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A tool is developed to rank surface treated materials with respect to thermal fatigue. It comprises a mod-
elling of the temperature profile in the component and an adaptation of the Coffin–Manson model for
surface treatments fatigue. It is used as a performance index and discussed onto several surface treat-
ments and multi-treatments relevant for the protection of steel in aluminium foundry moulds, exposed
to thermal fatigue, with some insight in the effect of surface treatments processes on the final result. The
model reproduces the well-known capability of duplex PVD nitride onto nitriding to withstand thermal
fatigue. Using thermal barrier coatings may also be relevant, but the internal stress must be sufficiently
compressive to be resistant to the studied thermal cycles.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thermal stresses affect materials in many fields: aircrafts
engines, foundry devices affected by moulding cycles, turbine
blades for the energy industry, nuclear fusion reactors, etc. When
applied cyclically or repeatedly over time, they often lead to
thermal fatigue. For applications involving surface treated metals,
such stresses arise from a combination of several factors:

1. The difference of the thermal expansion coefficients of the
surface layer and the substrate.

2. The thermal gradients during thermal transients.
3. The residual stresses due to the surface treatment process

itself, still present at uniform ambient temperature.

Contributions 1 and 3 mainly affect the layers. Contribution 2
affects both the substrate and the treatment layers.

Frequently, literature provides with extensive and successful
mathematical descriptions of thermal flows in multi-materials
[1] and crack propagations at failure for specific coatings categories
[2]. Some works focus on modelling the thermal fatigue of the sub-
strate [3,4]. Several simple bulk thermal fatigue cases (contribution
2) were modelled in Manson’s work [5], whereas modelling at least
one contribution is presented elsewhere [6–10].

However, literature provides with very limited tools to compare
coatings with totally different characteristics in terms of thermal
fatigue lifetime for contributions 1–3. Such a semi-quantitative
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tool would be useful for designers to help to minimise the experi-
mental investigations in thermal fatigue problems. The goal of this
paper is to propose a way to fill this gap, by:

- Encompassing contributions 1–3 for single or multiple sur-
face treatments.

- Using as much as possible parameters that can be found in
the literature, instead of additional empirical parameters.

Surface treatments used for the aluminium die-casting opera-
tions are considered as a study case, since these treatments origi-
nate from different technologies and since the knowledge in this
field is still quite empirical. Thermal fatigue acts there as a major
failure mode for steel and its corrosion/sliding wear protective lay-
ers. Various treatments were compared: treatments aimed at
reducing fatigue (nitriding [11–16], shot peening [17]), corrosion
by molten aluminium (thin TiN coating [18–21], boriding [22–
24]), and thermal gradients in the substrate (thin PVD thermally
insulating oxide [25], thick zirconia [26] using plasma spray).

This paper first describes the model and the specific study case.
Then, various surface treatments are ranked in terms of lifetimes in
thermal cycling (with mechanical failure). A comparison is made
with some important experimental results from the surface treat-
ments literature.
2. Theory and calculation

The (x,y,z) Cartesian axis system sketched in Fig. 1 is assumed
in the case of a double layer treatment. The studied treatments
are represented in Fig. 2. The studied object is a 4 cm thick flat
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Fig. 1. Axis and properties definition (cross-section of the studied object).

Fig. 2. Studied treatments.
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semi-infinite plate, parallel to the y and z axis, symmetric with re-
spect to the (y,z) plane. Such a simple geometry is used for a rank-
ing purpose, but a more complex geometry can be used to model a
complete mould during aluminium casting operations, for in-
stance, to determine where failure occurs first.

The proposed methodology is based on the equations used in
[27]. For a ranking purpose, it splits into the 9 following steps:

1. Definition of the studied surface treated material: substrate,
surface treatment(s) and their respective thickness.

2. Definition of the cyclic time-dependent thermal boundary
conditions.

3. For each material/treatment, data mining for: thermal
expansion coefficient a, Young’s modulus E, Poisson’s mod-
ulus t, ultimate strain eu, ultimate stress ru, specific heat Cp,
density q, thermal conductivity k.

One further assumes that:

– The interfaces between the layers are flat and chemically
stable.

– The materials properties are constant within a layer, as
illustrated on the left-hand side of Fig. 1. In the cases of
nitriding and shot peening, the actual layer is virtually
sliced into thinner layers so that this assumption is accept-
able within each of these. In the case of diffusion layers,
several compound layers are sometimes obtained. They
should be considered as distinct materials with distinct
properties.

