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Abstract:The fundamental equations of film thermodynamics have been used for description of a grain boundary first-order phase 
transition(GBPT) with formation of two-dimensional liquid phase. The obtained generalized equation has been used for calculating of GBPT 
temperature of any metals, which values lies in the range of (0.55…0.86) melting point. The phenomena of presence of an isolated liquid 
phase at grain boundaries is one of the possible accommodation mechanisms for grain boundary sliding and a superplastic flow (SP) 
deformation. 
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1. Introduction 
 
The right description of coating technology methods based on the 
kinetics regularities controlled by diffusion require a fundamental 
understanding of the process or phenomena which define the 
physico-chemical mechanism of mass transfer on interfacial 
surfaces, grain boundaries (GB) and defects. For a development of a 
technology we focus on the interfacial surfaces and defects on a GB 
and description of grain boundaries phase transition (GBPT) 
phenomena. The analysis of a surface layers state was executed in 
series of author works [1, 2] in approach to the lattice model with 
respect to the atom-vacancy concept. There was used after Frenkel 
that the melting point of a solid state to be specified as “jumping” of  
a vacancy concentration from 10-3 – 10-4 up to 10-1 [4]. With the 
framework of these rough approaches such characteristic as 
concentration of vacancy and temperature of solid-liquid GBPT 
were differs from this in volume.  

According to used conception a vacancy formation in a surface 
layer should be made by transfer it from solution middle not only at 
a constant mass of the system, but also at a constant surface area. It 
was resulted the equation for vacancy concentration Xv in the 
surface : Xv=Nv exp (2σ Am /RT), which differed from known by a 
factor 2 (where Nv-vacancy concentration in volume, Am-one mole 
area in a monolayer, σ-surplus interfacial Gibbs energy). Valuation 
for metals (Cu, W, Ag, Mo, Mg, Na, Al, Ti, Cr, Co, Ni, Fe, Au) 
have given Xv/Nv ≈ 1000. It means, that near solidification 
temperature the vacancy concentration in a surface layers or grain 
boundaries of solid metals is such, as in a liquid state [1]. 

The rough valuation of the GBPT temperature TSf of a surface 
layer (owing to its stretching) was made on the basis of the 
Guggenheim and Clausius-Clapeyron equations. It was resulted for 
a number of metals downturn of melting temperature of a surface 
layer on hundreds of degrees. Here in a certain interval of 
temperature the surface layers or GB of solid metal can be 
considered as liquid or quasi-liquid, i.e. as a separate phase. The 
evaluation enables to design the model, where the surface layer is 
considered as separate phase in the interval of the grain boundaries 
melting (GBM) temperature (TSf−TS0) and permits to use the film 
thermodynamics.  

 
2. Phenomena description by mathematical methods 
of film thermodynamics. 
  
The behaviour of polycrystalline solid substances components can 
be described (with certain degree of accuracy) with the help of 
 equations that were proposed and used by Rusanov [3-4]. The 
system of these equations presented in another form describes the 
equilibrium of phases (α) and (β) with a flat film (f) between the 
phases (boundary of crystals). If the crystals consist of the same 
phase (α) from both sides of a film with a tension γ, the equations  

of the system become identical. An equation is obtained describing 
the relation between the changes T, P, γ , and the composition of a 
film Xi,k on all components from i upto k: 
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where A is the surface of one mole of a film; gik
(f) is the Gibbs molar 

thermodynamic potential second derivative; γ is the film tension; 
the double indices (fα) designate the processes of the passage of the 
components from a film in the phases; S is entropy; and V is the 
volumetric differential molar effects of these passages. The 
following equation obtained from equation (6) in view of the 
following simplifications. It is accepted that the pure solid 
substance (α) represents an atom-vacancy solution. The 
concentration of vacancies it is a lot of less concentration of atoms. 
Since Xi

