed by ultrasonic cleaning in ethanol and dried with a 

compressed gas flow. 
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3.1.2 Experimental details 

Samples were cut to 50mm×10mm×5mm dimension to measure Young’s modulus 

using an acoustic instrument with RFDA basic software (IMCE company) for data analysis. 

Operating device is shown in figure 3.1. Sample is mechanically tapped by a flexible 

hammer and the induced vibration signal is detected by microphone above the sample. 

Elastic properties can be calculated based on the dimensions of the sample and other 

detected data. Microstructure were analyzed using a Hitachi S-2700 scanning electron 

microscope equipped with an ultrathin window X-ray detector. Samples of 

10mm×10mm×5mm in dimensions were used for EWF analysis. A scanning Kelvin Probe 

(KP Technology, UK) was employed to measure work functions of the samples. Bruker 

Multimode AFM8 with PeakForce KPFM capability was used to measure the local work 

function. Bruker magnetic probes were used for work function measurement, and diamond 

probes with 350 N/m force constant were used to determine modulus and deformation. The 

AFM in situ mapping was used to distinguish the difference in properties between carbide 

and matrix. Image-Pro Plus 6.0 was adopted to analyze interfacial area/volume of matrix. 

To keep the data accurate, graphs were cut from optical microscopes with exactly same 

pixels on six samples. The system was set under “Std. Optical Density” mode and before 

every counting, the unit was transformed from pixel to micron in scaling calibration. All 

the parameters were consistent during the whole counting process between six samples. 
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Figure 3.1 Acoustic instrument for measuring Young’s modulus 

 

3.1.3 Computational details 

First-principles calculations were conducted based on the density functional theory 

(76) (DFT) using Vienna ab-initio simulation package (VASP) (77-79). Electron 

interactions were treated with the projector-augmented wave method. The generalized 

gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was adopted for the 

exchange and correlation potentials (80). Cut-off energy of 450 eV and 3×3×1 k-point 

mesh (81) was used for all calculations. Energy difference of 10-5 eV was set as the 

convergence condition for self-consistency calculations, and geometry relaxation 

tolerances were 10-2 eV/Å for force and 10-5 eV for energy. The interface models were 

constructed by contact between (001) surface of carbide (Fe4Cr3C3) and (110) surface of 

iron. The boundary was periodic in the interface plane. A vacuum layer of 15 Å was built 

along the direction perpendicular to the plan of interface, and the energy for an election 

moving from surface of iron to vacuum was calculated as EWF of the system. The EWF 



31 

 

was defined by the difference between the vacuum potential and the Fermi energy. This 

work is done in collaboration with Dr. Yunqing Tang. 

 

3.2 Results and discussion 

3.2.1 Phases and microstructures of various samples 

Depending on the carbon concentration, the HCCI consisted eutectic M23C6 

carbides and primary M7C3 carbides. When the carbon content is within 1% and 2%, fine 

M23C6 carbides are present. Within 3%C - 4%C, M23C6 and M7C3 carbides co-exist. After 

4%C, only M7C3 primary carbide show up (82). Compared to the ferrous matrix, M7C3 and 

M23C6 show almost the same local work function measured using AFM mapping (Chapter 

3.2.3). To highlight core factors, this study focused on the effects of size, fraction and 

special arrangement of the carbides on EWF and overall properties of the material. 

Scanning electron microscopy images (figure 3.2) show microstructural 

characteristics of samples. This alloy system consists of carbides (dark) and the metallic 

matrix (grey) with red interfacial line. With increasing the carbon content from 1 wt.% to 

2 wt.%, the fraction of carbides increases considerably, accompanied with an increase in 

the carbide/matrix interfacial area. As the carbon content continuously increases, primary 

carbides occur and the total interfacial area decreases. Further increasing the carbon content 

to 6 wt.%, the primary carbide becomes predominant with further decrease in the total 

interfacial area. 
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Figure 3.2 SEM images with interfacial lines: (A) 40 wt.% Cr - 1 wt.% C, (B) 40 wt.% 

Cr - 2 wt.% C, (C) 40 wt.% Cr - 3 wt.% C, (D) 40 wt.% Cr - 4 wt.% C, (E) 40 wt.% Cr - 

5 wt.% C, (F) 40 wt.% Cr - 6 wt.% C 

 

3.2.2 Relationship between Young’s modulus and overall EWF 

Figure 3.3 illustrates overall EWF (measured using Kelvin Probe technique) and 

Young’s modulus (measured by acoustic measurement) versus the carbon content. As 

shown, both of the properties increase synchronously, reaching maximum values at 2% C, 

and then decrease with further increasing the carbon content. The coincident changes in 

the two properties with microstructure are of significance to the application of EWF as a 

guiding parameter in material design, similar to the situations of metals and single-phase 

solid solutions (15). Table 3.1 gives experimental data of properties on 40% Cr series HCCI. 
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Table 3.1 Overall Young’s modulus and EWFs of different samples 