4. Define the process stresses r0 of each layer (biaxial along y
and z). In the case of a thin enough coating, a uniform value
is assumed along x. For deep treatments, a complex stress
profile has to be assumed (think about shot peening, which
generates compressive stress around the surface and tensile
stress deeper; the same stands for the diffusion case of
nitriding). It was then split into thin layers, each of which
having a different value of r0.

5. Resolution of time-dependent heat transfer problem. The
heat flow is assumed to be oriented along x, so that the 1-
D Fourier equation has to be solved. Variable space and time
integration steps are recommended, so that the space steps
are shorter in the layers and their immediate surroundings.
The time steps should also be shorter around the most
important temperature changes.

6. For each time step, determination of the stress at each point
of the treated layers and substrate: r(x, t) (t: time) in the
one-dimension case. For each material, a stress–strain rela-
tionship is assumed. In this work, the materials were
assumed either perfectly plastic or perfectly brittle, as
sketched on Fig. 3. The stresses are biaxial along y and z



Fig. 3. Single load stress–strain behaviour of the studied materials.
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and vary along x. No momentum balance was made, thanks
to symmetry.

7. Determination of the corresponding mechanical strain
e(x, t), defined in the same way as in [27]:

eðx; tÞ ¼ e0ðxÞ þ eaverageðtÞ � ethðx; tÞ;

where the free thermal deformation of each element of the
substrate or the layers, eth(x, t) = a(x)DT(x, t), is prevented by
the mechanical strain of the other elements, eaverage, and
where e0 is the initial deformation of the layer, due to depo-
sition stress.

8. At each space step, determination of the average stress
�rðx; tÞ and the strain amplitude De(x, t).

9. Determination of the number of reversals at failure (life-
time, Nf) solving the following equations for Nf at each point
of the material:

For ductile materials (metals, borides):

De ¼ 3:5
ru � �r

E
N�0:12

f þ e0:6
u N�0:6

f ð1Þ

For brittle materials (oxide, nitride layers):

De ¼ 9
4

ru � �r
E

N�0:083
f ð2Þ

These equations have the form of the well-known Coffin–Man-
son equations [5]. They are chosen because they only need param-
eters that can be often found in literature and because they are
valid for a wide range of materials, as shown in [27]. Nf is then used
as a ranking index, to compare materials in a given context. The
minimum value of Nf is considered as the lifetime of the whole
Table 1
Numerical values used for modelling. (See below-mentioned references for further inform

⁄ See [36] for details.
⁄⁄ Assumption.
⁄⁄⁄Assumed not to initiate rupture.
component. Steps 5 to 9 were automatically implemented on MAT-
LAB. The final temperature profile is generally different from the
initial one, since several cycles are often necessary to achieve a
limit cycle. Therefore, since high Nf values are expected, steps 5
to 9 can be repeated until such a limit cycle is reached [27].

For foundry moulds for aluminium, the boundary conditions are
defined as follows:

– For the heating half cycle, the aluminium is assumed to
move along the y axis (in Fig. 1, ‘‘aluminium velocity’’ repre-
sents the casting speed). The studied part is denoted by a
vertical dotted line (‘‘control line’’), with a corresponding y
value (distance from the edge). The heat transfer coefficient
h is calculated along this line using the following relation-
ship between the Prandtl number Pr, the Nusselt number
Nuy and the Reynold’s number Rey [27,28]:

Nuy :¼ hðy;UÞy=kfluid ¼ 0:53Pr0:5Re0:5
y ; ð3Þ

where U is the aluminium velocity. Since Eq. (3) can be applied for a
Peclet number comprised between 102 and 104, the following
assumptions are made: U = 10 m/s and y is fixed at 2 cm. The alu-
minium is at 1100 K outside the boundary layer.
– For the cooling half cycle (ejection of the moulding part and

injection of cold lubricating fluid), it is assumed that
h = 2500 W/m2 K and that the ambient temperature is 293 K.

3. Results and discussion

Materials properties used for the calculations were borrowed
from literature and are summarised in Table 1. In particular:
ation.)
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– Steel mechanical properties were considered at 873 K.
– The properties of Ti, TiN and the insulating oxide were taken

from [25]. Cp is an average in the temperature range [373 K,
973 K], obtained from the available correlations. The insu-
lating oxide was supposed to be CeO2.

– For the nitriding compound layer, the k value was derived
from the thermal diffusivity given in [29]. Typically, it con-
tains Fe2N (most stable compound at high temperature) or
Fe4N. Cp was obtained using the available correlations and
averaging them on [300 K, 1000 K] for both compounds.
Correlations from [30–32] give similar results. a was taken
from another work dedicated to foundry, where plane stres-
ses were also evaluated [33].

