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AnT?COK, an analytical model for cyclic oxidation kinetics of hot-work tool
steels in transient thermal cycling conditions
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Institut Clément Ader (ICA), Université de Toulouse, CNRS, INSA, UPS, Mines Albi, ISAE-SUPAERO, Campus Jarlard, 81013 Albi Cedex 09, France

ABSTRACT

In hot forming processes, steel tools are subjected to rapid temperature transients and cyclic oxidation.
AnT?COK, a new analytical model based on diffusion-controlled oxide growth in cyclic conditions, is proposed to
predict the parabolic oxidation kinetics in spallation-free conditions. Compared to cyclic oxidation models of the
literature (COREST, COSP, DICOSM, etc.), it is applicable for any shape of thermal cycle, fully transient or with
dwell time. The model is applied to thermal fatigue tests on X38CrMoV5 steel, for Ty, between 500 and 685 °C.
Its validity is demonstrated above 550 °C, using frequency factor and activation energy calculated from iso-

thermal tests.
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1. Introduction

Chromium martensitic steels (e.g. AISI H11 and H13 grades) are
commonly used as tool materials (molds, dies or rolls) in high-tem-
perature forming processes, as for example hot forging, drop forging,
stamping, hot-extrusion, die casting, hot-rolling, etc. [1-7]. During
these manufacturing operations, the tools are not only subjected to
elevated temperatures, but also experience large transient thermal
fluctuations when the surface comes into contact with the shaped part
(or the molten alloy) at each production cycle or during start-up and
shut-down operations. These cyclic temperature variations are often
extremely fast, thus inducing severe thermal gradients within the tool,
which give rise to stresses and strains in a shallow region beneath the
contact surface [8,9]. For example, in high-pressure die casting, a large
quantity of heat is exchanged in a very short time during the intimate
contact between the molten alloy and the die surface [9-11]. This input
energy provokes a transient thermal situation, and the thermal expan-
sions and contractions through the die wall are not uniform. The re-
petition of production cycles leads to the tooling damage by thermal
fatigue, which was defined by Spera [12] as ”the gradual deterioration
and eventual cracking of the material by alternate heating and cooling
during which free thermal expansion is partially or completely constrained”.
In fact, the die wall is subjected to a thermo-mechanical stress-strain
hysteresis loop where the external surface goes into compression during
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the heating phase, and into tension during the cooling phase. Most hot-
work tool applications therefore require using tool materials with a
good resistance to thermal fatigue at high temperature, i.e. to oxidation
and crack initiation/propagation [13-16].

In addition, the cyclic thermo-mechanical solicitations are often
coupled with severe atmospheres which subject the tools to oxidation or
corrosion reactions [16-19]. It is widely accepted that oxidation plays a
major role in the initiation stage of thermal fatigue cracking
[13-16,20-22]. In thermal fatigue conditions, the growth of the multi-
oxide layer is generally followed by the formation of a superficial
network of micro-cracks (often named “heat-checking”) on the tool or
specimen surface, due to the repetitive thermal stresses [14,15,20-22].
By increasing the number of cycles, these through-oxide cracks can
initiate some macro-cracks propagating into the steel [13-16,20-24].
Given the importance of oxidation in thermal fatigue, extensive re-
search has been devoted to studying the oxidation behavior of metallic
alloys under isothermal and cyclic conditions [16,19,25-39].

In the literature, the term “cyclic oxidation” usually refers to tests in
which the samples are subjected to repeated cycles of heating (to a
maximum temperature) and cooling (to a minimum temperature), with
a significant dwell time at the maximum temperature. These tests often
result in a spallation mechanism in which a local rupture of the oxide
layer and possibly a net loss of mass take place, due to local stresses at
the oxide/metal interface [27,28,34,35,38,40]. Under these conditions,
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Nomenclature