Sample 1%C 2%C 3%C 4%C 5%C 6%C 

E (GPa) 233.62 263.35 261.20 227.42 171.79 120.05 

EWF (eV) 4.59 4.76 4.60 4.55 4.54 4.36 

 

 

Figure 3.3 Overall EWF vs Young’s Modulus of samples with different carbon 

contents 

 

3.2.3 Local EWF differentiation between samples 

To obtain further information on the relation between the overall EWF and those 

of individual phases, we employed AFM to analyze local properties of Fe-40%Cr-5%C 

HCCI as a sample material. Figure 3.4A is a topography image showing carbide (light) and 

matrix (dark), and figures 3.4(B-D) illustrate corresponding EWF, modulus, and 

deformation maps. Figure 3.4F shows variations in potential or EWF measured along a line 

marked in figure 3.4B. Carbides have higher EWFs than the matrix, and the eutectic M23C6 
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has its EWF slightly lower than that of M7C3 (as figures 3.4B and F). These maps further 

confirm the coincident variations in EWF, modulus and deformation versus the carbon 

content. 

Figure 3.5 represented other work function mapping except for 5% carbon content. 

According to the AFM analysis for 40Cr-2C, 40Cr-3C and 40Cr-4C samples, primary 

carbide and eutectic carbide have similar electron work functions. Thus, we mainly focus 

on microstructure difference between the carbides and the matrix. 

 

Figure 3.4 AFM mapping with 40%Cr - 5%C sample: (A) Topography, (B) Work 

function, (C) Modulus, (D) Deformation, (E) A 3D image showing potential 

difference, (F) Profile of EWF along the line shown in B 
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Figure 3.5 AFM maps of Fe-40 wt.%Cr-1 wt.%C sample: (A) Topography, (B) Work 

function; Fe-40 wt.%Cr-2 wt.%C sample: (C) Topography, (D) Work function;  40 
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wt.%Cr-3 wt.%C sample: (E) Topography, (F) Work function; Fe-40 wt.%Cr-4 

wt.%C: (G) Topography, (H) Work function; Fe-40 wt.%Cr-6 wt.%C sample: (I) 

Topography, (J) Work function. The line profile on the right side shows potential 

difference between carbide and matrix. 

 

It is noticed that the samples with further higher fractions of primary carbides, e.g., 

Fe-40%Cr-6%C, showed lowered overall EWF and Young’s modulus. Figure 3.6 

illustrates EWFs of carbide and matrix with different C concentration. The variations in 

EWF of the samples are consistent with those measured using the Kelvin Probe. At 2%C, 

EWF shows the highest value and then decreases with increasing the carbon content. The 

average potential difference between carbide and matrix is about 0.1 eV when the carbon 

content is in the range of 2%~3%. This difference decreases with increasing the volume 

fraction of carbide, and EWFs of carbides and the matrix approach each other at 6%C. 

Such changes are an indication that the work functions of the carbide and matrix affect 

each other and synergistically influence the overall Young’s modulus.  

 

Figure 3.6 Local potential difference between samples 
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3.2.4 Understanding the observed relationships with a proposed 

charge compensation model  

EWFs of carbide and matrix may mutually influence each other through the 

following mechanism. When carbide and matrix are in contact, as φ (carbide) >φ (matrix), 

electrons move from the matrix to the carbide until a dipole layer is established at their 

interface, which balances the potential difference and stops further electron movement. As 

illustrated in figure 3.7A, the driving force for the electron movement is the potential 

difference and the established double layer compensates the potential difference, thus 

preventing the further movement of electrons (23). Such electron movement makes 

electrons depleted inside the matrix and thus renders the matrix electrically positive, which 

increases the difficulty for electrons to escape from the matrix, leading to an elevated 

apparent EWF. Such a change in EWF may be termed as a charge-compensation 

phenomenon, which is dependent on the amount of carbides, the carbide/matrix interfacial 

area, and the spacing between adjacent carbides. Thus, the measured EWF should carry the 

information about the microstructural influence on the overall electron behavior. 
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Figure 3.7 (A) Interfacial dipole layer between carbide and the matrix, (B) 3D 

schematic of alloy 

 

Let’s look at a carbide/matrix interface, considering an interface between carbide 

and matrix having an area of S, where an electrical diploe layer forms with the interfacial 

charge density of σ, resulting from the contact potential due to the difference in work 

function between the two phases. The formed diploe layer establishes an opposite electrical 

filed, blocking further electron migration from the low-EWF matrix to the high-EWF 

carbide. Assume that the matrix has a volume of Vm and its free electron density equals 

ρe− , the change in the free electron density of the matrix, ∆ρe−, is related to the interfacial 

charge at the dipole layer,   
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Vm ∙ ∆ρe− = S ∙ σ (3.1) 

Based on previous studies, the initial work function of the metallic matrix without being in 

contact with the carbide is dependent on the electron density (7): 

