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A B S T R A C T

Hot work tools steels, which are submitted to severe solicitations in service, are often damaged by thermal fa
tigue and corrosion. Interrupted Thermal Fatigue experiments were performed on X38CrMoV5 tool steel between 
100 and 650 ◦C, in air and reduced oxygen partial pressure atmospheres after primary or secondary vacuum. A 
thermal and thermo-mechanical analysis by finite element method was carried out to estimate the strains and 
stresses undergone by the axisymmetric disc-shaped specimen during thermal cycling. The morphology, structure 
and phase composition of the oxide layer were analysed using scanning electron microscopy, energy dispersive 
spectroscopy and X-ray diffraction. It was shown that the thickness, homogeneity, structure, and compacity of 
the oxide multilayer formed on the specimen changed depending on test atmosphere. In air, crack initiation and 
propagation were strongly assisted by oxidation, leading to reduced fatigue life compared to inert atmospheres. 
Steel softening was highlighted in sub-surface, whatever the test atmosphere.

1. Introduction

Steels for hot work tools such as AISI H11 and H13 martensitic 
grades are commonly used, due to their thermo-physical and thermo- 
mechanical properties at high temperature, in particular their excel
lent combination of toughness and hardness [1–4]. In high temperature 
forming processes as for example die casting, forging, rolling, hot 
extrusion or hot stamping, the tools subjected to thermal heating and 
cooling cycles experience large transient temperature variations. The 
thermal expansion and contraction of the material generate cyclic 
stresses and mechanical deformation [4–10]. Consequently, the tools are 
severely damaged by thermal fatigue, which is manifested by the for
mation of a network of fine surface cracks often called “heat checking” 
[2,4,7,8,11–18]. In addition, cyclic thermo-mechanical solicitations are 
often coupled with corrosive atmospheres, exposing the tool to oxida
tion or corrosion reactions which reduces the lifespan of tools and dies 
[8,9,19–21].

Among the factors leading to initiation and propagation of thermal 
micro-cracks, the atmosphere is known to play a significant role [4]. 
Several studies have indeed shown that initial crack growth was pro
moted by the oxidation of surface cracks [22–25]. A reduction in the 
lifespan of steel through oxidation is often observed, even in the 

presence of protective coatings against wear, corrosion or thermal fa
tigue [26–31]. The environment also has an effect in depth, with a 
change in the chemical composition of the steel sub-surface [32,33] and 
possible formation of oxides or intermetallics inside the cracks 
[16,32–34]. Ebner et al., by heating a flat specimen by laser under an 
inert atmosphere, succeeded in producing a thermal fatigue test without 
oxidation, thus highlighting damage by plastic deformation under bi- 
axial loading [8]. However, there is still a lack of knowledge about the 
influence of oxidation on the initiation and propagation of thermal fa
tigue cracks, as stated by da Silva et al. from a detailed literature review 
on thermal fatigue of hot work tool steels [3]. In particular, the mech
anisms resulting from the complex interaction between thermal fatigue 
and oxidation have not been clearly demonstrated.

On a laboratory scale, thermal fatigue tests are performed by 
abruptly heating and cooling the specimen surface cyclically. This 
complies the definition of Spera, who defined thermal fatigue as a 
gradual deterioration and eventual cracking of a material by alternate 
heating and cooling during which free thermal expansion is partially or 
completely constrained [35]. Different test setups can be used, varying 
by the heating and cooling method (laser pulse, electromagnetic in
duction, immersion into liquids, fluidizing beds heating, flame heating, 
etc.) and the specimen geometry (simplified structures such as cylinder 
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or cube [11,14–16,19,2,3,31,36–48,6]). The selected damage criterion 
can also change depending on the authors [16,33,41,49]. The lack of 
standardization of this specific fatigue test, already noted by Howes in 
his time [33], makes it difficult − if not impossible − to compare results 
when test conditions and sample geometries differ [3,50]. However, a 
simulation analysis can allow a relative comparison of fatigue resis
tance, using mechanical criteria derived from numerical calculations 
[3,8].

In the absence of a reference test decoupling the damage mechanisms 
induced by thermal fatigue and oxidation, this study aims to better 
understand the effect of environment, especially the partial pressure of 
oxygen, on the damage of a X38CrMoV5 (AISI H11) steel. The proposed 
experimental approach consists of first carrying thermal fatigue tests 
between 100 and 650 ◦C under argon and nitrogen (reduced PO2), in 
order to determine damage and life specific to thermal fatigue loading. 
Tests carried out under the same conditions, but in an oxidizing atmo
sphere (air), will then highlight the role of oxidation in the damage 
mechanisms. Based on detailed microstructural observations and ana
lyses, combined to a thermo-mechanical analysis by finite element 
method (FEM), the mechanisms of both oxidation and crack initiation 
and propagation will be assessed and discussed.

2. Experimental procedure

A low silicon and impurity grade of X38CrMoV5 tool steel (AISI 
H11), known as ADC3, was investigated. This alloy contains 0.36 % C, 5 
% Cr, 1 % Mo, and 0.35 % Si in addition to Fe (in weight %). A heat 
treatment (by austenitisation at 980 ◦C for 1 h, quenching and double 
tempering at 550 and 605 ◦C for 2 h) was performed to achieve a 
martensitic microstructure with a final hardness of about 47 HRC (485 
Hv). Disk-shaped axisymmetric specimens, with an axial hole for inter
nal water-cooling and a polished surface in the useful part along θθ di
rection (tip), were used for thermal fatigue (TF) tests (Fig. 1).

