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When solids are subjected to tribological loads, structural changes can occur both at the surface and in depth, immediately below
the loaded area; in the case of some materials, especially metals, these changes are known as solid-solid phase transformations or
Tribological Surface Transformations (TSTs). A thermomechanical model is presented in the present study in order to describe
these TSTs. The ability of the model to take account TSTs is assessed with a 2D finite element analysis.

1. Introduction

Tribological Surface Transformations (TSTs) which occur in
various types of contacts (such as fretting, wheel/rail contact,
and impact), are generally structural changes undergone by
the metallic materials involved, including some metal alloys
(steel, cast iron, maraging, titanium alloys, and aluminum
alloys), as the result of solid-solid phase transformations.
These transformations, which are also known as “White
Etching Layers” (WELs), are characterized by the develop-
ment of a white phase on the treads of the rails, which is
visible under electron microscopy, at depths ranging from
several nanometers to more than 100 ym, depending on the
material in question. It has been attempted in many studies
to determine what causes TSTs origin, see Colombié [1],
Blanchard [2], and Sauger [3] for the fretting and Sekkal [4]
for the impact. Most previous studies on WELs have focused
on the case of wheel/rail contacts (cf. Figure 1) (see, e.g.,
[5-8]). The results obtained show that the micro-hardness
of TSTs generally ranges from 700 to 1000 H, in the case of
materials such as aluminum alloys and steels, while the initial
hardness of the rails is about 300 H,,. The chemical compo-
sition of TSTs is identical to that of the original material,
that is, only the metallurgical structure of the rails undergoes
a change. In the case of rail problems, some authors have
attributed the development of TSTs to the combined normal
and shear stresses present in wheel/rail contacts [8, 9].

On the other hand, Archard and Rowntree [10], Ahlstrom
and Karlsson [11] have attributed this process to the presence
of high temperatures known as “Flash Temperatures” of
around 1000°C in the wheel/rail contact area during a very
short period of only a few seconds. Baumann et al. [12]
suggested that the high normal and shear stresses combined
with a significant temperature increase (of around 150 to
200°C) in the contact zone may cause the formation of TSTs
near the surface, where the mechanical loads are applied; this
assumption was supported by Lojkowski et al. [6], Jiraskova
et al. [13].

Generally, during phase transformations under mechan-
ical loads, an anomalous plastic flow is superimposed with
the classical plasticity, existing in the metallic materials, for
stresses levels which are much lower than the initial strength
of the softest phase. The so-called “Transformation Induced
Plasticity” (TRIP) process has been explained by Greenwood
and Johnson [14] who suggested that the plasticity responsi-
ble for these transformations may be due to the orientation
of the plastic flow by the external stress around the new
phase. In other words, the microplasticity generated by the
incompatibility between the volumes involved in the phase
transformation may be oriented by the external stress applied.
Many models have been presented to account for TRIP
phenomena, such as that developed by Leblond et al. [15],
Leblond [16], Videau et al. [17, 18], Fischer et al. [19], Taleb
and Sidoroff [20], and Taleb and Petit [21].
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FIGURE 1: (extract from [5]) (a) macroscopic view on the tread of
a rail (S54/900A steel) showing TSTs or “White Etching Layer” (b)
Transverse cross-section of the upper part of a rail (a). The parent
phase (grey part) is pearlite, which still remains in the rail when TSTs
have developed and the daughter phase (white part), occurring at the
surface, is “quasi-martensite.”

In agreement with Baumann et al. [12], the main assump-
tion adopted in the present study is that the thermome-
chanical coupling process lead to the TSTs formation since
the mechanical loads and the temperature increase—due to
the friction occurring in the wheel/rail contact area—can be
highly correlated. Taking into account the above assumption
and the previous works on TRIP processes, a thermomechan-
ical model [22, 23], is proposed to describe the TSTs initiation
and development near the surface where the mechanical
loads are applied.