φinitial = αρe−

1
6 (3.2) 

α =
e3m

1
2

163√3π
5
3ℏε0

3
2

(3.3) 

where ℏ is Planck’s constant, m is mass of electron and ε0 is vacuum permittivity. When 

carbide with higher EWF is in contact with the matrix, the change in work function of the 

matrix is expressed as: 

∆φ = α
1

6
ρe−

−
5
6∆ρe− (3.4) 

During overall EWF measurement, electrons escape from weaker locations on sample 

surface with lower local EWFs. Thus, the percentage change of the overall work function 

is related to the EWF of the matrix as a function of interfacial area, interfacial charge 

density, volume of matrix, and variation in its free electron density: 

∆φ

φinitial
=

∆ρe−

6ρe−
=

Sσ

6Vmρe−

(3.5) 

According to Poisson’s equation on electrostatics (83, 84): 

∇2(V) =
d2V

dx2
= −

ρint

ε0

(3.6) 
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where V is the contact potential at the carbide/matrix interface, the interfacial electron 

density ρint (Coulomb) is equal to: 

ρint = σe (3.7) 

 σ is the interfacial charge density (unit is 1), e is the unit charge: 

∆φ (eV) = φ (carbide) −  φ (matrix) (3.8) 

Thus, we have 

d2(∆φ)

dx2
=

σe2

ε0

(3.9) 

Thus, we get the expression of interfacial charge density: 

σ =
2ε0∆φ

x2e2
(3.10) 

where ε0 is vacuum permittivity, and x is half the width of the dipole layer.  According to 

equation (3.10), the interfacial charge density is proportional to the potential difference or 

the difference in work function between the two phases in contact. The typical width of 

doped p-n junction depletion layer is 102~103 Å (85) and the higher doping density, the 

lower depletion layer width. To simplify the analysis without losing physical significance, 

we assume x=100Å as cast iron had higher free electron density. ∆φ was determined 

through AFM mapping (figure 3.6). Based on the obtained experimental data, the 

interfacial charge density can be calculated and details are provided in table 3.2. Since the 

overall work function is directly related to S/V ratio, for comparison purpose, the length of 

interfacial line over the cross-section area of ferrite phase roughly equals to the S/V ratio 
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(figure 3.7B). As shown in figure 3.8, S/V ratio reaches the maximum at 2%C and then 

decreases. The free electron density ρe− can be replaced by density parameter rs (52) which 

is determined by atomic related parameters: 

ρe− =
3

4πrs
3

(3.11) 

where rs for Fe is 1.04 Å, rs for Cr is 1.05 Å (52). Thus, the initial matrix’s free electron 

density is determined as 2.12×1029 electrons/m3. With the above data, the percentage 

increase in work function can also be calculated, results of which are shown in figure 3.9. 

The improvement of overall work function reaches 4.25% at 2% carbon content, which has 

the highest S/V ratio with fine carbide microstructure. From accepted work function 

calculated by electron density (52), work functions of Fe and Cr are at the same level of 

4.5 eV, thus, φinitial=4.5 eV was used in the calculation. Figure 3.10 gives comparison 

between theoretical and experimental overall EWFs, the similar trends indicate that this 

model works well for multiphase materials. Detailed data (e.g., local work function, 

interfacial and matrix area, etc.) used in model calculations are given in Table 3.2. 
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Figure 3.8 Value of interfacial line and matrix area 

 

Figure 3.9 Ratio of 𝑆 𝑉⁄  and ∆φ φinitial⁄  

 



43 

 

 

Figure 3.10 Comparison between theoretical and experimental results 

 

Table 3.2 Detailed data (e.g., local work function, interfacial and matrix area, etc.) 

used in model calculations 

Carbon % 1 2 3 4 5 6 

φcarbide (eV) 4.721 4.759 4.741 4.597 4.543 4.518 

φmatrix (eV) 4.656 4.661 4.642 4.505 4.491 4.509 

△φ (eV) 0.065 0.098 0.099 0.092 0.052 0.009 

interfacial 

line (μm) 

32297 

 

77057 

 

57681 

 

47147 

 

16638 

 

6665 

 

carbide area 

(μm2) 

65850 

 

112724 

 

135176 

 

138490 

 

185798 

 

213198 
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Percentage of 

carbide (%) 

0.247 0.422 0.505 0.518 0.701 0.803 

Matrix area 

(μm2) 

200749 154395 132499 128865 79249 52304 

S/V (106/m) 0.161 0.499 0.435 0.366 0.210 0.127 

△φ/φinitial (%) 0.91 4.25 3.75 2.93 0.95 0.10 

φtheoretical (eV) 4.541 4.691 4.669 4.632 4.543 4.504 

 

3.2.5 Further verification of the model through first-principles 

calculations 

As demonstrated, the overall EWF carries the information about the microstructural 

influence on the overall electron behavior. This has also been confirmed by first-principles 

calculations. Figure 3.11 illustrates three interfacial model systems having iron in junction 

with carbides having different spacings between adjacent carbides. The systems have 

