
 
 

Delft University of Technology

Work of adhesion of interfaces between M2AlC (M=Ti, V, Cr) MAX phases and α-Al2O3

Kwakernaak, Cees; Sloof, Willem G.

DOI
10.1016/j.ceramint.2018.09.127
Publication date
2018
Document Version
Accepted author manuscript
Published in
Ceramics International

Citation (APA)
Kwakernaak, C., & Sloof, W. G. (2018). Work of adhesion of interfaces between M2AlC (M=Ti, V, Cr) MAX
phases and α-Al2O3. Ceramics International, 44(18), 23172-23179.
https://doi.org/10.1016/j.ceramint.2018.09.127

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.ceramint.2018.09.127
https://doi.org/10.1016/j.ceramint.2018.09.127


Author’s Accepted Manuscript

Work of Adhesion of interfaces between M2AlC
(M = Ti, V, Cr) MAX phases and α-Al2O3

Cees Kwakernaak, Willem G. Sloof

PII: S0272-8842(18)32592-6
DOI: https://doi.org/10.1016/j.ceramint.2018.09.127
Reference: CERI19526

To appear in: Ceramics International

Received date: 14 August 2018
Revised date: 28 August 2018
Accepted date: 13 September 2018

Cite this article as: Cees Kwakernaak and Willem G. Sloof, Work of Adhesion of
interfaces between M2AlC (M = Ti, V, Cr) MAX phases and α-Al 2O3, Ceramics
International, https://doi.org/10.1016/j.ceramint.2018.09.127

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/ceri

http://www.elsevier.com/locate/ceri
https://doi.org/10.1016/j.ceramint.2018.09.127
https://doi.org/10.1016/j.ceramint.2018.09.127


Page 1 of 28 

Work of Adhesion of interfaces between M2AlC (M = Ti, V, Cr) MAX 

phases and -Al2O3 
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Delft, The Netherlands. 

Abstract: 

A fast and generic scheme is proposed to calculate the work of adhesion between two 

different materials or the cohesive energy between two crystal planes in a material. These 

calculations make use of the regular solution theory. This theory is extended to describe 

chemical interactions between atoms at either side of an interface. The so-called regular 

solution parameter is estimated from thermodynamic values tabulated or solution enthalpies 

obtained from a macroscopic atom model (MAM). Complex surface definitions at either side 

of an interface, both in composition and position of atoms, can be dealt with. 

The proposed scheme has been used to calculate the work of adhesion between M2AlC (M = 

Ti, V, Cr) type MAX phases and -Al2O3. Next, the cohesive energy of the MAX-phases and 

alumina were determined. The cohesion of the M2AlC type MAX-phase is the weakest bond 

present in the M2AlC- -Al2O3 systems. 
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1. Introduction 

M2AlC (M = Ti, V, Cr) belongs to the family of MAX phase metallo-ceramics, which 

are tough and therefore damage tolerant compared with many other common engineering 

ceramics [1]. These MAX phase are stable up to high temperatures and oxidation resistant [2-

5]. At high temperatures in an oxidizing environment a protective scale is formed. On Ti2AlC 

and Cr2AlC the scale is predominately composed of alumina [6, 7], but on V2AlC the 

composition of the scale is more complex [8]. The high thermal conductivity of these MAX 

phases makes them thermal shock resistant [9, 10]. All these properties are attractive for high 

temperature applications, where the material is exposed to thermal cycles, mechanical loading 

and oxidation. It has been demonstrated that crack damage in Ti2AlC and Cr2AlC can be 

healed by oxidation filling the crack gap with the reaction products [11-16]. To restore the 

strength of the material and thus the structural integrity, the adhesion between MAX phase 

matrix and healing product should be strong.  

An advanced application of MAX phases has been demonstrated in harsh turbine 

engine environments (cf. [17] and references therein). It is crucial to choose a good match of 

the coefficient of thermal expansion (CTE) between MAX phases, healing oxide and thermal 

barrier coating (TBC) [14, 17]. This condition was fulfilled for Ti2AlC, which possesses a 

CTE matching with those of alumina and yttrium stabilized zirconia (YSZ). Furthermore, the 

alumina layer formed upon thermal oxidation of Ti2AlC can withstand high fractions of water 

in the exhaust gas flow at about 1300 °C for up 2500 hours [17, 18]. Much of the TiO2 formed 

during initial oxidation is chemically attacked and burnt off. The CTE of Cr2AlC is larger 

than those of YSZ and alumina [19] and induces spallation of the protective alumina scale 

during cooling from operation temperature to room temperature. Some improvement was 

expected when the amount of sulfur present at the interface was reduced [20], but partial 

removal of sulfur from the Cr2AlC [17] did not improve the adhesion between Cr2AlC and 
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alumina. However, application of high purity MAX phases is an asset for further 

technological developments. 