TF experiments were performed using a test bench with a sealed 
chamber, following a procedure fully described in [51]. Thermal cycles 
between a minimal temperature (Tmin) of 100 ◦C and a maximal tem
perature (Tmax) of 650 ◦C were applied on the top surface of the disk 

(Fig. 1). The heating time (ht) was set to 1.25 s and allowed applying a 
heat-flux density of 3.22 MW.m− 2 with a mean heating rate of 420 ◦C. 
s− 1. The cooling time (ct) was fixed such that temperature was cooled 
down from 650 to 100 ◦C, with a mean cooling rate of 74 ◦C.s− 1. Before 
starting the TF tests under inert atmosphere, the reduction of the partial 
pressure of oxygen in the chamber was ensured by carrying out suc
cessive atmosphere purification operations, including a primary or 
secondary vacuum step followed by an inert gas sweep. Argon and ni
trogen, distinguished by their ionization current (breakdown voltage), 
were used under the conditions of primary (4x10− 2 mbar) and second
ary vacuum (5x10− 5 mbar), respectively. The corresponding oxygen 
partial pressure (PO2) is 8.4x10− 3 mbar and 1.05x10− 5 mbar for the 
argon and nitrogen atmospheres, respectively. The impurity contents of 
the gases used are specified in Table 1. The tests were carried out at 
slight over-pressure (around 1.2 mbar). A total of four TF tests were 
performed, one under argon, one under nitrogen and two in air.

The TF experiments were regularly interrupted, for example every 
500 cycles until 2,500 cycles, then every 2,500 until 20,000 cycles, and 
then every 5,000 cycles until 30,000 cycles in air. After each interrup
tion, to examine and follow the evolution of the damage, the specimen 
disk was examined and followed by optical microscopy and scanning 
electron microscopy (SEM). In addition to these microstructural obser
vations, energy dispersive spectroscopy (EDS) analyses and EDX map
ping were carried out in order to determine the chemical elements 
composing the oxide layer. The oxide phases were identified by X-ray 
diffraction (XRD), using a Panalytical X’Pert Pro diffractometer with 
monochromatic CuKα radiation (λ = 1.54 Å) and point detector. XRD 
analysis were performed in conventional 2θ acquisition mode, using the 
following parameters: angular step size = 0.01◦, integration time = 15 s, 
voltage = 40 kV, and current = 40 mA. The macro-cracks initiating and 
propagating on the disk were measured by direct observations, in order 
to determine crack propagation curves (evolution of the crack length a 
as a function of the number of cycles N).

After the final number of TF cycles was achieved, the specimen was 
cut and polished cross-sections were prepared for detailed SEM in
vestigations of in-depth damage and microstructural evolutions. In 
addition, a series of 13 Vickers micro-hardness indents were made from 
the surface to 3.5 mm in depth (following rr axis), with increasing inter- 
indent distance. A load of 200 g (Hv0.2) was applied for 10 s. The first 
indent was positioned in the steel, just below the interface with the oxide 
layer.

3. Thermal and thermo-mechanical analysis

During the TF test, the heat flux density applied to the surface of the 
specimen, combined with continuous internal cooling, created thermal 
transients inside the disk. The propagation of the thermal wave towards 
the coldest areas induced thermal cycles of different amplitudes and 
kinetics. The expansion mismatch between the hot and the colder un
derlying zones generated a mechanical strain varying depending on 
time, temperature and position in the specimen. This self-constraint 
induced a thermo-mechanical cycle responsible for the TF process [17].

To estimate the evolution of temperature, strain and stress in the 
specimen as a function of time, numerical simulations were carried out 
using the Finite Element Method (FEM), based on previous works 
[52,53]. Uncoupled thermal and thermo-mechanical analyses were 
conducted using ABAQUS®.

The material behaviour is assumed to be thermo-elasto-plastic (TEP) 
with isotropic hardening. It should be noted that, for the modelling of 

Fig. 1. Thermal cycle (Tmin = 100 ◦C, Tmax = 650 ◦C) applied on the top of the 
disk-shaped axisymmetric specimen during the TF test (measured using a 
thermocouple at the top surface of the specimen, as indicated). The longitudinal 
(zz), circumferential (θθ) and radial (rr) axes are indicated on the specimen 
scheme [ht: heating time, ct: cooling time].

Table 1 
Impurity content of argon and nitrogen gases used for the TF test environments.

H2O O2 CnHn

Argon (αAr) < 3 ppm < 2 ppm < 0.5 ppm
Nitrogen (αN2) < 3 ppm < 2 ppm < 0.5 ppm
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the steel life − which is not the subject of this study − , a thermo
mechanical simulation using a thermo-elasto-visco-plastic behaviour 
taking into account the kinematic and isotropic hardening that describes 
the cyclic hardening or softening and the Bauschinger effects, would be 
more relevant. The TPE model parameters were determined from 
isothermal tensile tests performed in a temperature range from 20 ◦C to 
650 ◦C and at a stress rate σ̇ = 6 MPa.s− 1 (which corresponds to a strain 
rate of ε̇ = 3 to 4.10− 5 s− 1). The hardening curves were identified for the 
plastic part of the tensile curves (σ-εin) by linear regression in a loga
rithmic coordinate system. Thus, the TEP model at different tempera
tures was defined by a Ramberg-Osgood type law, described by the 
following equations: 

εtot(σ,T) =
σ

E(T)
+
( σ

K(T)

)M(T)
(1) 

εtot(T) = εel(T)+ εin(T) (2) 

and 

εel(T) =
σ

E(T)
(3) 

where εtot, εel and εin are respectively the total, elastic and inelastic 
strains, σ is the stress, E is the Young modulus, K and M are the material 
parameters depending on the temperature T. The obtained hardening 
law parameters (given as a function of the temperature in Table 2) were 
implemented in ABAQUS® as discrete numerical data pairs for each 
temperature. The Young modulus (E) and the yield stress (σ0.2 with 0.2 
% strain offset) as a function of temperature, are also presented in 
Table 2.

Due to geometric symmetry, only a quarter of the specimen was 
modelled. The specimen was meshed with axisymmetric solid elements 
for thermal (DCAX8, eight-node quadratic) and mechanical (CAX8, 
eight-node bi-quadratic) analysis, respectively. Near the edge of the 
specimen, the mesh was refined with elements of approximately 15 µm 
(Fig. 2a). It should be emphasized that the oxide layer which may form 
on the specimen was not considered in this numerical simulation.