A equivalent oxidation time

Hr heating rate of the thermal cycle

ht heating period of the thermal cycle

k series/cycles iteration integer

ky kp’ apparent oxidation rate constant (or parabolic constant)

ko ko’ pre-exponential factor (or frequency factor)

ko'*°™ ko™l pre-exponential factor in isothermal or cyclic condi-
tions

N total number of thermal cycles

QQ activation energy

Qn activation energy for temperatures higher than 550 °C

Q activation energy for temperatures lower than 550 °C

R universal gas constant

Ra arithmetic average roughness

tt time

tey cycle time

tei equivalent time at T (time necessary to grow an oxide
layer 8.5 at T)

T temperature

Tmin Tmax Minimum and maximum temperature of the thermal cycle

Sox thickness of the oxide layer

D ax maximum heat-flux density

the modeling is based on the quantification of both mass gains by
oxidation and mass loss by spallation in cyclic conditions [43-47].

However, spallation does not always occur in thermal cycling.
Robertson and Manning [41] have indeed proposed a series of failure
mode maps depending on strain and oxide thickness for various oxide
systems. They defined several regions, i.e. scale integrity, spalling and
delamination, and through-scale cracking. Nagl and Evans [42] also
identified failure mechanisms for oxides under tensile stress and re-
vealed that the oxides break up into a finite number of segments at the
region of high stress concentration. Neu and Sheitoglu [25] found that
spallation-free oxide could be observed at low strain rates. They showed
a relationship between both temperature and applied fatigue strain
rate, and the type of oxides. In the particular case examined in the
present study (i.e. thermal fatigue of hot-work tool steels), the oxide
layer formed on the specimen spalled only in a restricted number of
conditions: (i) in regions with a high curvature (geometrical singula-
rities of the cylindrical specimen), and (ii) for thermal cycles with a low
maximum temperature (< 550°C) [9,16,22]. All experimental data
were collected in the central area of the specimen where spallation-free
conditions are met. Indeed, they all fell in the low strain rate range (for
the studied temperature range) and in low curvature regions.

The purpose of this paper is to describe and validate a new analy-
tical model allowing the quantification of oxide thickness growth, in
non-isothermal conditions without spallation and for a severe transient
thermal cycling (with alternate heating/cooling phases). The model is
developed to account for the cyclic growth of any diffusion-controlled
oxide governed by parabolic kinetics, during thermal cycle that can be
of any shape (i.e. incorporating a dwell or not). It is here applied to
thermal fatigue tests performed under various conditions without any
dwell, on a X38CrMoV5 hot work tool steel grade, also known as AIST
H11. Its validity is analyzed based on oxidation data produced in our
laboratory.

The proposed analytical model, denoted AnT2COK for Analytical
Thermal Transient Cyclic Oxidation Kinetics, has significant differences
with more classical cyclic oxidation conditions and models, where:

o the tests are usually performed with a temperature ramp-up, a long
dwell at the maximum temperature and then a fast cooling stage
before restarting the cycle [34,35,43-47], whereas our tests are fully
transient;

® a low number of cycles (usually less than hundred cycles) is applied
[35,43-47]1, compared to several ten thousand cycles in our thermal
fatigue tests;

e most models, such as COREST (by Barrett and Presler [43]), COSP
(by Lowell et al. [44]), DICOSM (by Smialek [45]) or P-kp (by Po-
quillon and Monceau [46]), are founded on the mass gain obtained
in isothermal condition at the dwell temperature. They also take
into account the slowing effect of the oxide layer already formed
during the previous cycles. However, such models are well relevant
to the experimental conditions examined by these authors and the
targeted applications (turbine components), but not to the

conditions encountered in hot-work tool applications where the
thermal transient phase cannot be ignored;

e Raffaitin et al. [34] included the oxidation mass gain in the fast
transient heating and cooling phases, but considered the net mass
gain as an input data measured during thermo-gravimetric experi-
ments rather than modeling.

2. Theory

In spallation-free cyclic oxidation, the difficulty for modeling the
oxide growth is to account for the shape of thermal cycles. Should the
oxide growth be controlled by diffusion, it may be possible to fit a
parabolic law for conditions that are very similar. In the COSP-type
models, a parabolic behavior can usually be observed before spallation
takes place. However, as demonstrated by Raffaitin et al. [34] with a
continuous recording of the mass gain during thermal cycles, the oxi-
dation growth within the transient phases can be complex. For thermal
cycles in which the transient periods are dominating, modeling the
oxide growth is challenging.