In this study, the adhesion between M2AlC (M = Ti, V, Cr ) MAX phases and -Al2O3 

is considered. These MAX phases show distinctive oxidation behavior depicting their 

individual chemistries. For example, oxidation of Ti2AlC initially rutile is formed followed by 

a layer of alumina [12] with columnar structure at the Ti2AlC interface [21]. Observations 

with transmission electron microscopy (TEM) revealed orientation relations between the 

grown alumina and Ti2AlC [22]. Oxidation of Cr2AlC, on the other hand, results in exclusive 

formation of an alumina layer [23, 24]. Due to the Al depletion of Cr2AlC, a chromium 

carbide layer, mainly composed of Cr7C3, developed in between the alumina layer and Cr2AlC 

substrate [25]. When oxidizing of V2AlC at temperatures up to 650 ºC a well adhering film of 

a mixture of Al2O3 and V2O5 forms [8, 26, 27]. But upon oxidation at higher temperatures a 

layer of only V2O5 forms that easily spalls off [26]. 

The interface adhesion can be computed with atomistic methods [28, 29] in which case 

the work of separation is obtained. These atomistic calculations offering detailed chemical 

and structural information are very attractive, but require long computation times. Moreover, 

full registry between the crystallographic lattices at interfaces is usually not observed. The 

imposed periodic boundary conditions in these computations often require that the crystal 

lattice of one material becomes distorted thereby introducing a systematic error in the total 

energy [29]. Here, a rapid generic method to determine the work of adhesion is presented 

which is based on the Dupré equation [30] and uses a macroscopic atom model (MAM) [20]. 

This model is extended to comprise specific crystallographic orientations at the interface. For 

example, a detailed analysis [31] using the MAM to an Al – -Al2O3 interface provided 

insight in the behavior of aluminum metal and oxide during the initial stages of oxidation 

[32]. 
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First, the constituting equations to calculate the work of adhesion are presented. Next, 

the regular solution theory [33, 34] is adopted to include complex surface and interface 

chemistries. The adhesion of the MAX-phases M2AlC with -Al2O3 can then be described 

observing all interactions between metal atoms, carbon and oxygen across the interface. 

Metal-metal and metal-carbon interactions are to be considered when calculating the work of 

adhesion to describe the cohesive strength of the MAX-phase materials. The cohesion within 

-Al2O3 is a benchmark for the adhesion of the interface between the MAX-phase and -

Al2O3, which is calculated for various terminations of the MAX-phases. In a similar manner, 

the work of adhesion can be calculated for any other interface configuration. 

 

2. Work of adhesion 

The work of adhesion between two materials M and N is given by the Dupré equation [30]: 

 ( )surf surf interaction

Ad M N MNW        (1) 

in which 
surf

M  and 
surf

N  are the surface energies of both materials and 
interaction

MN  is the free 

energy of the interface between the two materials in contact. Analogously, when cleavage of 

one alloy or compound is considered, a work of cohesion, Wcoh, can be associated with the 

cleavage plane. For liquids the surface energies constitute the work of cohesion, but the 

chemical bonds in solids produce an additional interaction term. The work of cohesion for one 

material M is defined as: 

 , ,1 ,2 ,12( )surf surf interaction

Coh M M M MW       . (2)  

The indexes refer to both sides of the cleavage plane. In case the material is crystalline, the 

interface at cleavage is straightforward, as the crystal structures on both sides have full 

registry.  
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The surface energy (see Appendix A) of each side s (s=1,2) of material M, i.e. ,

surf

M s , is taken 

as the sum [20] of the surface enthalpy 
surf

iH  of element i that constitutes the interface 

weighted by the molar surface density ( , )

surf

i M sn : 

 , ( , )

surf surf surf

M s i M s i

i

n H   . (3)  

As both sides of cleavage plane might possess a slightly different chemical composition, the 

values of ( , )

surf

i M sn  must be distinguished. The values tabulated [35, 36] for 
surf

iH  are taken 

with respect to the first monolayer. However, the inclusion of a subsurface layer in this model 

requires a modified approach to compute the surface energy; cf. Appendix A. 