(α) → 1 and Xi
(f) → 1, (Xi(α) – Xi(f)) → 0 and if A = 

constant  at a constant composition and pressure and  Eq. (1) 
becomes:               A(dγ/dT)P = SfS                                (2)                                  
This equation is applicable for describing the process of substance 
passage from the film that is in a solid (fS) or a liquid state (fL) in 
the phase (α). A term-by-term subtraction of Eq. (2) is carried out 
for the solid and liquid states of the film. If it is considered that the 
differential molar effects of the passage are determined by the 
following expressions: SfSα = Sα − SfS; and SfLα = Sα − SfL, the 
following equation is obtained: 
      AfL(dγ/dT)P – AfS(dγ/dT)P = − (SfL − SfS)                (3) 
The change of entropy of the phase transition solid-liquid (S ↔ L) 
in a film is expressed using heat QSL and temperature TSL of this 
transition: (SfL − SfS) = QSL/TSL. The process of phase transition in a 
film is in equilibrium; and thus, the Gibbs common conditions of 
equilibrium are fulfilled: (dG)PT ≥ 0. Considering that the tension of 
a film γ  is the Gibbs specific surplus energy (γ = ΔG), in the point 
of phase transition by difference (dγ /dT)P in solid and liquid 
condition is neglected. By designating change of the molar surface 
at the phase transition as: AfL − AfS = ∆ASL, finally, the following 
equation is obtained:  
                (dT /TSL)P = − (∆ASL/QSL) dγ                      (4) 
Within the framework of adopted approximations, TSL is considered 
a variable depending on the value γ, which is determined by the 
 nature of the substance or of the contacting phases. As a first 
approximation, it is accepted that QSL in volume and film differs 
slightly, whereas ∆ASL is final constant and is determined by the 
difference of the density of solid and liquid states. Integration of 
Eq.(4) is conducted from the volume (o) up to the surface (f). The 
temperature of phase transition (L ↔ S) of a thick film changes 
from TS0 to TSf  i.e. the GBM temperature; the film tension changes 
from zero for the volume to γ ≈ 2σL for the surface tension of liquid. 
The basic equation is then obtained by evaluation of GBPT 
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temperature modification on the interface boundaries (GBM 
temperature) as compared to TS0 the melting point of a solid body: 
                  TSf / TS0= exp(−2σL∆ASL/QSL)                    (5) 

For the temperature TSf of solid-liquid transition on GB of metals 
(α-phase) with surface tension σL at melting point TS0 the results 
lies in the interval 0.55…0.86 TS0 (see Table 2).  

Table 2. Temperature of solid-liquid transition of GB. 

Metal Fe Ni Au Ag Cu Mg Co Al Be 
σL / 

(mJ⋅m−2) 
1850 1700 1020 900 1150 580 1800 900 1100 

TSf / TS0 0.56 0.55 0.67 0.77 0.79 0.69 0.77 0.79 0.86 
This evaluation data correspond to the experimental data 

obtained by Inoko et al. [5], where it was shown that the GBM 
temperature was near 0.6 TS0 (melting point) for Cu, Ag, and Ni. In 
this study, the direct observation of liquid films formation on the 
intersurface boundary of crystals using an electronic microscope is 
carried out. 
 

3. Role of GBM in superplastic-like flow. 
 
Some of natural and technical materials exhibit superplastic (SP) or 
superplastic-like flow under external or internal stresses in certain 
temperature regimes. Polycrystalline SP materials belong to the 
class of materials, which exhibits so called fine-structure 
superplasticity i.e. SP flow, where mass-transfer units are 
crystalline grains of size in micro-, submicro- or nanometer range. 
Therefore all early and recently developed physical and rheological 
models of SP deformation are based on the stress-strain-rate 
relationship as the essential characteristic of viscous materials [6, 
7]. Perevezencev [8] and Higashi [9] suggested the new explanation 
of SP behaviour. They conception based on assumption the 
presence of an isolated liquid phase at grain boundaries of SP 
materials as one of the possible accommodation mechanisms for 
grain boundary sliding (GBS). Also the high-strain-rate 
superplasticity is critically controlled by the accommodation helpers 
to relax the stress concentration resulting from GBS. 