The thermal simulation was carried out based on heat flux and 
temperature measurements, using a specimen instrumented by several K 
thermocouples spot welded on the disk at different depths (Fig. 2a). Heat 
flux densities over time were imposed on the external surface (at the disk 
tip), considering convective and radiative heat transfers. For the internal 
surface, a constant heat transfer coefficient, calculated by an analytic 
model, was used. The relevance of the boundary conditions used for the 
estimation of transient thermal loadings was attested by the good match 
between the measured and calculated temperature–time cycles (Fig. 2b). 
For the thermo-mechanical calculations, tensile curves were measured 
from room temperature to 650 ◦C. The thermo-physical properties 
(thermal expansion, specific heat, density) of the steel were also 
measured in the same temperature range. The simulation was compiled 
for five consecutive cycles.

Fig. 3a and b respectively represent the mechanical stresses as a 
function of time, and the mechanical hysteresis-strain loops, calculated 
for an element of the upper surface of the disk during the first five TF 
cycles. They revealed that under TF cycling conditions, the specimen 
underwent alternating compression/tension under uniaxial thermo- 
mechanical cyclic loading along the circumferential θθ axis.

During the first heating–cooling cycle, an evolution of the 

mechanical loading (stresses and deformations) can be observed and 
broken down as follows:

- zero stress and strain at 20 ◦C (point A);
- low amplitude compression during the preheating period, up to 

100 ◦C (AB);
- strong evolution during the heating period from 100 to 650 ◦C (BD), 

with a compression peak (σθθ = − 755 MPa) observed at 500 ◦C (point 
C) and an ever-increasing plastic deformation, associated with a 
decrease in stress from 500 to 650 ◦C (CD);

- release of compressive loads during cooling from 650 to 100 ◦C (DE), 
with a passage in tensile stresses reaching its maximum (σθθ = 550 
MPa) at 100 ◦C (point E).

It can be seen that the loading undergone by the specimen during the 
first heating remained thermo-elastic up to 400 ◦C (σθθ = 720 MPa), with 
plastic deformations appearing beyond this temperature (because the 
yield strength of the steel was reached at these levels of temperature and 
stress). This reflects a drop in the mechanical properties of the steel 
beyond 500 ◦C (at the end of the first TF cycle).

From the second cycle, an evolution of the cyclic loadings according 
to a quasi-thermo-elastic asymptotic path was highlighted, with a low 
plastic deformation (D-E-D on Fig. 3b). A stabilization of the thermo- 
mechanical cycles can be observed from the second cycle, due to the 
choice of the thermo-mechanical behaviour law in the simulation (as 
shown in Fig. 3a with a repeated applied stress path D-E-D-E-D-E … for 
the subsequent cycles). In stabilized regime, the maximum tensile stress 
was achieved at the minimum temperature (Tmin) of the TF cycle, while 
the maximum compressive stress was achieved at the maximum tem
perature Tmax.

4. Effect of environment on TF damage

4.1. Air

In ambient air, a uniform, homogeneous and multi-layered oxide was 
formed on the surface of the specimen in the early hundred thermal 
cycles. This oxide was composed of an upper layer of hematite (Fe2O3), 
covering a layer of magnetite (Fe3O4) with a columnar structure. A 
spinel magnetite phase, rich in chromium ((Fe,Cr)3O4), was revealed at 
the oxide/steel interface (Fig. 4a). The total thickness of the oxide scale 
layer was estimated at about 25 μm after 30,000 TF cycles. The thickness 
of the hematite layer was estimated at less than 20 % of the total oxide 
thickness, while the magnetite and spinel layers had quasi-identical 
thicknesses (as also observed under isothermal aging tests [54]). The 
upper hematite layer appeared to be more porous than the inner layer of 
spinel, which was quite compact and adherent to the substrate. Its sur
face morphology seemed also to evolve during the thermal cycling, from 
an alveolar structure at low number of cycles to a mixed alveolar- 
spangled structure at higher number of cycles (Fig. 4b) [55].

As shown in Fig. 5a, some micro-cracks initiated locally in the oxide 
layer after only few hundred TF cycles. From 1,500 to 2,500 cycles, a 
network of regularly spaced micro-cracks (“heat-checking”) covered the 
whole surface (Fig. 5b). This indicates that the micro-cracks first prop
agated through the oxide multilayer, along rr and zz directions (i.e. 
perpendicularly to the orthoradial θθ loading). From 5,000 cycles, some 
micro-cracks presenting opened lips at room temperature, propagated 

Table 2 
Thermo-mechanical properties of X38CrMoV5 and parameters of the Ramberg-Osgood law at different temperatures.

T (◦C) 20 200 300 400 500 550 600 650

E (GPa) 213 206 193 185 168 151 143 121
σ0.2 (MPa) 1206 1112 1065 1017 880 758 605 430
K (MPa) 2008 1884 1875 1940 1904 1935 1949 1846
M 12.78 11.92 11.21 9.488 7.980 6.680 5.310 4.255
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Fig. 2. a) Heat-flux density imposed at the surface of the specimen, ϕh versus time t (the inserted SEM image shows the positions of the thermocouples along rr axis 
and the isothermal concentric rings observed on the specimen after a TF test); b) Temperatures measured and calculated (by numerical simulation) at the steel 
surface, at various distances from the specimen tip along rr (the distances from the tip of the 6 thermocouples are indicated in the table).

Fig. 3. a) Evolution of the mechanical stresses σθθ vs. time at the top of the disk specimen; b) Mechanical hysteresis loops (σθθ vs. mechanical strain εmec) calculated 
for the 5 first thermal cycles.