4 3 3( )(001) / /(110)Fe Cr C Fe
 interfaces. The energy for taking an election from surface of iron to 

vacuum was calculated as EWF of the system. As shown, the work function increases when 

the distribution of carbides becomes denser with smaller spacing between adjacent carbides, 

which contributes to a higher S/V ratio of the system.   
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Figure 3.11 Schematic diagrams and EWFs of three interfacial configurations. (A) a 

model of carbide/Fe interface; the calculated EWF is the energy for electrons to 

escape from the surface of iron. (B) - (D) EWFs of models with different spacings 

between adjacent carbides 

 

3.3 Conclusions 

In summary, using high-Cr cast irons as a sample material, we demonstrate that the 

apparent EWF of the multiphase alloy reflects the integrated electron behavior and overall 

properties. Both EWF and Young’s modulus increase synchronously, reaching maximum 

values with 40 wt.% Cr - 2 wt.% C sample. When two phases having different EWFs are 

in contact, a dipole layer forms at the interface, leading to depletion of electrons in the low-
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EWF phase and thus rendering it more positive. This charge-compensation process 

increases the overall EWF, which is affected by the microstructural arrangement. The study 

demonstrates that the overall EWF does reflect the overall properties of multiphase 

materials. Establishing the relationship is a crucial step towards design of structural 

materials through “electronic metallurgy”.   
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Chapter 4 Microstructure – EWF – property 

relationships in low carbon steel having two levels 

of microstructural inhomogeneity 

Attributed to the intrinsic correlation between EWF and the atomic bond strength 

and electronic stability, which govern mechanical and electrochemical properties of 

materials, EWF has been successfully applied to material analysis and design. Chapter 3 

reports a study on the relationship among microstructure, EWF and property, based on a 

simple multiphases system. In this chapter, this model is further verified with a study on 

low carbon steel with higher microstructural complexity, which is widely used in 

manufacturing. By adjusting the cooling rate of heat treatment, the size and distribution of 

pearlite and cementite can be well controlled, and the steel shows two levels of 

microstructure inhomogeneity. The low carbon steel experiencing annealing and cooling 

in furnace (LCA) contains coarse pearlite and ferrite matrix with large grain size, while the 

low carbon steel under normalizing condition (LCN) shows relatively fine pearlite in the 

ferrite matrix when cooled at a higher cooling rate. Microstructure and property 

differentiation between LCA and LCN are connected using EWF as a bridge, which 

indicates that EWF can also be used to guide multiphase metallic material design. The 

proposed charge-compensation model works well for the present case as well. 
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4.1 Experimental procedure 

4.1.1 Sample preparation 

ASTM A109 carbon steel was used for the study, which contains 0.13-0.20 wt.% C, 

0.30-0.90 wt.% Mn, max. 0.04 wt.% P, 0.15-0.30 wt.% Si, and max. 0.50 wt.% S, balanced 

by iron. Samples were annealed in a tube furnace at 760 ℃ with argon atmosphere for 1 

hour. The LCA samples were cooled in the furnace with a 50℃/h cooling rate and LCN 

samples were cooled in air. After the heat treatments, samples were cut and polished using 

SiC abrasive papers of 180, 320, 400, 800, 1200 grit successively, and then polished using 

1μm diamond slurry. A 2% nital solution was used as the etchant to remove a deformed 

layer and distinguish pearlite from ferrite, followed by ultrasonic cleaning in ethanol for 5 

min and dried with a compressed air flow. 

 

4.1.2 Experimental details 

Optical micrographs (Mitutoyo Finescope, FS60), Scanning Electron Microscope 

(SEM, CamScan MV2300, UK) and Transmission Electron Microscope (TEM, a Hitachi 

H-7000) were used to analyze microstructure differences. Phase differences were analyzed 

by X-ray Diffraction (XRD, Rigaku Ultima IV with Cobalt tube at 38kV and 38mA), 

scanning range was from 25° to 100° and scanning speed was 2 deg/min. JADE 9.6 

software was used to analyze phase information. Samples were cut to 30mm × 6mm × 3mm 

dimension to measure Young’s modulus using an acoustic instrument with RFDA basic 

software (IMCE company) for data analysis. Hardness was measured by Indentec Hardness 

Testing Machine based on Vickers hardness. At least five measurements were carried out 
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on each test. Electrochemical experiments were conducted at room temperature based on 

Gamry electrochemical workstation. 3.5 wt.% NaCl solution and 0.5 mol/L HCl acid 

solution were used to measure corrosion resistance. The saturated calomel electrode (SCE) 

was reference electrode and Pt plate was used as counter electrode with 1 cm2 area. Scan 

rate was set to be 0.33 mV/s. Samples in dimension of 10mm × 10mm × 5mm were used 

for EWF analysis. A scanning Kelvin Probe (KP Technology, Caithness, UK) with a gold 

tip was employed to measure overall work functions of the samples. Bruker Multimode 

Atomic Force Microscope8 (AFM) with PeakForce KPFM capability was used to measure 

the local work function with Bruker magnetic probe. The potential difference between 

pearlite and matrix was distinguished by using AFM in situ mapping. Interfacial 

area/volume of matrix simulation was analyzed by Image-Pro Plus 6.0. To keep the data 

accurate, graphs were cut from optical microscopes with exactly same pixels between LCA 

and LCN samples. The system was set under “Std. Optical Density” mode and before every 

counting, the unit was transformed from pixel to micron in scaling calibration. All the 

parameters were consistent with LCA and LCN counting processes. 