The chemical interactions ,

interaction

M 12  and 
interaction

MN  concerns only neighboring atoms as in 

the regular solution theory [33]. Considering the atoms i and j belonging to M and N 

respectively, 
interraction

MN  is described by the contact areas of interacting atoms i with molar 

surface density ( )

surf

i Mn and atoms j with molar surface density ( )

surf

j Nn . As an example, an 

interface of two binary substances, i.e. 1,2i   and 1,2j  , is shown in Fig. 1. The total 

chemical interaction energy is calculated with: 

   
( )- ( )

interface interaction

MN i M j N

i j

H         (4)  

where ( )- ( )

interaction

i M j NH  represents the interaction energy per unit area across the interface between 

all atoms i in M and j in N and calculated according to: 

  ( )- ( ) ( ) ( ) ( ) ( )

interaction surf surf surf sol surf sol

i M j N i M j N i M ij j N jiH px x n H n H      (5) 

where p is a factor describing the partial interaction of atoms at one side of the interface by 

the atoms across the interface. The interaction at the interface is smaller than for a binary 

substance of atoms i and j, hence 0 1p   and usually p = 1/3 is taken [31, 35]. The 
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quantities ( )

surf

i Mx  and ( )

surf

j Nx  are the molar surface fraction of atoms i in M and j in N, 

respectively, (cf. Appendix A): 

 
( )

( )

( )

surf

i Msurf

i M surf

i M

all i

n
x

n



 (6) 

 ( )

( )

( )

surf

j Nsurf

j N surf

j N

all j

n
x

n



 (7) 

More specifically, Eq. (5) describes the interaction between atoms by a pair potential 

as used in regular solution theory [33]. This theory considers the interactions between atoms 

in direct contact in bulk materials [34, 37, 38] and defines the enthalpy of mixing 
mix

ijH  

according to: 

 
mix

ij ij i jH x x   (8)  

where ix  and jx are the molar fractions of element i and j respectively and ij  is the regular 

solution parameter. The regular solution parameter ij  can directly be obtained from the 

measured values of the formation enthalpy for a given substance. In case the formation 

enthalpy is unknown, the regular solution parameter can be estimated from the arithmetic 

mean of the solution enthalpies weighted by their molar fractions [39, 40], i.e.: 

 
sol sol

ij i ij j jix H x H     , (9) 

where the respective solution enthalpies of 
sol

ijH  and 
sol

jiH , with solute element i dissolved 

in pure element j and vice versa. Data on solution enthalpies are scarce, but can be estimated 

using a semi-empirical macroscopic atom model (MAM) [35], see Appendix B. Eq. (9) has 

found widespread application to estimate formation enthalpies of alloys and intermetallic 

compounds with the MAM model [35, 41-43]. 
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Here, the mixing enthalpy is only describing the chemical interactions across the 

interface, thus a fraction p reduces the regular solution parameter and transforms the 

expression of the enthalpy of mixing into: 

 ( ) ( )

mix surf surf surf

ij ij i M j NH p x x  . (10) 

Here, 
surf

ij  only comprises interactions across the interface between element i from material 

M and element j from material N: 

 ( ) ( ) ( ) ( )( )( )surf surf surf sol sol

ij i M j N i M ij j N jin n H H        (11)  

and in this case the molar surface fractions 
( )i M  and 

( )j N  equals, respectively: 

 
( )

( )

( ) ( )

surf

i M

i M surf surf

i M j N

n

n n
 


 (12)  

and 
( )

( )

( ) ( )

surf

j N

j N surf surf

i M j N

n

n n
 


. (13)  

which reduces Eq. (11) to: 

 ( ) ( )

surf surf sol surf sol

ij i M ij j N jin H n H     . (14)  

The work of adhesion can thus be calculated for any interface given the chemical 

composition of both compounds and their crystallographic orientations. In the sequel, the 

theory presented is applied to calculate the work of adhesion of interfaces between MAX 

phase materials of type M2AlC (M = Ti, V, Cr) and -alumina. As the interfaces 

M2AlC(0001) – (11-20) -Al2O3 and M2AlC(11-20) – (11-20) -Al2O3 have been observed 

experimentally [12, 27], their work of adhesion is determined. Moreover, these interfaces 

have low index flat geometries and show the largest variation in the work of adhesion. 

 

3. MAX phase M2AlC(0001) // (11-20) -Al2O3 interface 
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The work of adhesion of the MAX phase – oxide systems are calculated using Eq. (1). The 

structure of interface of the MAX phase type M2AlC (M = Ti, V, Cr) and -Al2O3 is defined 

by their crystal lattices and lattice parameters (see Table 1) and their orientation with respect 

to each other. An example of the cross section of the interface is designated as: 

M2AlC(0001)[11-20] – Al // O – [1-100](11-20)-Al2O3 and is shown in Fig. 2, in which the 

MAX-phase is terminated by Al atoms and the alumina by O atoms. It is assumed that the 

crystal structure remains unaltered when both materials are placed opposite to each other. The 

work of cohesion of both materials originate from the atomic interactions across the planes 

indicated in Fig. 2. 