2. A Thermomechanical Model to Irreversible
Solid-Solid Phase Transformations and TSTs

Considering a continuum thermoelasto-viscoplastic solid
occupying a spatial region Q € R’, and restricted to
the small strains, the total strain € consists in an elastic
classical (visco)plasticity and TRIP-like strain components,
the additive decomposition of total strain may be written as
follows:

€=¢€%+el + e, (1)
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where €, €, and €’ represent the thermoelastic, classical
(visco)plasticity, and TRIP-like parts of the total strain,
respectively.

Afterwards, each above strain tensor (1) is decomposed,
respectively, into its spherical and deviatoric parts as,

1 1
e==-Tr(e)G+e; etez—Tr(ete)G+ee;
3 3

1
ef = ef" epzzgf(z)G+epz (2)

with Tr (ete) =Tr(e) +3a(T -T;),

where G denotes the metric tensor, € (respectively €°) is
elastic strain tensor (respectively deviatoric tensor), T is the
absolute temperature, T; is initial temperature, o > 0 is the
thermal expansion coeflicient, the classical (visco)plasticity
strain tensor, €’°, has only a deviatoric part (isochoric
plasticity in metallic materials case), f(z) denotes a density
variation involving the TRIP-like process, z € [0,1] is the
mass fraction of the daughter phase (where the partial density
of the daughter phase, pd, is given by pd =zp),andk > 0
is a material parameter characterizing the density variation
during phase transformation.

Initially, the material in question is nontransformed (i.e.,
z; =0, f(z;) = 0,and ef’ “ = 0) at the temperature T}, the
Helmholtz free energy potential per unit mass is written (with
v an isotropic hardening variable associated with classical
plasticity):

v (T, Tr (e),e, e, e, z, v)

T-T) 1

2T; 2p;
+ 2%%3/\%2‘“[% (e) +f(z)]2
7 (3)
+ o [(e—ef =€) : (e— et —e”)]
- % (3A +20) (T~ T;) [Tr () + f (2)]
+ 9 [%zz —(T—T,-Z)z] + Y,

where C, > 0 denotes the specific heat capacity, y > 0 and
A > —(2/3)u are the Lamé constants, T; is the solid/solid
phase transformation temperature when the pressure is zero,
h > 0 is a material parameter characterizing the linear
isotropic hardening associated with classical plasticity, § > 0
is a material parameter associated with the latent heat of the
phase transformation, see Antoni [22], and p; and y; are
the initial density and the initial Helmholtz free energy of
the material, respectively, per unit mass. Note that in a first
approximation, the thermoelastic parameters, C,, u, A, and «
are not considered as function of temperature. Note also that
these thermoelastic parameters are taken to be identical in
the two phases.
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Neglecting the viscoelastic effects and the specific entropy
S is a state function, the state equations based on the above
representation of Helmholtz energy (3) can be written

oy oy
S=-=—; P=-p——;
oT Pa Tr (e)
5 5 (4)
. m_ _,o
S_pae’ A pam’

in which —P and s represent, respectively, the spherical and
deviatoric parts of the Cauchy stress tensor, = —PG + s,
and A™ denotes the thermodynamic forces associated with
the internal variables m = (e, /%, v, 2).

Using (3) and (4) and assuming that p = p,, the Cauchy
stress tensor reads

_ (3A+2y)[

Tr (e)+ f (z) - 3a(T-T,)] G
3 (5)

+2y(e—epz—epc).

The evolution laws of the internal state variables are as
follows:

(i) for the TRIP-like process

.3 . .
e =p—sz Z=kKp

204
with p = 1=2)  epz _ _T?
p—T<f (T,P)) H(P+8[(1-2)T -T}))
> 0,
. T P
(T, P) = T_feXp<_<_w>>’

(6)

where P = -1/3 Tr (o) is the pressure, w > 0

is a material parameter characterizing a “pressure
sensitive” level, and (.) denotes the Macaulay brackets
({x) = x when x > 0 and (x) = 0 when x <
0), # is the characteristic time of the viscous effets
associated with the TRIP-like process and H(-)
denotes the Heaviside step function (H(x) = 1 when
x > 0and H(x) = 0 when x < 0)

(ii) for the classical (isochoric) plasticity process

pec pc
of = vis with v = M >0,
o} ZO'eq Eoy (7)

fEG0) = 0g = (0, + ),

where o is the Von Mises equivalent stress (0, =

ef =0

3/2 s s)l/ %), sis the stress deviator, oy is the classical
yield strength, and & is the characteristic time of the
viscous effects associated with the classical plasticity.