 

4.2 Results and discussion 

4.2.1 Microstructure differentiation under different cooling 

conditions 

Figure 4.1 shows XRD patterns of the LCA and LCN samples. Comparing with 

standard powder diffraction patterns, it is shown that Fe (01-087-0721) and Fe3C (03-065-

2412) are present in the samples without existence of other phases. Based on the 
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microstructure observations and XRD analysis, the furnace cooling and air cooling did not 

result in changes in phase constituents but affected the degree of microstructural coarsening. 

 

Figure 4.1 XRD patterns of LCA and LCN samples 

 

Representative optical, SEM and TEM images of the low-carbon steel are presented 

in figure 4.2. A coarse pearlite microstructure of the LCA sample having its average grain 

size of 100μm is illustrated in figures 4.2 (A-G). With relatively lower cooling rate, 

austenite has enough time to transform into coarse pearlite (86). In contrast, the LCN 

sample shows fine pearlite (average grain size is around 20μm) with more densely 

distributed cementite in the pearlite domains, as figures 4.2 (H-N) illustrate. With similar 

volume fraction of pearlite, LCN sample shows higher interfacial area between pearlite and 

iron matrix. Figure 4.2 (D, E) and (K, L) show SEM backscattered images of LCA and 

LCN sample, respectively. A lamellar microstructure is observed in pearlite with 

composition of plate cementite and iron matrix. TEM images of pearlite between two 

samples are presented in figure 4.2 (F, G, M, N) to understand microstructure difference in 
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pearlite. LCN sample has finer and denser plate-like cementite, compared to the LCA, 

corresponding to a larger total interfacial area between ferrite and cementite, proving that 

the cooling rate does not only affect the size and distribution of pearlite, but also 

distribution and thickness of cementite in pearlite. Having a finer microstructure with 

higher interfacial area leads to higher overall work function, thus, a more stable electronic 

state is established under physical and electrochemical attack. 
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Figure 4.2 (A - C) Optical micrographs of LCA, dark regions are pearlite and white 

regions are ferrite matrix; (D, E) SEM images of LCA; (F, G) TEM images of pearlite in 

LCA; (H - J) Optical micrographs of LCN; (K, L) SEM images of LCN; (M, N) TEM 

images of pearlite in LCN 

 

4.2.2 Relationship between mechanical performance and EWF 

Young’s moduli, hardness values and overall work functions of the low-carbon 

steel were measured. The mechanical properties versus EWF are illustrated in figure 4.3. 
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Both Young’s modulus and hardness of the normalized sample show higher values, 

corresponding to its higher EWF. Table 4.1 gives the measured values of the properties. 

The results are consistent with previous observations that the trend of changes in 

mechanical property is similar to that of corresponding changes in electron work function 

(25, 63, 87). The value of overall EWF represents the stability of valence electron and bond 

strength between atoms. LCN sample has finer pearlite microstructure with a larger total 

interfacial area, leading to a stronger electron redistribution effect and a higher overall 

EWF, which corresponds with a higher atomic bond strength. As an intrinsic property, 

Young’s modulus is directly related to the atomic bond strength of material. The higher 

Young’s modulus of the LCN sample and correspondingly higher EWF imply that the 

overall mechanical strength and the apparent EWF of a two-phase alloy should be 

correlated in a certain way. Electrons must be redistributed in order to reflect the changes 

in the overall properties that integrate contributions from various phases with certain 

microstructural features. Such electron redistribution lead to the development of a certain 

relationship between the mechanical properties and EWF, which may be similar to those 

for pure metals and homogeneous solid solutions. As shown in figure 4.3, the change in 

hardness is similar to that of Young’s modulus. Although hardness is less intrinsic, a higher 

EWF corresponds to stronger atomic bonding and a higher resistance to plastic deformation 

involving dislocation generation and movement (8, 67). As a result, both hardness and 

Young’s modulus show higher performance with increasing overall EWF in low carbon 

steel, indicating that multiphase materials still follow the EWF – property relationship. 
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Figure 4.3 Relationship between mechanical property and overall EWF 

 

Table 4.1 Overall properties of LCA and LCN samples 

 Young’s Modulus (GPa) Hardness (HV) EWF (eV) 