The surface energies surf

M  are calculated with Eq. (3). The values of the surface 

energy surf

iH  of the metals [35] were completed with those of oxygen [20] and of carbon 

[44, 45] with surface energy values of 0.65 eV/atom and 0.62 eV/atom, respectively. The 

sizes of the surface atoms determine the extent to which the atoms of the subsurface layer are 

obscured. The surface energies computed therefore contain the contributions of the surface 

and obscured subsurface atoms that are, however, partially exposed; cf. Fig. 1. 

When carbon atoms terminate the MAX-phases almost all M atoms are also exposed 

to the surface. The small sizes of the carbon atoms cover the surface layer only partially since 

they lie almost embedded in the MC-layer. This is represented in the surface densities 

calculated, viz.: surf

Cn 21 µmol/m² and surf

Mn 13 µmol/m². The surface energy of the carbon 

layer alone equals 1.3 J/m², while the subsurface M element contributes 1.2, 1.0 and 0.85 J/m² 

for Ti, V and Cr, respectively. When the top surface layer consists of either Al or M elements 

the surface densities are about 23 µmol/m². Then, the fraction of subsurface elements is 

greatly reduced. The surface energy of the Al terminated planes is about 0.4 J/m² lower than 

the surface energy for the M element terminated plane of the MAX phases and equals 1.5 and 

1.9 J/m², respectively, including the contribution of the subsurface layer. 
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The surface energies of alumina were calculated for the (11-20) -Al2O3 planes 

terminated by either a single layer of oxygen or aluminum; cf. Fig 2. The aluminum plane 

(see Fig. 2 above the gray line) has a surface energy of 1.5 J/m², which is also found for the 

single oxygen layer terminated surface. 

The interaction energy (see Eq. (4)) is determined by the contributions of all pair of 

atoms identified across the interface (see Eq. (5)). The sizes of these atoms (see Eq. (A4)) 

were derived from the molar surfaces computed with the MAM. The atomic radii thus 

obtained were used to calculate the surface fraction (see Eq. (A1)). The regular solution 

parameters 
surf

ij  were determined using the solution enthalpies calculated with Eq. (B2). 

Those values were compared with experimental regular solution parameters obtained from 

heat of formation data of the binary compounds [46]. 

The calculations of the cohesive energies of the MAX phases and -Al2O3 were done 

for coherent ‘interfaces’ parallel to the (0001)-plane in the MAX phases or the (11-20)-plane 

in -Al2O3; see Table 2. The cohesive energy of -Al2O3 is the largest (6.7 J/m²) and is only 

approached by the titanium – carbon bonds in Ti2AlC (6.0 J/m²). The cohesive energy of the 

transition metal – aluminum bonds of 4.7 J/m² or less is the weakest bond in every MAX-

phase considered. 

The work of adhesion of the interfaces of M2AlC with -Al2O3 is presented in Table 

3. The work of adhesion varies between 7.0 J/m² for Ti-terminated Ti2AlC and 5.8 J/m² for V-

terminated V2AlC. On average, the work of adhesion between M2AlC (0001) and Al2O3 (11-

20) is about 6.4 J/m². The work of adhesion for the carbon terminated MAX phases is 

maximum 5.6 J/m² (Ti2AlC). When the work of adhesion is compared with the cohesive 

energy, it becomes apparent that the carbide bonds (M-C) are stronger than the metal bonds 

(Al-M). Upon mechanical loading, the weakest bonds will preferentially break up. This 

explains why the formation of oxides recovers the strength of the MAX-phase [12, 14, 23]. 
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4. M2AlC(11-20) // (11-20) -Al2O3 interface 

When MAX phases are terminated by any (11-20)-plane the composition comprises the M 

element (M = Ti, V, Cr), aluminum and carbon. There is only one configuration possible 

within the MAX phase to calculate the cohesive energy, and thus also one configuration of the 

M2AlC(11-20) // (11-20) -Al2O3 interface for determining the work of adhesion. No 

variations in surface compositions of either compound are present. The cohesive energies 

together with the surface energies of the M2AlC(11-20) MAX phases are listed in Table 4. For 

Ti2AlC and V2AlC the cohesive energies in the (11-20)-plane are lower than those calculated 

for any of the interactions between the (0001)-planes; compare Tables 2 and 4. The small 

value of 0.3 J/m² for the interaction energy is caused by the large fraction of atoms that are 

identical on either side of the cleavage and for which interaction energy in the MAM reduces 

to zero. 