Note that from (6)-c, in agreement with Baumann et
al. [12] (who have established that applying a hydrostatic

pressure decreases the temperature of the « — y phase
transformation), the yield function is “pressure sensitive”
where the temperature acts as a “driving force”.

Taking account (3), (4), (6), and (7), the positiveness of
the intrinsic dissipation is checked (see, e.g., [24]) that is,

pc pz
A® e+ A0+ AT PP+ A2 20

V(T,Tr(e),z v,e,e”,e), V(T,Tr (¢),¢), VVT

(8)
The heat equation is given by (with Fourier’s law)
,.ce%T —kAT = — (31 +2u) a T Tr ()
+s: (&P +eP) - hoo ©)

+ 2 [P= (30 +2u)aT + 075 2,
K

where “A” denotes the Laplacian. The term on the right-hand
side of (9) corresponds to the thermoelasticity, the classical
plasticity and finally, the solid-solid phase transformation.

The thermomechanical model presented is thermody-
namically consistent, that is, it satisfies systematically the
Clausius-Duhem inequality (see, e.g., [25]) which is reduced
to check only (8) since the Fourier’s law is adopted.

3. Numerical Examples

Using a Return Mapping Algorithm (RMA) procedure (see,
e.g., [26, 27]), the present model was implemented in the
Aster finite element code (R&D/EdF).

3.1. Preliminary Remark. The example studied in this section
is not representative of the complex processes occurring in
wheel/rail problem. It was simply intended to show that it
is possible by combining the behavioral model presented in
Section 2 with a temperature field and specific mechanical
boundary conditions to model the main characteristic of
TSTs, namely, the fact that they occur almost only at the
surface. (i) Thermal preliminary problem: solving the purely
thermal problem with purely temperature-related boundary
conditions in the stationary case. The nonuniform tem-
perature field obtained in this way is used as a datum
in the second step; (ii) Thermomechanical problem: solving
the mechanical problem with nonuniform pressure-related
boundary conditions imposed on part of the boundary and
increasing linearly with time. Here, the temperature field
calculated in the first step serves as a parameter.

Considering a solid occupying a square region Q € R,
measuring 100 mm aside in the x-y plane. The boundary of
Q is denoted by 0Q2 will be divided into six line segments (see
also Figure 2(a)):

0Q=[ABJU[B,C]U[C,D]U[D,E]U|[E,F]U[F,A],
(10)

where [B,C] is 10mm in length. In Q, a finite element
mesh composed of approximately 20000 quadratic elements
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FIGURE 2: (a) Square material domain (measuring 100 mm on each side) in the x-y plane (origin: 0) and boundary conditions on [B,C]

(where P denotes the pressure); (b) zoom of the refined mesh.
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FIGURE 3: Steady temperature field (thermal problem); temperature unit: K.

is generated with a refined mesh in the vicinity of the
line segment [B,C] (see Figure 2(b)) where the loading is
applied. This mesh is systematically used for all the numerical
simulations of this section.

Thermal Preliminary Problem. The temperature field con-
sidered is plotted in Figure 3 in the steady case that is, (9)
is reduced only to AT = 0. Assuming a plane temperature
field, the thermal boundary conditions in this purely thermal
problem are

T =T, =300K

on [A,B]U[C,D]U[D,E]U |[E,F]U |[F, A] (11)

T=T?=450K on [B,C].