LCA 190.81 117 4.632 

LCN 196.33 133 4.701 

 

4.2.3 Relationship between corrosion resistance and EWF 

The corrosion behavior of a material is related to its electrochemical stability, which 

is related to the electron stability of atomic bonds. Thus, higher EWF should correspond to 

higher intrinsic corrosion resistance (17). Here, the intrinsic corrosion resistance does not 

include the influences from surface adsorption and oxidation, e.g., the formation of passive 

films. Or in other words, it refers to the resistance to material dissolution in a corrosive 

environment. Corrosion resistance can be evaluated by two parameters, one is the corrosion 
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rate (CR) which directly related to reaction kinetics and the other is the corrosion potential 

(Ecorr) which reflects the corrosion tendency of a material or the driving force for starting 

corrosion. Based on Faraday’s law (88), corrosion rate is represented as: 

Corrosion Rate(CR) =
k × jcorr × EW

ρ
(4.1) 

where k is 0.00327 mm×g/(μA×cm×yr) for 3.5 wt.% NaCl salt solution, jcorr is corrosion 

current density (μA/cm2), EW is equivalent weight of mild steel which is estimated to be 

28.25. ρ is density of steel and set to be 7.86 g/cm3 (88). In this study, 3.5 wt.% NaCl salt 

solution and a dilute HCL solution are used to investigate the corrosion resistances of LCA 

and LCN samples. In the NaCl solution, Cl- plays a main role in corroding the steel, which 

is mainly influenced by pitting and intergranular corrosion effect (89). Figure 4.4A 

illustrates the open circuit potentials (OCP) of the two samples against time. As shown, the 

normalized sample has a higher OCP with less tendency of being corroded. Polarization 

curves of two samples are illustrated in figure 4.4B. Using extrapolation method, the 

corrosion potential and corrosion current density can be determined based on the 

polarization curve. Results of the measurement are given in table 4.2. As shown, the 

corrosion current density of LCN is lower than that of LCA, indicating that the LCN sample 

has a lower kinetic rate of corrosion in the salty solution. For more information, corrosion 

behaviors of the two samples in a 0.5M HCl acid solution were also analyzed, in which 

carbon steel generally dissolves without formation of a surface film that complicates the 

corrosion process. The dilute HCL acidic solution is usually used as an aggressive 

corrosion medium in industrial processes such as pickling and etching (90). Figure 4.4C 

and D show OCP and polarization curve of the two samples in the acidic solution, 
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respectively. The LCN sample still shows lower corrosion tendency, compared to that of 

the LCA sample, while their polarization curves are closer. Table 4.2 provides values of 

corrosion potential, corrosion current (Icorr), corrosion current density and corrosion rate of 

the two samples. As shown, the corrosion current density of LCN is lower than that of LCA 

but the percentage difference is not as large as that in the NaCl solution, since the carbon 

steel is more prone to the acidic solution. 

 

Figure 4.4 (A) Open circuit potential and (B) polarization curve in 3.5 wt. % NaCl 

solution; (C) Open circuit potential and (D) polarization curve in 0.5 mol/L HCl 

solution 
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Table 4.2 Corrosion potentials (Ecorr), corrosion currents (Icorr), corrosion current 

densities (jcorr) and corrosion rates (CR) of LCA and LCN samples in the two different 

solutions 

Solution sample Ecorr /V Icorr /μA jcorr / 

(μA/cm2) 

CR / 

(mm/yr) 

3.5 wt.% 

NaCl 

LCA -0.638 21.21 10.45 0.123 

LCN -0.382 5.25 2.74 0.032 

0.5 mol/L 

HCl 

LCA -0.466 30.01 25.47 0.299 

LCN -0.416 28.69 14.96 0.176 

 

Based on the measured corrosion parameters, the relationship between EWF and the 

corrosion resistance is clearly shown in figures 4.5 and 4.6. With higher overall EWF that 

corresponds to a more stable state of electrons, the LCN sample shows higher resistance to 

corrosion (lower CR and higher Ecorr), compared with LCA sample in both the acidic and 

salty solutions.  
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Figure 4.5 Relationship between EWF and corrosion potential, corrosion current 

density in 3.5 wt.% NaCl solution 

 

Figure 4.6 Relationship between EWF and corrosion potential, corrosion current 

density in 0.5 mol/L HCl solution 
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4.2.4 EWF of pearlite - a microconstituent consisting of 

cementite and ferrite 

As already shown in figure 4.2, there are two levels of microstructural 

inhomogeneity in low carbon steel which may affect overall work function. Let’s look at 

the pearlite first, which consists of two phases, ferrite (α-Fe) and cementite (Fe3C). When 

two different phases are in contact, electrons move from the phase having a lower EWF to 

that with a high EWF, driven by a contact potential difference (43). In the present case, 

electrons in ferrite tend to move towards adjacent cementite that has a higher potential or 