The values for the work of adhesion of the interface between M2AlC(11-20) and -

Al2O3(11-20) are given in Table 5. The bonding between -Al2O3 and Ti2AlC or V2AlC is 

stronger than the cohesion of these MAX phases; compare Table 4 and 5. But the bonding 

between -Al2O3 and Cr2AlC is equal to the cohesion of Cr2AlC, which is about 6.7 J/m². 

 

 

5. Discussion 

The Dupré equation [30] is applied to calculate the work of adhesion between two dissimilar 

surfaces and comprises both surface energies and the adhesive forces between them. This 

equation is widely employed in experimental studies, but is also used in thermodynamic 

evaluations [20, 47] in which it is assumed that equilibrium conditions apply at the interface. 

Experimental values obtained for Wad are always too large because of dissipative effects [47] 
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at either side of the interface. The method described here to obtain the work of adhesion 

differs from that of previous work [20], in that it is now possible to include interface structure 

and materials with more than two elements; cf. Appendix B. The MAM computes no enthalpy 

effects between identical elements. This absence of interaction energy exhibits itself in the 

reduction of the interaction energies obtained for the (11-20) oriented MAX phases (cf. Table 

4) in comparison with those obtained for the (0001) orientations (cf. Table 2). 

The work of adhesion between two dissimilar materials and the cohesive energy 

between crystal planes within a compound are computed in the same way. The cohesive 

energy within one material is devoid of any mismatch effects for the material has full 

crystallographic registry. The crystallographic registry is often absent at interfaces of 

dissimilar materials and mismatch effects influence the work of adhesion. The energy 

associated with this accommodation of the mismatch [31, 48] is relatively small and may 

reduce the work of adhesion with about 0.6 J/m² at 298 K. The work of adhesion calculated in 

this model ignores these effects because the interface is made up of unstrained materials. 

The surface energies calculated using Eq. (3) are in good agreement with earlier 

reported values [35, 36]. In our model, all atoms exposed to the surface contribute to the 

surface energy, i.e. surface and subsurface atoms. The inclusion of the subsurface layer should 

also be considered to accommodate non-flat surface geometries present in high-index planes. 

The surface energies calculated for the transition metal surfaces of the MAX-phases are 

approx. 2 J/m², which is comparable to those of the pure elements [35, 36]. The surface 

energy of carbon was indirectly obtained from literature [44, 45]. The hybridization of carbon 

at the surface can either result in a low or high surface energy. A high surface energy of 

carbon was found for broken graphite bonds and diamond with a value of about 5.0 J/m², 

whereas a low surface energy of 0.2 J/m² was recorded for graphite alone [44, 45]. The high 

surface energy obtained for the carbon atoms has been applied to the MAX phases. 
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The crystal orientations chosen are observed in TEM studies in which alumina forms 

columnar grains on top of the MAX phases considered here after prolonged oxidation. These 

observations confirmed the existence of orientation relations between Ti2AlC and alumina 

[22] and V2AlC and alumina [27], namely: (0001) M2AlC // (11-20) -Al2O3. Alternatively, 

the orientation relation (11-20) M2AlC // (11-20) -Al2O3 was also considered which has 

been observed as well [7, 12]. 

The trends observed for the cohesive energy of the (0001)-plane of the MAX phases is 

that M-C bonds possess a 20 % higher cohesive energy than the M-A bonds; see Table 2. Ab 

initio studies (cf. [49] and references therein) show that the weakest bond in the MAX phases 

is the A-M bond. This explains the high mobility displayed by A atoms [50, 51], which 

promotes the formation of the protective alumina layer and the accommodation of mechanical 

stresses [52]. The strong bonds between M and X elements, on the other hand, make MAX 

phases rigid. However, in the case of Cr2AlC these strong bonds cause a Cr7C3 layer to be 

formed when oxidized, which suppresses the growth of an alumina scale. The strong cohesive 

bonds between the M-C layers result in a relatively high cohesive energy from 4.7 to 6.0 J/m²; 

see Table 2. The cohesive forces present in the (11-20)-orientation of the MAX-phases are 

slightly less than observed for the (0001)-orientations except for the Al-Cr bonds in Cr2AlC. 

The cohesive energy of the (11-20)-plane of -Al2O3 equals 6.7 J/m² and is thus the strongest 

material in the MAX-phase - alumina system. Upon high temperature oxidation of Cr2AlCin 

air, a Cr7C3 layer develops in between the Al2O3 scale and the Cr2AlC substrate [23]. 