It is worth noting that (i) the room temperature is equal to
the initial temperature (T; = 300K) that is, the greatest
temperature increase is 150K on [B, C]; (ii) the stationary
thermal problem addressed in this section is quite different
from the wheel/rail problem (see preliminary remark).
Thermomechanical Problem. The above temperature field
presented is used as an initial datum for dealing with the

thermomechanical problem. In order to satisfy the local
equations of mechanical equilibrium, the stress field at the
same time, ;, must be zero (8),

0 = 0=Tr(ey) = 3a (Ty-T)), (12)

where o denotes the thermal expansion coefficient which is
12x10°K ™.

The strain state is assumed to be plane and the mechanical
boundary conditions are as follows:

u=0 on [EF];
on [A,BJU[C,D]U[D,E]U[F,A];

1/2
.n:—Pdt<l—<g)2) n on [B,C]

with P* = 100 MPa - s,

n=0

(13)
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FIGURE 4: (a) z-field at time t = 10 s (TRIP-like process); (b) zoom of the z-field.
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FIGURE 5: v-field at time ¢ = 10 s (classical plasticity).

Note that from (13)-c, the pressure on [B,C] is maximum
at x = 0 and equal to zero at x = +5 mm (at points B and C).
The mechanical parameters of the material are as follows:

A=115x10° MPa;  u =77 x 10° MPa;

p;=78x107 kg-mm™>; T = 1000K;
w=700 MPa; k=10  n=10"s (14)
8=0; o, = 400 MPa;
h=2x10" MPa; £=25x10"s.

The Young’s modulus E and the Poisson’s ratio v are imme-
diately deduced from the Lamé parameters A and g, that is,
E = 210GPaand v = 0.25. It can be seen that the
characteristic times of the viscous effects associated with the
TRIP-like process, #, and the classical plasticity, &, are small
enough for the viscous effects and can be actually negligible
with a characteristic loading time of this kind.

The z-field is plotted in Figure 4(a) at time t = 10,
when P(x = 0) = 1000 MPa. It can be seen that the z-field
obtained here shows the maximum phase transformation
occurs near the surface and in its immediate vicinity where

the mechanical loading is applied. The z-field observed is
highly nonuniform: for example, along the o-y axis (see
Figure 2), z = z,,,, ~ 12 x 107> when y = 0 —the partial
transformation at the point where the mechanical loading
is applied— and z = 6 x 107 when y = 9x 10~ mm.
The maximum transformation depth is achieved for about
17%10" mm and beyond this thickness, the nontransformed
area remains. These results show that the area transformed is
restricted to just a few millimeters below the surface [B,C]
and that the layer transformed is only partial. The v-field at
time t = 10s is plotted in Figure 5. It can be seen that v
is zero on [B,C], where the mechanical loading is applied,
and reaches a maximum value around 45 x 10™* in Q. Note
also that that there exists a small area, just below the surface,
where both v and z (see Figure 4) are nonzero; the TRIP-like
processes and classical plasticity are closely correlated.

Although the example studied does not take into account
the nonlinear contact and friction between wheel and rail, the
results obtained tend to show that the model proposed (see
Section 2) may predict the experimental data, especially those
relating to TSTs on railway tracks. In this matter, the specific
material parameters of the model will have to be precisely
identified in experimental works.



4, Conclusion

In this paper, a thermodynamically consistent thermome-
chanical model was presented in order to describe initiation
and development of the Tribological Surface Transforma-
tions (TSTs). Based on the conjecture that TSTs have a
thermomechanical origin that is, TSTs are due to combined
thermomechanical loads, the model proposed presents the
main advantage to have a small number of specific material
parameter, T;, w, &, k, and 7, except the classical ther-
moelastic parameters which are known. Some numerical
examples have been proposed to assess the ability of the
model to predict these TSTs. The results obtained show that
the solid-solid phase transformations can be achieved in
the immediate vicinity of the surface where the mechanical
loading is applied. Therefore, the thermomechanical model
developed will be tested on the wheel/rail problem in the
future work.
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