EWF until a dipole layer is established at the Fe/Fe3C interface. As shown in figure 4.7, 

electrons are accumulated at the interface, which would build an electric field within the 

interface region as the charge accumulation, generating an opposite electrostatic force to 

balance the driving force resulting from the contact potential difference (91). As electrons 

move towards the interfacial area, electrons are depleted in the ferrite region. Such charge 

relocation leads to a positively charged ferrite region, from which electrons would have 

increased difficulty to escape when under an external electrical field during EWF 

measurement. Equivalently, the measured EWF would be higher. The corresponding 

percentage increase in work function can be described with interfacial and volume 

parameters: 

∆φ

φinitial
=

∆ρe−

6ρe−
=

Sσ

6Vρe−
(4.2) 

With a higher S/V ratio or a finer microstructure, the measured EWF would be 

increased with correspondingly changed mechanical and electrochemical properties. 

(Detailed derivation is given in Chapter 3.2.4). When the steel is cooled at a higher cooling 



61 

 

rate, the thickness of plate-cementite in pearlite becomes finer with a larger S/V ratio. It is 

expected that the pearlite in the normalized sample would have a higher EWF than that of 

pearlite in the furnace-cooled sample in which the pearlite is coarser (see figures 4.2F and 

M). In order to confirm this, EWFs of pearlite domains in LCA and LCN samples were 

analyzed through AFM mapping. Figures 4.8 (A, B) and (C, D) show representative 

topographical maps of LCA and LCN samples, respectively. Corresponding potential maps 

of the samples are illustrated in figures 4.8 (E, F) and (G, H). The light areas represent 

pearlite (P) and the dark one represents ferrite matrix(F). Figures 4.8I and J show local 

potential variations between LCA and LCN measured along the white lines in E to H. 

Statistical results confirm that pearlite shows higher potential than ferrite, which can cause 

the electron redistribution at the interface. Table 4.3 gives the measured EWFs of perlite 

domains in LCA and LCN samples. As shown, EWF of the pearlite in LCN sample is 

higher than that in LCA sample, consistent with the theoretical analysis. 

 

Figure 4.7 (A) Schematic of the charge - compensation model: electrons move 

towards the Fe/Fe3C interface, building a dipole layer to stop further charge 

accumulation. The ferrite region becomes electron-depleted, (B) A TEM image of 

pearlite consisting ferrite and cementite (dark) 
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Figure 4.8 Topographical maps of (A, B) LCA and (C, D) LCN; P represents pearlite 

and F represents ferrite in the images; Corresponding potential maps of (E, F) LCA 

and (G, H) LCN; (I) Line profile of potential change (along lines 1 and 2 in figures E 

and F, respectively) in LCA, (J) Line profile of potential change (along lines 3 and 4 in 

figures G and H, respectively) in LCN 

 

Table 4.3 Statistical local work function in LCA and LCN samples 

Local Work Function (eV) Pearlite Matrix 

LCA 4.66 4.63 

LCN 4.72 4.69 
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4.2.5 EWF of the steel - an alloy system consisting of pearlite and 

ferrite 

For the air-cooled and furnace-cooled samples, their microstructures are different at 

two levels. The microstructural difference at level one refers to the difference in size and 

spacing of cementite in pearlite between sample LCA and sample LCN as shown in figures 

4.2G and N. The microstructural difference at level two refers to the difference in the sizes 

of pearlite and ferrite domains between the samples as figures 4.2A and H or figure 4.9 

illustrate. Since pearlite has a higher EWF than ferrite matrix as figures 4.8I and J illustrate, 

a dipole layer would also form at the pearlite/ferrite interface. Thus, EWF of the samples 

would also be influenced by microstructure at this level involving the size of pearlite 

domains and the spacing between adjacent pearlite domains.  

For the pearlite-ferrite microstructural inhomogeneity, interfacial charge density at 

pearlite/ferrite interface is defined and expressed as: 

σ =
2ε0[φ (pearlite) −  φ (ferrite matrix)]

x2e2
(4.3) 

The principle of theoretical calculation is the same with Chapter 3.2.4. Based on obtained 

EWFs of pearlite and ferrite in LCA and LCN samples and their S/V ratios, theoretical 

interfacial charge density are calculated and presented in Table 4.4. As shown, σ shows 

similar value between LCA and LCN sample. Since the magnitude of change in work 

function is affected by the S/V ratio, for comparison purpose, we use the length of 

interfacial line over the cross-section area of ferrite phase to represent the S/V ratio. Figure 

4.9 gives micrographs processed by Image-pro Plus. Interface between pearlite and matrix 

is drawn by red line. As shown in Table 4.4, S/V ratio increases significantly in LCN 
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sample, which is three times as high as that of LCA. This makes a main contribution to the 

charge compensation effect, leading to increased overall electronic stability. Free electron 

density ρe−  is determined by density parameter rs (Fe 1.04 Å) (52), so initial ferrite 

matrix’s free electron density is set to be 2.12×1029 electrons/m3. The increasing percentage 

of apparent work function is given in Table 4.4. LCN sample has its EWF increased by 

2.3%, resulting from its fine and dense pearlite configuration, corresponding to better 

mechanical performance. If the initial work function of iron is set to be 4.5 eV (52), the 

theoretical overall EWF can be provided, which shows a good fit with experimental data. 