Fig. 4. SEM observation of the oxide scale formed in air after 30,000 TF cycles: a) multi-layered structure in cross-section; b) mixed alveolar-spangled morphology of 
the surface hematite layer.
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into the steel substrate to form “V-type” short-cracks (Fig. 6a). This 
resulted in a slight swelling of the lips of micro-cracks in surface (Fig. 5c 
and Fig. 6a). At higher number of cycles, some so called “secondary” 
micro-cracks “disappeared” as they were filled by oxide, while some 
others become more and more open (Fig. 5d). Post-mortem SEM ob
servations in cross-section revealed that at high number of cycles, some 
micro-cracks propagated in-depth perpendicular to the loading axis, 
following a very straight path (Fig. 6b). Those cracks were filled with the 
same multi-layered oxide as observed in surface. In addition, the tip of 
the crack appeared blunt, likely due to oxidation reactions.

4.2. Argon

A localized and multi-layered oxide again composed of hematite, 
magnetite and spinel was formed (Fig. 7a), but with a lower thickness 
than in air (about 15 μm after 30,000 TF cycles, on continuous oxide 
areas). Detailed SEM observations showed that the morphology of the 
superficial hematite layer was predominantly alveolar (Fig. 7b).

Heterogeneous oxidation was revealed (Fig. 8), probably due to the 
lowering of the partial pressure of oxygen in the test atmosphere. At the 
beginning of the TF cycles, isolated oxide sites (“island-type”) were 
nucleated along the polishing grooves of the specimen surface and 
aligned along the θθ axis. This kind of localised oxidation along the 
machining marks has already been reported by Barbehön et al. [56]. On 

Fig. 5. Evolution of the uniaxial micro-cracking of the surface oxide layer in air, after increasing numbers of TF cycles: a) 500, b) 2,500, c) 5,000 and d) 
20,000 cycles.

Fig. 6. Post-mortem SEM observations (after 30,000 TF cycles in air): a) heat-checking network in the oxide layer (in surface) and corresponding preferential oxide 
growth in the steel (in-depth); (b) propagation of a micro-crack (note the crack entirely filled with multilayer oxidation, and the blunting at the crack tip).
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surface, an evolution in the shape of these oxide nodules was observed 
during cycling, from an initially approximately circular shape to a 
“diamond” shape (Fig. 8a). In fact, this shape would result from oxide 
growth accelerated by lateral propagation of micro-cracks along zz di
rection. Up to the first thousand cycles, only a very small fraction of the 
specimen surface showed such an oxidation pattern, but as the number 
of TF cycles increased, the oxide islands grew (Fig. 8b), coalesced 
(Fig. 8c) to end up covering almost the entire surface (Fig. 8d).

After a few thousand cycles, some of the oxide islands were buckled 
and crossed by several superficial micro-cracks propagating perpendic
ular to θθ (Fig. 8b). These micro-cracks were undoubtedly linked to the 
shape transformation of the oxide nodules, leading to preferential oxy
gen diffusion along zz (i.e. perpendicular to the main stress). By 
increasing the number of cycles, some micro-cracks coalesced from is
land to island, following a zig-zag path (crystallographic) through the 
non-oxidized zones (Fig. 8c-d and Fig. 9a). Post-mortem micrographs of 
the specimen in cross-section indicated that the cracks propagated in 
depth into the steel following a tortuous path, roughly along zz 

direction. At the macroscopic scale, the crack propagation was perpen
dicular to θθ. In-depth cracks appeared less open (with a thinner crack 
tip) than in air, but again filled with oxide (Fig. 9b).

4.3. Nitrogen

Observations in cross-section revealed a very porous and stratified 
oxide scale with alternating layers of magnetite and spinel, and a very 
thin surface layer of hematite (Fig. 10a). Its total thickness was about 10 
μm after 40,000 cycles (i.e. thinner than in air or argon at 30,000 cy
cles). At the interface with the steel, areas of local delamination were 
revealed. The irregularity of this interface could indicate heterogenous 
oxidation (i.e. preferentially intergranular and inter-martensitic). An 
acicular morphology with a tangle of thin hematite whiskers was 
observed at a finer scale of observation on the oxide surface (Fig. 10b).

Although such an oxide layer did not cover the whole surface of the 
specimen, it appeared more uniform than the layer formed under argon. 
A preferential oxide growth could be observed on the initial polishing 

Fig. 7. Morphology of the localized multilayer oxide formed in argon after 30,000 TF cycles: porous laminated structure in cross-section (a) and alveolar hematite 
observed in surface (b).

Fig. 8. Growth of the oxide layer under argon, by nucleation, lateral growth and coalescence of oxide nodules after increasing numbers of TF cycles: a) 5,000, b) 
7,500, c) 10,000 and d) 12,500 cycles.
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grooves, which ended up cracking under thermo-mechanical loading 
(Fig. 11a). Local areas of buckling or spalling were also highlighted, 
which could explain the stratified structure of the oxide (Fig. 11b).

In cross-section, most of the micro-cracks appeared particularly thin, 
with a sharp crack tip. The oxygen diffusion led to an intergranular and 
inter-martensitic oxidation of the crack lips. The micro-cracks were su
perficially filled by oxide and presented a “V-shape” on a few micro
metres in depth (Fig. 12a). Unlike tests in air and under argon, no 
specific periodic micro-cracking (heat checking) was observed on the 
oxide surface up to 40,000 TF cycles. This likely reveals the ability of the 
oxide layer to self-accommodate the θθ strain rather than cracking 
uniformly. However, fairly marked surface micro-cracks were observed 

locally (Fig. 12b).

5. Discussion

5.1. Oxidation

During TF tests, the thermal transients experienced by the steel led to 
a cyclic oxidation, whose kinetics and oxide morphology changed 
depending on the exposure time and temperature (as evidenced by the 
oxidation gradient observed on the external surface of the specimen in 
Fig. 2a). The effect of the temperature on the kinetics of parabolic 
oxidation in air was previously modelled, for thermal cycles between 

Fig. 9. Propagation of a micro-crack in the steel observed on the specimen after 30,000 TF cycles in argon, in surface (a) and in-depth (b).