In the absence of nitriding or shot peening, r0 = 0 in the steel
substrate. If such a treatment is applied, refer to Table 2 for the ini-
tial stress profile. The total thickness remains 2 cm � 2 in the case
of shot peening, boriding or nitriding without any compound layer.

Table 3 shows the calculated values of Nf for all the studied
treatments with the above mentioned values of the parameters
(‘‘default’’ parameters), in italics. In some cases, one also addresses
the effect of changing these parameters (white boxes).

In the case of untreated steel, the thermal cycle is given in Fig. 4.
Note that T hardly fluctuates at the centre of the object (x = 0),
compared to the boundary (x = 0.02 m). Fig. 5 gives the corre-
sponding superficial strains (i.e. at x = 0.02 m).

Italicised values for Nf in Table 3 represent a kind of ‘‘ranking
parameter’’ of multi-materials and their manufacture process with
respect to thermal fatigue. Besides, the obtained values typically
Table 2
r0 profile for deep surface treatments.

Nitriding (case depth) Shot peening

Depth (lm) r0 (MPa) Depth (lm) r0 (MPa)

[0; 200[ �500 [0; 250[ �600
[250; 300[ �450

Remaining 0 [300; 350[ 20
Remaining 0

Table 3
Calculated Nf values (italics: with the default parameters, see Section 3).

Material Parameters Nf

Untreated steel Al velocity = 0.5 m/s 80,500
Default (Al velocity = 10 m/s) 56,800

Shot peening/steel Default 72,700
Nitriding without white layer/steel Default 74,200
Fe2B (boriding)/steel Default 60,200
TiN (PVD)/steel Default 57,000
TiN (PVD)/Ti (PVD)/steel Default 57,100
TiN (PVD)/shot peening/steel Default 72,900
Nitriding with white layer/steel ru in the compound layer Fig. 8

Default (ru = 3 GPa) 76,000
TiN (PVD)/nitriding without white

layer/steel
Default 74,500

TiN (PVD)/nitriding with white layer/
steel

Default 76,600

Insulating oxide (PVD)/TiN (PVD)/Ti
(PVD)/steel

Effect of the oxide thickness Fig. 7

Default (thickness 10 lm) 81,700
TiN (PVD)/insulating oxide (PVD)/Ti/

steel
Default 81,700

Zirconia (thermal spray)/NiCrAlY
(thermal spray)/boriding (Fe2B)/
steel

r0 = �100 MPa 425,000

Default (r0 = 0) 15,900
represent practical values for numbers of shots at rupture, in the
presence of surface treatments for foundry applications. However,
directly extrapolating these results to ‘‘real-life’’ is less evident,
owing to the very simplified geometry.

Using these default parameters, three types of situations arise:

– The treatment reduces Nf, like for the multilayer zirconia/
NiCrAlY/boriding.

– The treatment hardly affects Nf, like for boriding or thin
coatings. The latter case is in good agreement with the qual-
itative results of Y. Wang obtained with thin PVD nitride
[19].

– The treatment improves thermal fatigue resistance: shot
peening, nitriding, ‘‘duplex treatment’’ (TiN onto nitriding
or shot peening) and the multilayer with a thin insulating
oxide coating. This ranking does not take into account: (i)
that the corrosion differs according to the material; (ii) the
stress generated by shot peening is affected by high temper-
ature exposure, which again the model ignores.

Especially, considering Table 3:

– For plain steel, the lifetime increases if the aluminium
velocity decreases, since the thermal profile is less sharp,
leading to lower stress. The values of 10 m/s and 0.5 m/s
are typical of injection moulding and gravity moulding.
The difference of Nf corroborates the practical difference
between both processes. In fact, there is no debate in litera-
ture concerning the thermal fatigue in gravity moulding.

– Shot peening and nitriding generate compressive residual
stress close to the surface, leading to a negative shift of
the strain shown in Fig. 5 and subsequent lower mean stress
during the cycle. This improves the thermal fatigue resis-
tance, since Nf is very sensitive to �r.

– TiN, TiN/Ti and boriding slightly increase Nf. This can be
attributed to a slight shielding effect for the steel: the latter
is exposed to slightly less intensive stress cycles at its sur-
face and neither TiN nor boriding are expected to fail before
steel with the strains they undergo.

– Further calculations shows that ‘‘Ti’’, which plays the role of
a bond coat, is not likely to fail before TiN, reason why no Nf

was calculated for the bond coat (Table 1).
– Using an insulating oxide layer potentially increases the

steel lifetime, by reducing steel strain amplitude (compare
the double arrows Desteel on Figs. 5 and 6). However,
decreasing the oxide thickness decreases the possible gain,
because of a reduction of this effect (Fig. 7). Note that this
assumption is valid only if the mechanical properties of
the layer are independent of its thickness, and if no other
side effect appear, like delamination.