 The optimum superplusticity is obtained at a temperature 
close to partial melting point or solidus. It is important for attaining 
the high-strain-rate superplasticity to note that a liquid phase should 
be less than 1% in volume fraction, less than 30 nm in thickness 
and discontinuously distributed. A very thin and discontinuous 
liquid phase only is required both to relax the stress concentrations 
and to limit the decohesion. The decohesion at a liquid phase can be 
limited even in a tensile stress field at superplastic condition. The 
estimated critical stresses at 833K for Si3N4/Al-Mg-Si composite 
are about 5 - 10 MPa  and the same as experimental flow stress 
[10]. Therefor Higashi consider that decohesion at a liquid phase 
can be caused in a temperature interval where the partial melting 
zones excessively spread. We will discuss this decohesion concept 
later. 

More probably explanation has been made in the core and 
mantle theory proposed by Gifkins [11]. In finegrained superplastic 
materials the process GBS accommodated by slip occurs in the 
mantle region, and from it arising the superplasticity deformation. 
The results obtained by Wyon [12, 13] provide excellent support for 
Gifkins's core and mantle model. These researchers showed how a 
fine-grained particulate composite of aluminum can be made 
superplastic at low temperatures by creating weak mantle regions at 
grain boundaries by the diffusion of gallium along GB.  

 
 
mantel                                                       
 
 grain                       

 
 
Fig.1. A mantle region adjacent to the grain boundaries. 

 
Very small grain sizes of SP materials, which are typically less 

than 1µm, are well known to be main contributor to likelihood of 
SP deformation. The volume of grain-boundary phase is rather 
sizeable in such materials. According to our conception, grain 
boundary phase transition accompanied by formation of two-
dimensional fluid results in formation of a new physical state. Total 
volume of film-liquid phase can reach more than 15% of the total 
volume. Solutions of decohesion problems at solid grain wetting by 
liquid boundary are based on use of mathematical methods of film 
thermodynamics. 
 
4.Thermodynamics of solid grain wetting by liquid 
boundary - mantele  
 

Frumkin [14] considers the problems of the process of solid 
wetting. However, in all considered cases an intersurface tension 
σαβ > σβγ (the unary indexes indicate to phases: α- solid, β - gas, γ- 
liquid metal; double - to the boundary between phases). For 
polycrystals metallurgical systems the practical interest is 
represented by conditions of wetting at σαγ< σf – a tension of 
thinfilm.  A tension of a thick film between two identical grain: σfT 
= 2σαγ  always it is more then σαγ, therefore, such condition are 
unstable. A realization of an equilibrium condition of massive liquid 
only with adsorption layer film of molecular sizes (with thickness 
ℓA, Figure 2A, curve 1) in this case is possible. 

 
     σf mJ⋅m−2 

E

 

        ℓА  ℓС    ℓD    0,06          ℓM 0,12 μm 

Fig. 2. Change with thickness σf - Tension of thin film. 
 
Frumkin has justified the possibility of formation of film 

tension (σf) extremum with decreasing its thickness. Deryaguin [15] 
has explained existence of extremums by origins of disjoing 
pressure (Π) of variable sign in thin wetting films. As a result, 
tension of thin film is determined by the formula:  
                  σf  = 2σαγ + ℓ(∂σfT /∂ℓ) = 2σαγ + ℓΠ                 (6)   
Presence of area Π < 0 on the curve of Π(ℓ) describing its 
modification with thickness is defined experimentally (Figure 2, B). 
It gives an isotherm of σf with two extremums (Figure 2 A, curve 
2). On a line ℓT …ℓM in the field of thick films (∂σf /∂ℓ) is less than 
zero. The film of fluid in this interval of a thickness has a practical 
stability, though these conditions are metastable. Transition from 
this condition into a labile one, on which (∂σf/∂ℓ) > 0, is connected 
to consumption of work being energy of activation of transition into 
a labile condition. Film of a strictly defined thickness can be in 
equilibrium with bulk phase, which is defined by point C on a curve 
σf. The activation energy of transition into the labile condition 
(which is close to П) for the system of liquid metal film (Hg) and 
liquid octane was measured by Deryaguin [15] and it was found to 
be near 500 MPa. Thus far in tests we observed no decohesion but 
still the superplasticity deformation. Made description and 
experimental data [10-13] gives no reason for concern of the 
decohesion [8, 9].  
Equilibrium thickness of the film is determined from the condition 
of equality of chemical potentials (μi) in volume and film. The 
potentials can be found by integration of Gibbs equation along the 
curve σf(ℓ): μi