Fig. 10. Oxide layer formed in nitrogen after 40,000 TF cycles: a) stratified and porous structure observed in cross-section; b) acicular structure with thin hematite 
whiskers in surface.

Fig. 11. a) Thin oxide film formed on the surface of the specimen after 10,000 TF cycles in nitrogen (the brighter areas correspond to the steel substrate); b) local 
spallation of the superficial oxide layer.
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100 ◦C and various Tmax ranging from 500 and 685 ◦C [55]. The present 
investigation further reveals that the oxidation kinetics also depends on 
the test environment. But despite the strong reduction in PO2 under inert 
atmospheres, an oxide layer was always observed, with a thickness 
however lower under argon and especially under nitrogen than in air.

The environmental conditions of the TF test also impacted the 
coverage and morphology of the oxide layer, namely:

- quite homogeneous and compact layer in air;
- rather compact and localized (“nodular or “island-type”) oxidation 

under argon;
- porous, relatively thin and fairly non-uniform layer under nitrogen.

Identical oxide phases, i.e. hematite (Fe2O3), magnetite (Fe3O4) and 
spinel ((Fe,Cr)3O4), were observed regardless of the test atmosphere. A 
thermodynamic simulation by Thermocalc® software (using the TCFE8 

base) shows that the equilibrium PO2 at the Fe2O3/Fe3O4 interface is less 
than 10− 13 bar. The PO2 in our test environments are much higher and 
therefore sufficient to allow the formation of these two phases. This is 
confirmed by EDX mapping, showing the distribution of the main oxide 
elements and clearly highlighting the interfaces between the different 
oxide compounds and with the steel (Fig. 13). A thin spalled layer of 
spinels can also be observed inside the magnetite layer. The oxygen 
diffusion paths from surface micro-cracks through the oxide layer could 
also be distinguished. It should be noted that wüstite (FeO), supposed to 
form under the inner magnetite layer above 570 ◦C according to the Fe- 
O equilibrium diagram [56–58], was never observed on our test speci
mens. As reported in [56], the presence of 5 % chromium in the steel, by 
increasing the wüstite formation temperature to 850 ◦C, did not allow its 
formation at the temperature levels at which the steel was exposed 
(Tmax = 650 ◦C). Also, Balasko et al. [58] revealed the presence of 
wüstite in the internal oxide layer of a soft annealed AISI H11 tool steel 

Fig. 12. Cross-section of a specimen tested in nitrogen after 40,000 TF cycles, showing a micro-crack propagation in-depth (a); micro-crack initiation in surface of 
the oxide layer (b).

Fig. 13. SEM micrograph (BSE mode) of the oxide layer formed in air (a), and associated EDX elemental maps of oxygen (b), iron (c) and chromium (d), revealing 
the interfaces inside the oxide layer and with the steel.
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after an aging test at 700 ◦C, while wüstite was absent at this temper
ature in the hardened and tempered samples.

Detailed cross-sectional observations revealed relatively compact 
and adherent magnetite and spinel layers in air (and to a lesser extent 
under argon), whereas they were much more porous and/or “damaged” 
(stratified oxide scale resulting from successive spallations) under ni
trogen. A columnar structure with large grains was highlighted in the 
magnetite. The inward and outward growth of the oxide layer could be 
clearly highlighted under argon, the original surface of the steel being 
visible in the non-oxidized zones, on either side of the oxide nodules 
(Fig. 7a). The formation of magnetite and hematite was driven by a 
cationic mechanism (oxidation at the environment/oxide interface, by 
diffusion of iron towards the surface), while an anionic mechanism led 
to the growth of the (Fe,Cr)3O4 spinel layer (oxidation at the oxide/steel 
interface, by diffusion of oxygen through the oxide into the steel).

Additional XRD analyses (Fig. 14) revealed a higher amount of he
matite formed in air compared to lower PO2 atmospheres, as previously 
highlighted by SEM observations in cross-section (Fig. 4a, 7a and 10a). 
This was also reported by Min et al. [59] under isothermal oxidation of a 
similar steel grade, which explained the preferential formation of he
matite by thermodynamic considerations (based on calculations with 
the ThermoCalc® software). XRD spectra also revealed a greater pro
portion of magnetite under nitrogen than in other atmospheres (argon, 
and especially air). However, this was not consistent with cross-sectional 
post-mortem micrographs (Figs. 10, 15a and b). In fact, we believe that 
the thinness of the hematite layer above the magnetite layer could 
amplify the intensity peak of magnetite measured by XRD on TF speci
mens tested under reduced PO2. The preferential growth of the 
magnetite in air would be due to higher oxygen content in the test at
mosphere, combined to a better adherence of the oxide scale to the 
parent steel and the Fe-ion diffusion outward, that could consequently 
enhance the magnetite growth rate [60]. Under argon and especially 
under nitrogen, it was indeed found that the oxide layer was much less 
adherent (with large voids at the oxide-steel interface) than in air.

It should be emphasized that whatever the test atmosphere – and 
therefore the homogeneity of the oxide layer – TF micro-cracks initiated 
exclusively in the oxide scale, and more particularly in the surface he
matite layer and magnetite underlayer (Fig. 15a). Local spalling of the 
oxide layer was also observed near the micro-cracks present in the oxide 
islands under argon. The same oxidation sequence as on the surface was 
observed inside the cracks in the steel, namely a growth of the external 

oxides by diffusion of iron through the micro-cracks, and of the internal 
oxide by diffusion of oxygen. The micro-cracks, by leading to the crea
tion of new non-oxidized surfaces, activated the formation of new 
quantities of oxide. The successive spallation of the oxide multilayer 
under TF cycling could explain the stratified structure of the oxide layer 
and the irregularity of the internal oxidation front under argon and ni
trogen. This delamination was probably promoted by the decohesion of 
the oxide and the large defects (porosities) present at the oxide-steel 
interface (Fig. 15b).