– The oxide layer was assumed not to limit the overall life-
time. The reverse would imply that the ru/E value for this
material is lower than the corresponding value for zirconia
obtained by plasma spray (0.61%). This is not likely to occur,
since using PVD is a way to increase the maximum strain
that can withstand thermal barrier coatings.

– TiN and the insulating oxide can be permuted without
affecting the lifetime.

– The mechanical properties of the nitriding compound layer
are often determining in the overall lifetime. To show this,
one let ru of this layer vary into a typical range, i.e. between
600 and 1400 HV [34], which corresponds to 55 and 74 HRC,
respectively. Applying the equation mentioned in [35], spe-
cific for the white layer, expressing ru as a function of HRC,
these values correspond to 1900 and 3300 MPa. Nf is
expressed as a function of ru within this range in Fig. 8,



Fig. 5. Surface strain as a function of time for the outermost ‘‘slice’’ of the steel plate
(0–10 s: metal introduction; 10–30 s: cooling).

Fig. 6. Strain as a function of time for the multilayer coating: «insulating oxide
(PVD)/TiN/Ti/steel», same conditions as Fig. 5.

Fig. 7. Effect of the oxide thickness on the number of reversals at failure (Nf), in the
multi-layer: insulating oxide (PVD)/TiN/Ti/steel.

Fig. 8. Effect of the ultimate stress (ru) of the nitriding white layer on the number
of reversals at failure (Nf).

Fig. 4. Temperature (T) as a function of time for one heating/cooling cycle in untreated steel. Only a half thickness is considered.
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when all the other parameters remain constant. Under
ru = 2700 MPa, ru strongly affects the lifetime, because
nitriding initiates the failure. This suggests that the
operators should take care about the quality of the white
layer and may explain the strong difference in thermal fati-
gue lifetime observed in the presence of a white layer. Peng
et al. observe an improvement of lifetime due to nitriding,
since the layer they study has ru � 3000 MPa [35]. But other
authors report worsening thermal fatigue instead.
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– The multilayer ‘‘Zirconia/NiCrAlY/boriding (Fe2B)/steel’’ per-
forms badly, due to the early failure of the zirconia coating.
However, this result is very sensitive to residual stress
within the coating. Changing them from 0 to r0 = �100 MPa,
with E = 10 GPa, increases Nf by more than an order of mag-
nitude. Again, the insulating layer, zirconia, reduces the
thermal changes within the substrate. Care is needed if
the model is applied to such a material: a strong dispersion
in experimental results is expected here because the expo-
nent ‘‘�0.083’’ in Eq. (2) implies that Nf depends on De�12

and r12
u . Accordingly, the behavior of zirconia strongly

depends on its processing, the presence of defects and the
thermal expansion of the substrate. Besides, specific com-
pressive failure modes are not accounted for in the model.
In our previous investigation, the stress in the zirconia layer
was generally tensile during the cycles [36]. If the cycles are
more shifted to the compressive state, the model may be
invalidated.

– In good agreement with the relevant literature [13,25,37],
the other studied multi-layers (especially TiN/nitriding/
steel and insulating oxide (PVD)/TiN/Ti/steel) are expected
to greatly improve the industrial lifetime, since they both
improve thermal fatigue resistance (Table 3) and corrosion
resistance.

4. Conclusion

A methodology is proposed for a semi-quantitative prediction of
the lifetime of surface treated metals in the presence of thermal fa-
tigue. The obtained results can be used as a ranking parameter in an
expert system, to compare surface treatments from different tech-
nologies. It accounts for the most important parameters usually
mentioned in experimental studies of the same kind of problem.

Qualitative observations in the field of foundry moulds were
successfully reproduced using this model, especially, the satisfac-
tory response of a duplex-type treatment: PVD nitride layer onto
nitriding treatment of steel. The sensitivity to different parameters
has been discussed, which might help identify the most critical
treatment parameters. The calculations highlight that acting on
the internal stress of thick thermal barrier coatings would strongly
improve their resistance to the moulding cycles.

Further work should better account for the relaxation of the
residual stresses in time during thermal cycling. This implies
accessing the parameters of the equations describing this relaxa-
tion as a function of time and temperature, for all the studied
materials. This cannot be done without considerable experimental
work and with a standardized format of the results. More gener-
ally, such thermal fatigue problems would be better understood
with a wider consensus concerning the measurement of rupture
properties of coatings.
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