The present model, AnT?COK, is intended to account for the shape
of any thermal cycle, provided that the following assumptions are met:

1 no spallation takes place;

2 the oxidation kinetics of the metallic material (here a tool steel) is
controlled by diffusion, and the growth of the oxide layer follows a
parabolic law in isothermal conditions;

3 in the Arrhenius law, the frequency factor - which is linked to the
density of diffusion path - is independent of the shape and tem-
perature range of the thermal cycles.

Given these assumptions, it is accepted that the diffusion-controlled
oxide growth follows a parabolic law, as expressed by:

O (t) = kp' NG @

where §,, is the oxide thickness, k, is the apparent oxidation rate
constant (parabolic constant), and t is the oxidation time.

The apparent oxidation rate constant k,, which is temperature-de-
pendent, is given by the Arrhenius law:

- _Q
k, = ko. exp( RT) o)

where kg is a pre-exponential factor also called frequency factor (ex-
pressed in um.s_l/ 2), Q is the activation energy (in J. mol™), R is the
universal gas constant (8.314 J.mol'. K!) and T is the absolute tem-
perature (in K).

In cyclic conditions, the time t represents the total duration of the
cyclic test and can be calculated as the product of the cycle time t., by
the total number of cycles N:

t=ty. N 3)

Assuming that the parabolic rate and the Boltzmann law for the



coefficient both apply at any time (as in the COREST, COSP and
DICOSM models [43-45]), Egs. (1) and (2) should apply for any one
isothermal step lasting a time t’ after a number of cycles leading to a
pre-existing oxide layer. This can be expressed by the following equa-
tions, for two consecutive time steps t and (¢t + t):

Sox (t + 1) = k. exp(—R%). U+t @
where t is the actual time at the start of the isothermal step, ¢’ is the time
in the isothermal step (starting at O when the step starts), and t; is the
time it would take to grow an oxide layer of the initial thickness &, (te;)
at the temperature T, in isothermal conditions.

Extrapolating this for an infinitesimal isothermal step of duration o,
which may be preceded by other isothermal steps at different tem-
peratures, one can express the growth rate during the step ot by dif-
ferencing Eq. 4 to the time (all other parameters being kept at a con-
stant value), and t’ being set to 0 (beginning of the new isothermal

step):

5], -5l lc) ]

a b, a

Tt (5)

where the bracket followed by "T, t' means isothermal step at the time t
and at temperature T (for a transformation at constant temperature).

In the cyclic oxidation models of the literature [35,44], the deri-
vation term is replaced by the derivation of the square root of time for ¢’
= 0, considering that T is constant during the time step ot.

(5], =)
ot Tt 2\@ ’ RT It (6)

As aforementioned, the term t,; is the time it would take to grow the
oxide formed at the time ¢ for an isothermal dwell at the temperature T
to the size that has actually been reached at time t. Numerically, this
term is hence related to the oxide thickness at t and the isothermal
oxide growth given by Eq. 1, therefore:

2

5OX (t)
ko. exp(—R—QT) %)

Replacing t.; in Eq. 6 and separating the terms in 4 from the terms
in t, it comes:

2
Soxe (1. d50x=ki.exp( Q )dt

L =

2 RT(1) 8)
Eq. 8 can be integrated side by side, giving:
1 t ko? 2Q
S0 (£)? = 8,0 = [ =2, - dt
2( o (6)* = 80 (0%) = f 5 exp( RT(t)) ©)

In cyclic conditions where the temperature cycle repeats itself every
tey, Eq. 9 applied at the end of N cycles (t being given by Eq. 3), and the
integral in the second term is no more than N times the integral from 0
to t.y. For a non-oxidized specimen at the start of the thermal cycles, it
comes:

1 ley koz ZQ
—6,x(N. t)*> = N. —_. - dt
5% (N. tey) ‘/0‘ 5 exp RT (D) 10)

The cyclic oxide growth kinetics for N cycles can then be written in
a simple way as:
A
Sox (8) = ko |— .t
Ly an
or similarly