5.2. Superficial damage

In air, the damage mechanisms resulting from thermal cycling can be 
decomposed into the following successive stages during increasing TF 
cycles, as illustrated in Fig. 16a:

a-1) growth of a multi-layered and compact oxide on the steel sur
face, by a temperature-activated diffusional process;

a-2) formation of a periodic surface micro-crack network (propa
gating through the oxide perpendicular to the θθ axis and parallel to zz 
and rr axis), leading to oxidation growth on a few micrometres into the 
steel (by diffusion short-circuit through micro-cracks);

a-3) stopping and healing of certain micro-cracks at the interface 
with the steel; in-depth propagation of other cracks, leading to subse
quent swelling of the crack lips on the surface (due to oxide preferential 
growth) and steel depletion of the steel along the cracks (by diffusion in 
the blunt zones);

a-4) propagation of main cracks deeper into the steel following a 
straight path, and disappearing of “secondary” surface micro-cracks by 
oxide healing (due to the oxide scale growth).

The oxide growth occurred mainly during the hot phases of the TF 
cycles [55], i.e. when the steel was subjected to thermo-mechanical 
compressive stresses (Fig. 3). During the cooling phase, the “compos
ite” oxide layer found itself in tension when the steel was subjected to 
thermo-mechanical tensile strain, leading to cracking (by formation of a 
heat-checking network). A uniaxial network was here observed because 
the strains/stresses prevailing in the specimen were uniaxial (major 
loading axis along θθ). Note that on another specimen geometry 
involving a bi-axial mechanical loading, the resulting heat-checking 
network was biaxial [17]. As previously explained, the through-scale 
cracking of the multilayer oxide scale was caused by the thermal 
expansion mismatch between the superficial layer and the steel sub
strate of different expansion coefficients, under the effect of the thermal 
gradients of maximum amplitude at the end of cooling (Fig. 3). It should 
be noted that the same type of cracking was observed on specimens 
coated with intermetallic compounds and tested in air under two 
loading conditions (biaxial and uniaxial) [51]. Heat-checking would 
thus be a specific damage of the ductile steel in the presence of a 
compact, adherent and hard (oxide or intermetallic) coating. By opening 
and propagating, the micro-cracks contributed to accelerate the oxide 
growth by short-circuit diffusion, and to disrupt the oxide/steel interface 
by formation of local oxide excrescences (as previously highlighted on 
micrographs of Fig. 6a and b).

The crack healing observed in air has also been reported in the 
literature, for example in NiO scales formed on Ni99.2 oxidized at 
800 ◦C and in Cr2O3 scales on an alloy 800 subjected to creep at 800 ◦C 
and various strain rates [56]. Schütze proposed two different mecha
nisms of healing: a first process (by metal cation diffusion) restoring the 
protective oxide scale, and a second one (by oxygen anion diffusion) 
increasing local inward growing oxide into the metal. Schütze also 
suggested the existence of a critical deformation rate, ε̇c, below which 
the protective action of the scale would be restored. A previous study 
[17] has revealed that the strain rate imposed in our TF experiments 
(10− 4 < ε̇ < 10− 3) was considerably higher than in the creep experi
ments (10− 8 < ε̇ < 10− 6) reported in [56], and therefore higher than ε̇c. 
This situation explains the propagation of cracks in the metal, as 

Fig. 14. XRD patterns showing the effect of the test environment on the he
matite / magnetite proportion in the oxide layer formed after consequent 
TF cycles.
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previously illustrated in Fig. 6a showing that the superficial network of 
micro-cracks was almost entirely replicated in-depth. The chemical 
composition of the base-steel was locally altered by oxidation in the 
blunt zones, especially at the crack tip (Fig. 6b) and along the internal 
“free surfaces” of the steel.

The propagation of micro-cracks in the steel induced a redistribution 
of the force lines, concentrating the stresses at the tip of the longer 
micro-cracks. In a first step, these micro-cracks propagated by a fatigue- 
oxidation mechanism, with a propagation speed increased by the 
diffusion of oxygen, weakening the steel around the crack tip (and even 
more so as the crack was open in surface). By propagating, macro-cracks 
annihilated the progression of neighbouring micro-cracks by 

redistributing local stresses along the force lines (Fig. 16a-4).
Under reduced PO2, damage mechanisms appeared with different 

sequencing and dynamics during TF cycling (Fig. 16b):
b-1) slow growth of a heterogeneous and porous oxide, starting by 

local nucleation of oxide nodules under argon and micro-buckling of the 
oxide nodules;

b-2) coalescence of oxide nodules leading to an increase in the 
covering of the steel surface, while micro-cracks initiated perpendicular 
to θθ axis in the thickest oxide nodules;

b-3) coalescence of nearby micro-cracks in surface and of porosities 
in the oxide layer, leading to local swelling of the oxide (due to under
lying cavities), disruption of the oxide/steel interface and local oxide 

Fig. 15. Detailed micrographs of the oxide layer formed in air (a) and under argon (b), showing differences in structure and compactness.

Fig. 16. Mechanisms of micro-crack initiation and propagation under increasing numbers of TF cycles: oxidation-assisted propagation in ambient air (a); reduced 
and delayed propagation in low PO2 atmosphere (b).
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penetration into the steel (due to iron diffusion);
b-4) delamination of the oxide/steel interface and crack propagation 

into the steel, following a zig-zag path.
Under argon as under nitrogen, the oxide was thinner due to the 

lower oxygen partial pressure in the test atmosphere. As the micro- 
cracks were first confined to “oxide islands” under argon (PO2 =

4x10− 3 mbar), the surface micro-crack (heat checking) density was 
reduced, especially at the beginning of the cycling (Fig. 8b). Under ni
trogen (PO2 = 1x10− 5 mbar), the very thin and non-uniform oxide layer 
formed on the surface was cyclically and locally damaged by spallation. 
Discussing the behavior of oxide scales on 2.25Cr-1Mo steel during 
thermal cycling, Christl et al. attributed the oxide scale buckling (and 
the subsequent formation of hematite whiskers) to highly compressive 
stresses of the new oxide formed at the magnetite-hematite interface 
(with cationic and anionic opposite diffusion in both oxide scales) [60]. 
Under highly reduced PO2, the low compactness and adhesion of the 
oxide layer with the steel substrate has a consequence on damage 
mechanisms. Numerous internal porosities or cavities, maybe formed as 
a result of iron ions diffusion in the magnetite layer, contributed to 
initiate the oxide layer delamination (Fig. 10a, Fig. 12a and Fig. 15b). 
Under shear stresses, those porosities coalesced, leading to cyclical 
spalling and preventing at the same time in-depth oxidation and micro- 
crack propagation. Indeed, the undulations observed on the surface of 
the oxide layer (Fig. 10a and Fig. 15b) could reflect the cumulative 
compressive strain (creep type) felt by the substrate.