However, the work of adhesion of the interfaces between Cr2AlC and Cr7C3, and between 

Al2O3 and Cr7C3 are similar and amount to 4.3 ± 0.3 J/m² and 5.0 ± 0.4 J/m², respectively.  

The work of adhesion of interfaces of M2AlC (M = Ti, V, Cr) with -Al2O3 shows that 

transition metals M adhere best to oxygen terminated (11-20) -Al2O3 with values of 6.4 

J/m², which is similar to the work of adhesion of the aluminum terminated MAX phases (6.3 
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J/m²). The work of adhesion is less for the carbon terminated surfaces which amounts 5.3 

J/m². However, the carbon termination of the MAX phase generates the highest surface 

energies (2.3 J/m²). This and the fact that the volatile oxidation products CO and CO2 will 

readily escape the surface, makes the carbon termination at the interface unlikely. The work 

of adhesion between (0001) -Al2O3 and the (11-20)-oriented MAX phases is 5.9 J/m². 

The work of adhesion between Cr2AlC and alumina is about 17% lower than between 

Ti2AlC and alumina. The observed spallation of the alumina on Cr2AlC is almost absent for 

alumina on Ti2AlC [17]. This behavior is completely in agreement with the assessment of 

crack healing of the MAX-phase by alumina. The spallation of the healing oxide is due to 

differences in CTE, elastic modules and work of adhesion of the MAX phases and their 

healing oxide [14, 17]. These properties are more favorable for Ti2AlC than for Cr2AlC. The 

work of adhesion between V2AlC and alumina is almost equal to that of Ti2AlC and alumina. 

In the case of V2AlC the mismatch results from differences in Young’s moduli only [14]. The 

adhesion of an -Al2O3 scale on the M2AlC (M = Ti, V, Cr) MAX phases is strong, since the 

work of adhesion is in between the cohesive strength of those MAX phases and alumina; see 

Tables 2 and 4. This is supported by the observation that when cracks are healed in Ti2AlC by 

-Al2O3 fracture occurs next to healed zone [12]. Thus, the strong adhesion between these 

MAX phases and alumina is beneficial for oxidation induced crack healing [11, 13, 14], but 

also for protection against high temperature oxidation by an alumina scale [53]. It suggests 

good Al2O3 scale adhesion upon high temperature oxidation as well as restoring the MAX 

phase material integrity when healing cracks [12]. 

 

6. Conclusions 

An efficient and rapid method is presented to determine the work of adhesion between 

dissimilar materials and the cohesive energies within materials. The method is based on using 
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thermodynamic regular solution theory and macroscopic atom models. The calculations 

require little computational effort while complex interface configurations can be addressed. 

The chemical complexity of each material has been extended to contain more than 2 elements 

and every crystal plane can be chosen.  

The surface energies computed agree well for pure metal terminations, but deviations may 

occur when non-metals are present near or on the surface and depend on the bond type of the 

non-metal element involved. 

The cohesive energies calculated between crystal layers of M2AlC (M = Ti, V, Cr) MAX-

phases are lower than the work of adhesion between these MAX-phases and -Al2O3. The 

cohesive energy of -Al2O3 is the largest compared with all work of adhesions calculated. 
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Appendix A: Calculation of surface densities and surface energies 

The surface energy ,

surf

M s  calculated with Eq. (3) depends on the molar surface density ( , )

surf

i M sn  

of all species i present on the surface s of material M. The molar surface density ( , )

surf

i M sn  is 

calculated with the total projected area of all atoms present on the surface and in the first 

subsurface layer. The inclusion of the first subsurface layer is an approach that differs from 

the approach used in the MAM [35]. Its inclusion enlarges the atomic surface fraction of 

species i and was considered necessary if the surface layer has an open structure. This is the 

case here if the first surface layer of the MAX phases consists of small carbon atoms. Then, 

the M element atoms of the subsurface layer make up about 50 % of the surface area. 

However, the molar surface enthalpy surf

iH  that are found in literature [35, 36] were 

obtained for low index surfaces by only considering the atoms i present in the surface layer 

and did not consider the first subsurface layer. Inclusion of the subsurface layer results in an 

increase of the molar surface density and, hence, a reduction of the molar surface enthalpy. 

The reduction of the molar surface enthalpy ensures that the surface energies retain their 

values reported. 

The atomic density  of element i is obtained by summation of the surface area 

ai,surf and the subsurface area ai,sub: 

 
, ,

( ) 2

( )

i surf i subsurf

i M

i M

a a
n

r


  (A1) 

in which  the atomic cross section with  the atomic radius of one atom i 

of material M. 