This microstructure – EWF – property model works well for the low-carbon steel with 

microstructural features. 

 

Figure 4.9 (A) Optical micrographs of LCA with red interfacial lines, (B) Optical 

micrographs of LCN with red interfacial lines 
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Table 4.4 Detailed data (e.g., interfacial charge density, S/V, etc.) used in model 

calculations 

Sample LCA LCN 

△φ (eV) 0.035 0.027 

σ (1023/m2) 1.55 1.19 

Percentage of pearlite (%) 0.2846 0.2445 

Interfacial line (μm) 12219 41719 

Matrix area (μm2) 164899 174143 

S/V (106/m) 0.074 0.240 

△φ/φinitial (%) 0.90 2.25 

φtheoretical (eV) 4.541 4.601 

φmeasured (eV) 4.632 4.701 

 

4.3 Conclusions 

For the study presented in Chapter 4, the following conclusions are drawn: 

1) The normalized sample (LCN) has pearlite containing thinner cementite plates 

embedded in ferrite with a smaller spacing between adjacent cementite plates. The 

pearlite in LCN shows a higher EWF, compared to that in the furnace-cooled sample 

(LCA). 

2) The LCN sample has a finer microstructure with smaller pearlite (P) and ferrite (F) 

domains and its total P/F interfacial area is considerably larger than that in LCA, 

resulting in further increased EWF. The normalized sample has a higher overall EWF 
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than the furnace-cooled sample. 

3) When two microconstituents having different EWFs are in contact, electrons move 

from the low-EWF one to that having a higher EWF until the formed dipole layer at 

the interface is sufficiently strong to stop the electron redistribution. Equivalently the 

low-EWF microconstituent becomes positively charged, leading to enhanced 

confinement to electrons and thus elevated apparent EWF. 

4) Higher apparent EWF corresponds to stronger overall confinement to electrons, 

resulting in stronger atomic bonding and stability, corresponding to higher mechanical 

strength and higher resistance to corrosion. 

 

Up to this point, we demonstrate that the apparent EWF does carry the information on 

integrated electron behavior and overall properties of multiphase alloys. Establishment of 

such relationships is a crucial step towards the design of structural materials on a feasible 

electronic base or through “electronic metallurgy” as a complementary or alternative 

methodology. 
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Chapter 5 General conclusions and future studies 

5.1 Conclusions 

Electron work function is a promising parameter for designing structural materials. 

This parameter is intrinsically related to the metallic bonding and thus mechanical and 

electrochemical properties of metals. However, whether EWF can reflect overall properties 

of a multiphase alloy, which are integrated from those of individual phases, is a main 

barrier to the application of EWF in material design towards a more fundamental 

metallurgical framework: “electronic metallurgy”. In this thesis, we demonstrate that the 

apparent EWF does carry the information on integrated electron behavior and overall 

properties of multiphase alloys. The detailed conclusions are listed below: 

⚫ EWF has been correlated well with atomic bonding, physical and mechanical 

properties of homogeneous solid solutions both theoretically and experimentally. 

⚫ A charge-compensation model is established to explain the change of overall EWF, 

which is affected by the microstructural arrangement between different phases. In 

addition to the difference in EWF between different phases, the interface plays a 

crucial role in influencing the overall EWF. 

⚫ Using high-Cr cast irons as a sample material, we demonstrate that the apparent EWF 

of the multiphase alloy reflects the integrated electron behavior and Young’s modulus. 

⚫ Low carbon steel having two levels of microstructure inhomogeneity is used to further 

verify this model. With higher electronic stability, mechanical properties such as 
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Young’s modulus and hardness increase accordingly, and so does the corrosion 

resistance. 

⚫ Microstructure – EWF – property relationships are studied towards an alternative or 

supplementary methodology for material design and development. 

 

5.2 Future studies 

⚫ In the process of calculating theoretical EWF, we selected the most commonly used 

parameters for calculation. More accurate data can be obtained if first-principles 

calculation is applied to interfacial charge density analysis. More details about the 

charge redistribution and the mechanism could be obtained and better understood. 

⚫ Surface condition affects the measurement of EWF. For instance, oxidation, roughness, 

and defects introduced during surface preparation of samples would more or less affect 

the accuracy of EWF. How to minimize these effects need to be investigated. 

⚫ EWF are mostly applied to metallic products so far. Applications of EWF in analyzing 

ceramic and polymers are rather limited. Preliminary studies have shown that EWF 

can be applied to some ceramic materials with metallic bond components. Further 

studies are needed in order to extend the application of EWF in materials research and 

development. 
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