In a reduced PO2 atmosphere, the cracks propagating into the steel 
exhibited a thinner crack tip and a shallower depth than in air, sug
gesting that the propagation was much less assisted by oxidation. 
Indeed, EDX elemental mapping revealed zones of iron depletion and 
preferential chromium oxidation around the oxidized surface of the steel 
and the crack lips (Fig. 17). On the other hand, the cracks followed a 
saw-tooth like path, whether on the free surface of the steel (Fig. 8c–d) 

or in depth (Fig. 9b and Fig. 12b), reflecting a crystallographic mecha
nism for crack propagation. A few isolated cracks ended up propagating 
deeper over a very large number of TF cycles, when the plastic defor
mation accumulated by the specimen reached a high level (by the so- 
called “cyclic softening” phenomenon, as will be discussed in the next 
section).

5.3. Crack propagation in steel

At the macro-scale and whatever the test environment, macro-cracks 
propagated perpendicularly to the circumferential θθ axis, both in sur
face (Fig. 18a-c) or in depth (Fig. 18d-e). However, a much more sinuous 
propagation path was observed under argon and nitrogen (Fig. 18b-c 
and e), and even under air beyond a critical depth (around 2 mm) cor
responding to the areas subjected to relatively low temperatures during 
the TF test. Under reduced partial pressure of oxygen, macro-cracks 
initiated at different sites, with initially asymmetric propagation (on 
the curvature radius). These cracks ended up joining together (by coa
lescence) to form a single macro-crack (Fig. 18b and c).

The crack propagation curves exhibited a typical sigmoidal evolu
tion, whatever the test atmosphere (Fig. 19a). Macro-crack initiation 
was strongly delayed under reduced PO2. For instance, the crack initi
ation life of the specimen under nitrogen was almost thrice as long as in 
air. In addition, decreasing PO2 could help reduce the growth rate of 
macro-cracks in the early stages (where the temperature was high). The 
EDX elemental maps carried out on the post-mortem specimen tested in 
air showed the formation of chromium oxide by oxygen diffusion and 
the iron depletion of the steel in the blunt zone around the crack tip 
(identically to what was observed previously on the external surfaces), 
attesting to the influence of oxidation on crack propagation (Fig. 20). 
This effect could be quantified using destructive tests with an interme
diate number of cycles. Several studies have highlighted the effect of 

Fig. 17. SEM micrograph (BSE mode) of the oxide layer with a micro-crack under nitrogen (a), and associated EDX elemental maps of oxygen (b), iron (c) and 
chromium (d).
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environment in crack propagation by the formation of oxides or in
termetallics inside the cracks [16,32–34]. Sjöström et al. emphasized the 
effect of these hard compounds to prevent the crack closure and thus 
accelerate their propagation [16]. In addition, cracks propagate more 
quickly through the brittle oxides and intermetallic than through a 
ductile steel.

Two main cracks, diametrically opposed, started prematurely under 

air and argon, respectively at 7,500 and 10,000 cycles (Fig. 19a). These 
cracks, called “main” cracks, reached depths greater than 3 mm under 
air (and less under argon). Later (around 20,000 cycles), several “sec
ondary” cracks uniformly distributed on the disk propagated simulta
neously (Fig. 19b). The competition between these multiple macro- 
cracks slowed down the propagation of the main cracks, which were 
also hampered by the reduction in the stress intensity factor along rr 

Fig. 18. Macro-cracks observed on the top surface of the specimen, after: a) 10,000 TF cycles in air, b) 15,000 cycles under argon, c) 27,500 cycles under nitrogen; 
In-depth macro-crack propagation after: d) 20,000 cycles in air, e) 35,000 cycles under nitrogen.

Fig. 19. Aa) Effect of the test atmosphere on the TF life of X38CrMoV5 steel; b) Propagation curves of all main cracks in air and under nitrogen (the position of the 
macro-cracks measured on the disc are indicated schematically above the curves).
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(zones of lower stress, due to a low thermal gradient). Under nitrogen, 
several macro-cracks uniformly distributed around the disk started 
simultaneously at 20,000 cycles (Fig. 19b). This number of cycles would 
correspond to the intrinsic fatigue limit of the steel. It should be noted 
that when the specimen presented a surface cracking network (in air or 
under argon), two main cracks started first, then all secondary cracks 
started at a similar number of cycles (around 20,000 cycles). This was 

also observed with TF specimens covered with an intermetallic layer 
[51]. In fact, by concentrating the stress field, the micro-cracks forming 
the superficial heat-checking network led to a local amplification of the 
stresses at the tip of the cracks in-depth. This concentration of stresses, 
assisted by oxidation, was responsible for the local reduction in the life 
span of the steel, as manifested by the growth of two diametrically 
opposed main cracks.

Fig. 20. SEM micrograph (BSE mode) of a crack tip in air (a), and associated EDX elemental maps of oxygen (b) and chromium (d) and the iron depletion in the blunt 
zone (c).