Sox (1) = ko. VA. VN 12)

with the term A equal to:

A= " - )dt
‘/01 exP( RT(t) (13)

It can be noted that Eq. 13 is close to the one proposed by Neu and
Sheitoglu [25] for spallation-free oxide growth, but for the power 2 in
the exponential. Interestingly, the model of cyclic oxide growth pro-
posed here and called AnT?>COK, remains a parabolic law with a mod-
eration factor \/A/t,,. As expressed in Eq. 13, A represents a time which
takes into account the shape of the thermal cycle through the integral,
in particular the expression T(t). Since no assumptions were made on
the shape of the thermal cycle, it can be applied to any types of cycles
(fully transient or transient with dwell time). Thereafter, this time will
be called the “equivalent oxidation time” of the thermal cycle. Its ex-
pression recalls the notion of time-temperature equivalence, but here
applied to a thermal cycle.

The time necessary to form an oxide of thickness §,, will be in-
vestigated taking into account either:

- (i) the full time of the cycle ¢,

- (ii) an effective oxidation time (t’) corresponding only to the time of
the cycle above 300 °C, which can be considered as an inferior limit
of “high temperature”. Indeed, several experimental works in our
laboratory showed a negligible contribution of the oxidation below
300 °C in this temperature range for a X38CrMoV5 tool steel grade,

- (iii) the “equivalent oxidation time” of the thermal cycle A defined
in the AnT>COK model, with one set of activation energy Q and
frequency factor ko,

- (iv) the “equivalent oxidation time” of the thermal cycle A defined
in the AnT>COK model, with two sets of activation energy (Q;, Qp)
and frequency factor (ko ko). Indeed, two oxidation regimes were
found below and above 550-600 °C [48].

3. Experimental methods
3.1. Material

The experiments were performed on a X38CrMoV5 tool steel grade.
Its chemical composition, analyzed by Optical Emission Spectrometry
(OES) and given in Table 1, is characterized by low carbon (about
0.4%) and high chromium (5%) contents. This alloy is a highly alloyed
steel, with strong carbide forming elements (such as molybdenum,
vanadium) and a silicon content lower than 1%.

All test specimens were machined from steel bars purchased from
Aubert & Duval in annealed condition, cut and heat-treated by Balzers-
France. The steel was austenitized under vacuum at 990°C during
90 min and air quenched. Then, a double-tempering treatment was
performed during 90 min at 544 °C and 65 min at either 595 or 600 °C.
This complex heat-treatment gave a tempered martensitic micro-
structure and a final hardness of either 42 or 47 HRC, depending on the
second tempering temperature.

3.2. Thermal aging tests (isothermal conditions)

Oxidation kinetics of metallic materials, such as 5% chromium tool
steels, is commonly determined in isothermal conditions [30,31]. In
this study, thermal aging experiments were performed under isothermal
conditions (at nil applied stress) [23,49]. Disc-shaped specimens with a
diameter of 40 mm and a thickness of 10 mm, polished to achieve a
mean arithmetic roughness (R,) of 0.03 um, were used. The specimens

Table 1
Chemical composition of the X38CrMoV5 (AISI H11) steel (in wt.%).

Element C Cr Mo V Si Mn S P Fe

Weight (%) 0.396 5.05 1.25 047 094 0.36 < 0.003 0.009 bal




were thermally aged in a heat resisting furnace, at five temperature
levels (500, 550, 600, 650 and 700 °C) and for various durations (1, 9,
25 and 100h). The temperature was verified with a K-type thermo-
couple located on the furnace bed.

3.3. Thermal fatigue tests (thermal transient cyclic conditions)

Thermal fatigue tests were performed using an induction heating
system and a 25kW high frequency generator. Cylindrical-shaped
specimens were used, with internal and outer diameters of respectively
10 and 30 mm and a wall thickness of 10 mm. The external surface was
mechanically polished to R, = 0.02 pm. During the test, the specimen
was rapidly heated by induction and cooled down by water internal
cooling and natural convection in atmospheric air. The temperature
was measured by a K-type thermocouple with a wire diameter of
0.1 mm, spot-welded to the external surface in the central part of the
specimen. Further measurements were performed using a fully in-
strumented specimen for validation of the power input against a nu-
merical simulation [9]. The geometry of the specimen, the thermal
fatigue rig and the experimental procedure have been described in
detail in [9,22].