T - μi
C = σf

C (1/ℓT - 1/ℓC) - ∫ σf d(1/ℓ) = 0 . The 
equality is valid, if the areas of shaded squares lying above and 
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below line CE (fig. 2 A) are equal. The possibility of 
thermodynamically stable film formation along descending curve 
CD follows also from the analysis of the basic equation (6) for Π. 
The condition from a point D (min) up  ℓ= 0 are steady, as at Π < 0 
and (∂ Π /∂ℓ)< 0 from the equation (6) can be obtained a condition 
of a stability: (∂σf /∂ℓ) < 0. 
The investigated materials have ultra-fine grained structure 
consisting of ferrite grains by size 0.3…3.0 mm, stabilised by 
spherical cementite grains by size 0.2…1.0 mm. In this structural 
state, high-carbon steels and cast iron become SP materials at 
temperatures tSP = 650…8000C and at effective strain rates           
10-5…10-3 s-1. The experimental value TSP /TS0 for this interval of 
temperatures locates in the range of 0.56…0.70 (here TS0 is the 
melting point). That is close to TSf i.e. GBM temperature evaluated 
by authors for iron. The similar correspondences are obtained for 
other alloys based on Ni, Cu, Mg, Cr, Zr, Ti. The temperatures tSP 
and the ratios TSP/TS0 for various SP materials is shown in Table 3. 
They are close to tSf  and TSf /TS0 evaluated by us for grain boundary 
of some metals. 

Table 3. Characteristic of superplasticity for alloys based on various 
metals. 
Metal Fe Ni Cu Mg Cr 
σL,mJ/m2 1850 1700 1020 900 1150 
TSf /TS0 0.56 0.62 0.60 0.64 0.69 
tSf,0C 740 800 810 320 1200 
tSP,0C[4] 550-

850 
800 800 400-

440 
1220 

TSP/TS0 0.54 0.62 0.79 0.75 0.72 
Metal Ni Zr Co Al B 
σL,mJ/m2 580 455 1800 900 1100 
TSf /TS0 0.64 0.57 0.52 0.55 0.75 

tSf,0C 970 940 650 240 890 

tSP,0C[4] 840-
960 

900 1200 400-
425 

650 

TSP/TS0 0.57 0.55 0.83 0.73 0.60 

 
 
5. Conclusions 
 
The fundamental equations of film thermodynamics have been 

used for description of the fundamental property of solid crystalline 
materials i.e. grain boundary first-order phase transition with 
formation of two-dimensional liquid phase. The obtained 
generalized equation has been used for calculating grain boundary 
phase transition temperature TSf of any metal, which value lies in 
the range of (0.55…0.86) TS0 – melting point. 

The described phenomenon of grain boundaries phase 
transition can result in a radical modification of existing process of 
metal forming. The elaborated theory of grain boundary phase 
transition provides an easy explanation for the origin of the    
superplasticity phenomenon.  

The mathematical methods of thin-film thermodynamics are 
applicable to explanation of stability of liquid metal layers. The 
problem of metal films stability could be reduced to the phenomena 
of wetting: formation of film-tension extremum (σf) with decrease 
of its thickness due to existence of disjoing pressure (Π) of variable 
sign makes thin films stable. The stability of solid metals against 
decohesion on the interface boundary during superplastic 
deformation is determined, basically, by relation of intersurface 
tensions of contacting phases and disjoing pressure of two-
dimensional liquid film.  
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