Fig. 21. Aa) Drop in hardness in depth of the post-mortem specimens after a TF test in air, argon and nitrogen, after the TF test, indicating the softening of the steel; 
b) initial martensitic microstructure of the steel; c) bainitic microstructure observed after the TF test.
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Numerous works on HWTS, tested either in TF, LCF or TMF, have 
reported that the combined thermal and thermo-mechanical loadings 
decreased the mechanical properties of the steel by deconsolidation and 
softening [2,7,8,14,61–64]. This was also observed in isothermal and 
anisothermal tempering experiments [58,64–66]. These studies showed 
that the softening was more significant as the temperature and stress 
level were high. Thermal loading, particularly close to the tempering 
temperature (605 ◦C), also contributed to this softening phenomenon 
(either cyclic or static) [66]. Indeed, Fig. 21a shows a progressive drop 
in micro-hardness in the upper part of the post-mortem TF specimens, 
from the surface up to about 2 mm in depth. The rate of loss of hardness, 
decreasing with depth, was relative to the levels of thermal and thermo- 
mechanical stresses suffered by the steel. This was also attested by the 
modification of the microstructure of the steel, initially composed of fine 
martensitic laths with very fine carbides (Fig. 21b) and a Vickers 
hardness of 485 Hv (after the heat treatment), which became bainitic 
with much coarser carbides (Fig. 21c) and approximately 350 Hv at the 
end of the TF cycling. Mebarki et al. also reported this microstructural 
evolution induced by tempering and isothermal fatigue on the same tool 
steel [66]. They highlighted an increase in the size of secondary carbides 
by coalescence and a decrease in the dislocation density, based on finer 
scale TEM observations. Although the test atmosphere a priori has no 
effect on thermal stresses, the presence of micro-cracks in air and under 
argon, by amplifying the stress fields at the crack tips (concentration 
zones), could accelerate the weakening of the mechanical properties of 
the steel (Fig. 21a). This phenomenon is amplified by oxidation, which 
locally modifies the composition of the steel, particularly in the blunted 
zones around cracks.

Depending on the nature of the surface − itself conditioned by the 
environment − two types of macroscopic damages can therefore be 
distinguished:

Damage by TF/environment coupling (in the presence of compact 
and well adherent layer or multilayers, such as oxide or intermetallics 
coatings), including a superficial micro-cracking step characteristic of 
the TF cracking of hard surface layers, followed by macroscopic crack 
propagation from micro-cracks when exceeding locally the cracking 
resistance of the substrate (depending on the oxide behaviour, the size of 
surface micro-cracks and the properties of the steel underlay). In this 
mode, oxidation can be considered as an accelerating factor in the 
growth of surface and in-depth cracks, reducing the TF life of the steel.

Intrinsic damage by TF (in the case of a mono-material), manifesting 
on the macroscopic scale by multiple and simultaneous cracks initiated 
on the surface (and sometimes inside the material), and by localization 
of plastic deformations as soon as the fatigue resistance of the material 
has been achieved. In this mode, cracking can be considered as the 
consequence of a cyclical thermo-mechanical softening process of the 
steel, the mechanical properties of the steel being considerably degraded 
by microstructural transformations due to stresses (and in particular to 
temperature).

6. Conclusion

TF tests were performed on X38CrMoV5 tool steel between 100 ◦C 
and 650 ◦C in air, argon and nitrogen (after primary and secondary 
vacuum), in order to assess the effect of the partial pressure of oxygen on 
the damage mechanisms.

A FEM analysis revealed uniaxial thermo-mechanical cyclic loading 
on the top of the specimen, with alternating compression/tension. In the 
stabilized regime, the maximum tensile stress was reached at the mini
mum temperature of the TF cycle, and the maximum compressive stress 
at the maximum temperature.

An oxide multilayer, composed of hematite (Fe2O3), magnetite 
(Fe3O4) and spinel ((Fe,Cr)3O4), was identified in all TF conditions. This 
oxide layer was however thinner under reduced oxygen partial pressure. 
In air, a uniform and compact oxide, well adherent to the substrate, was 
formed. Under argon, a heterogeneous “island-type” oxidation was 

observed, starting by nucleation of isolated oxide nodules coalescing as 
the number of TF cycles increased. When the oxygen partial pressure 
was further reduced (under nitrogen), a thin and very porous oxide 
layer, slightly adherent to the steel, was highlighted.

Depending on the structure of the oxide layer, different modes of 
surface damage were highlighted. A set of parallel micro-cracks initiated 
perpendicular to the hoop stress after a few thousand TF cycles on the 
oxide layer formed in both air and argon, with however lower density in 
argon due to localized and slowed oxide growth. Under nitrogen, a 
strong spallation occurred locally, resulting from the relief of high 
compressive stresses in the particularly porous and poorly adherent 
oxide layer.

Two types of macro-cracking mechanisms were highlighted 
depending on the test atmosphere. In air, a damage by TF/environment 
coupling occurred, in which crack initiation and propagation were 
accelerated by oxidation. The composition of the steel was locally 
modified by oxidation, and its mechanical properties weakened by stress 
concentration around propagating cracks. Under reduced oxygen partial 
pressure, an intrinsic damage by TF (in the absence of surface micro- 
cracks), due to cumulated plastic strain and cyclical thermo- 
mechanical softening of the steel. Consequently, the TF lifespan was 
greatly increased by a strong reduction in the oxygen content in the 
environment, although oxidation was not completely prevented.
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[46] Terčelj M, Fazarinc M, Kugler G. Testing of thermal fatigue resistance of tools and 
rolls for hot working. Mater Geoenvironment 2017;64(3):161–8. https://doi.org/ 
10.1515/rmzmag-2017-0010.
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[52] Medjedoub F, Le Roux S, Dour G, Rézaï-Aria F. Effect of local stress on the heat- 
checking morphology in high temperature tool steels under thermal fatigue: 
transition from multi-axiality to uniaxiality. Mech Mater 2014;69(1):159–72. 
https://doi.org/10.1016/j.mechmat.2013.09.014.

[53] Qayyum F, Shah M, Shakeel O, Mukhtar F, Salem M, Rézaï-Aria F. Numerical 
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