 

( )

surf

i Mn

2

( ) ( )i M i Ma r ( )i Mr
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The surface fraction ( )

surf

i Mx of atoms i at surface M in Eq. (5) relates to all atomic species 

including a fraction ( )

surf

void Mx  of the area, devoid of atoms, that does not participate in chemical 

interaction. For a unit area A the surface fraction covered by atom i at surface M is: 

 
( ) ( ) ( )

( )

surf

i M i M i M Asurf

i M

A a n N
x

A A
   (A2)  

where ( )i MA  is the area covered by i with ( )i Ma  the atomic surface in cross section and 
AN  

Avogadro’s number. The surface fractions add up to unity for every side of the interface 

according to: 

 ( ) ( ) 1surf surf

i M void Mx x  . (A3)  

Then, the cross sections of the atoms that make up the surface (and subsurface) layer at either 

side of the interface.  

The intersections of the atomic cross sections projected are equal to the product of surface 

fractions  of Eq. (4). If an atom is opposed by empty space then the solution enthalpy 

is, of course, zero. 

  

( ) ( )

surf surf

i M j Nx x
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Appendix B: Macroscopic Atom Model 

In the macroscopic atom model (MAM) [35] the atoms are represented as simple 

thermodynamic units. Originally, the MAM was constructed to predict properties of binary 

alloys. Their main mode of interactions of the atomic building blocks is constituted by their 

macroscopic influence on electrons. An attractive potential    is derived from the work 

function of the elemental material and has the properties of electronegativity. The densities of 

outer electrons 
WSn  that are at the Wigner-Seitz perimeter of the atomic unit are thought to 

constitute a repulsive force toward neighboring atoms. The electron density was found to 

correspond to the bulk modulus via the following relation: 

 
2 /WS mn B V  (B1)   

and has arbitrary units. Chemical interactions are taken into account via a constant term Rhybr 

which is by its nature attractive. When an element belongs to the non-metalloids, a so-called 

transformation enthalpy transH  is required to transform the element to a hypothetical metal 

state. The interaction between one atomic unit A completely surrounded by material B is then 

computed with: 

    
2/3

2 2
, 1/3

1/3

1

sol m A trans

AB WS hybr A

WS avg

PV
H Q n R H

n

          
   

 
 

 (B2)  

Values for   , 
WSn , 

mV  and transH are specified for each element and tabulated [35]. The 

constant Q has a value of 9.4 (volt
2
/density unit

2/3
). The constant P depends on the 

combination of elements and their valences and takes the values of 14.2 (both elements have 

valence higher than 2), 10.7 (both elements are mono-valent, di-valent or a combination 

thereof) and 12.35 when the binary mixture is composed of both type of elements. The 

constant Rhybr has been attributed to hybridization effects and is tabulated [35] as well for each 

element. When the hybridization constant Rhybr is unity for both elements, the product reduces 
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to zero. The molar volume of both elements is allowed to change to describe the redistribution 

of electrical charge when two elements form an alloy. The volume change is driven by the 

difference of electronegativity   : 

   2/3 2/3( ) ( ) 1m, alloy m, pure A A BV A V A a       (B3)  

in which 
Aa  is an atomic constant and is also tabulated [35]. 

The MAM permits adaptation of the molar volume due to electronegativity differences for 

binary substances only; see Eq. (B3). However, for a compound containing n different 

elements the molar volume of atom i is estimated with geometric average of the molar volume 

2/3

,m ikV  of all binary pairs ,i k  with i k , thus:  

 

1/( 1)
1

2/3 2/3

, ,

1

n
n

m i m ik

i

V V






 
  
 
 . (B4)  

The radii 
ir  of the atoms present in the bulk phases are derived from the molar volumes 

obtained from Eq. (B4) assuming a densely packed structure. At this point the molar fractions 

are determined; see Eqs (6), (7), (12) and (13). 
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Figure Captions 

 

Figure 1. The interface constructed on the left between material M (blue and gray atoms) and 

material N (red and black atoms) is folded open to expose both sides of the interface in the 

middle. When both surfaces are merged the intersection of atomic cross sections (at the right) 

can be determined to obtain the interaction enthalpy per atomic pair ij per unit surface. 

 

Figure 2. The interface of the system -Al2O3 [11-20](1-100) // M2AlC [0001](11-20) with 

the divides where the interface energies are calculated. The interface used to compute the 

work of adhesion Wad is indicated by a gray line. The interfaces used to calculate the work of 

cohesion Wcoh are indicated with black lines (one example for both materials). 
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Table 1. The lattice parameters of the materials used in the calculations. 

Lattice 

parameters 

Ti2AlC 

[54] 

V2AlC 

[54] 

Cr2AlC 

[54] 

Al2O3 

[55] 

a (Å) 3.052 2.9116 2.854 4.757 

b (Å) 3.052 2.9116 2.854 4.757 

c (Å) 13.64 13.14 12.82 12.9877 

 90° 90° 90° 90° 

 90° 90° 90° 90° 

 120° 120° 120° 120° 
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Table 2. The interaction energy and surface energies of both sides of the interface contribute 

to the cohesive energy Wcoh between crystallographic planes in a single compound.  

Side 1 
 

Side 2 
 

1
surf

 

(J/m²) 
2

surf  

(J/m²) 
12

interaction  

(J/m²) 
cohW  

(J/m²) 

Ti2AlC (0001)-C Ti2AlC (0001)-Ti 2.1 2.4 1.5 6.0 

V2AlC (0001)-C V2AlC (0001)-V 1.9 2.3 1.5 5.8 

Cr2AlC (0001)-C Cr2AlC (0001)-Cr 1.8 2.2 0.7 4.7 

Ti2AlC (0001)-Al Ti2AlC (0001)-Ti 1.6 2.1 0.9 4.6 

V2AlC (0001)-Al V2AlC (0001)-V 1.5 1.9 1.3 4.7 

Cr2AlC (0001)-Al Cr2AlC (0001)-Cr 1.5 1.8 0.5 3.7 

Al2O3 (11-20)-O Al2O3 (11-20)-O * 1.5 1.5 3.6 6.7 

*) Note that the oxygen atoms interact with the aluminum atoms of the opposite layer  
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Table 3. The work of adhesion between a MAX phase material M2AlC (M = Ti, V, Cr) and 

-Al2O3 depends on the surface termination of the MAX phase. -Al2O3 is terminated by low 

density oxygen atoms.  

Side 1 
 

Side 2 
 

1

surf  

(J/m²) 
2

surf  

(J/m²) 
12

interaction  

(J/m²) 
adW  

(J/m²) 

Ti2AlC (0001) –(Al)– Ti Al2O3 (11-20)-(Al)-O 2.1 1.5 3.4 7.0 

V2AlC (0001) –(Al)– V Al2O3 (11-20)-(Al)-O 1.9 1.5 3.0 6.8 

Cr2AlC (0001) –(Al)– Cr Al2O3 (11-20)-(Al)-O 1.8 1.5 2.5 5.8 

Ti2AlC (0001) –(Ti)– Al Al2O3 (11-20)-(Al)-O 1.6 1.5 3.0 6.1 

V2AlC (0001) –(V)– Al Al2O3 (11-20)-(Al)-O 1.5 1.5 3.3 6.3 

Cr2AlC (0001) –(Cr)– Al Al2O3 (11-20)-(Al)-O 1.5 1.5 3.4 6.4 

Ti2AlC (0001) –(Ti)–C Al2O3 (11-20)-(Al)-O 2.4 1.5 1.7 5.6 

V2AlC (0001) –(V)– C Al2O3 (11-20)-(Al)-O 2.3 1.5 1.5 5.3 

Cr2AlC (0001) –(Cr)– C Al2O3 (11-20)-(Al)-O 2.2 1.5 1.2 5.0 
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Table 4. The cohesive energy of the (11-20)-planes of the MAX phase materials M2AlC (M = 

Ti, V, Cr). 

Side 1 
 

Side 2 
 

1

surf  

(J/m²) 
2

surf  

(J/m²) 
12

interaction

(J/m²) 
cohW

(J/m²) 

Ti2AlC (11-20)  Ti2AlC (11-20) 2.1 2.1 0.1 4.3 

V2AlC (11-20)  V2AlC (11-20) 2.0 2.0 0.3 4.3 

Cr2AlC (11-20) Cr2AlC (11-20) 3.0 3.0 0.4 6.5 
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Table 5. The work of adhesion of the (11-20)-planes of the MAX phase materials M2AlC (M 

= Ti, V, Cr) with -Al2O3. 

Side 1 
 

Side 2 
 

1

surf  

(J/m²) 
2

surf  

(J/m²) 
12

interaction

 (J/m²) 
adW  

(J/m²) 

Ti2AlC (11-20)  Al2O3 (11-20)-(Al)-O 2.1 1.5 2.6 5.9 

V2AlC (11-20)  Al2O3 (11-20)-(Al)-O 2.0 1.5 2.4 6.7 

Cr2AlC (11-20) Al2O3 (11-20)-(Al)-O 3.0 1.5 2.1 6.7 
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