In this study, various thermal conditions were investigated with a
minimum temperature (Tp;,) fixed to 100 °C, and a maximum tem-
perature (Tp,,,) varying from 500 to 685 °C. The experimental para-
meters used for the various thermal conditions are reported in Table 2,
and their related temperature-time cycles are depicted in Fig. 1a and b.
For the tests performed at Ty,x = 650 °C, various maximum heat-flux
densities @y, ranging from 2 to 5 MW.m 2, were applied on the
surface of the specimen. This leads in different heating periods (ht) fine-
tuned from 1.5 to 6.3 s to reach 650 °C (Fig. 1b). During the thermal
fatigue tests, the temperature gradients generate a thermo-mechanical
loading in the specimen, leading to the formation of a crack network
(also called “heat-checking”) on the oxidized surface. The tests, carried
out up to 3,000 to 100,000 cycles depending on the applied thermal
cycle, were regularly interrupted in order to observe the evolution of
the morphology of the superficial oxide layer formed on the specimen.

3.4. Characterization of the oxide layer

The morphology of the superficial oxide layer formed on both
thermal aging and thermal fatigue specimens was observed with a
scanning electron microscope (SEM), using a secondary electron (SE)
detector. At the end of either the thermal aging or thermal fatigue test,
the specimen was electro-coated with a nickel layer, cut, and mirror
polished for cross-section observations. SEM observations in a back-
scattered electron (BSE) mode, combined with energy dispersive spec-
troscopy (EDS) analysis, were used to determine the distribution of
elements in the oxide layers. Measurements of the mean thickness of the
oxide layer were performed by image analysis on twenty micrographs
acquired at different positions along the cutting plane, in the central
region of the specimen where the temperature is particularly homo-
geneous [9,22].

Table 2
Parameters of the thermal cycles used in the thermal fatigue tests.

@ 750

Tmin =100 °C

650

T(°C)

(b)

T(°C)

t(s)

Fig. 1. Temperature-time cycles applied in thermal fatigue experiments: (a)
with various maximum temperatures Tpay, (b) with various heating times ht.

In addition, the crystallographic nature of the oxides was identified
by X-ray diffraction (XRD) analysis using a Panalytical X’Pert Pro dif-
fractometer with CuK, radiation (A = 1.54 A) and point detector. The
parameters used during XRD analyses were an angular step size of
0.033°, an integration time of 15s, a voltage of 40kV and a current of
40 mA, in conventional 26 acquisition mode. Such parameters were
imposed by the complex geometry of the thermal fatigue specimens
(edge of a thin wall).

4. Results
4.1. Composition and morphology of the oxide layers

After isothermal aging or thermal fatigue, the microstructure of the
oxidized region exhibited a multi-layered structure, with chemical and
morphological changes from the surface to the oxide/substrate inter-
face (Fig. 2a). This led to the formation of the following oxide phases,
from the outer surface to the steel:

- a superficial layer of hematite (Fe,Os3), rich in iron and poor in
chromium;
- a magnetite (Fe30,) layer;

Initial roughness Initial hardness Thermal cycle

Heating time

Cooling time Cycling duration Total number

of the specimen of the specimen Timin - Tmax ht (s) ct (s) tey (s) of cycles
Ra (um) (HRC) (9] N (cycles)
0.02 47 100 - 500 0.7 13.0 13.7 100,000
0.02 47 100 - 550 0.9 14.5 15.4 80,000
0.02 47 100 - 600 1.3 15.0 16.3 80,000
0.02 42/ 47 100 - 650 1.5 17.0 18.5 20,000
0.02 47 100 - 650 3.7 22.0 25.7 30,000
0.02 47 100 - 650 6.3 30.0 36.3 50,000
0.02 42/ 47 100 - 685 1.8 22.0 23.8 3,000
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Fig. 2. (a) SEM cross-section observation with a circular backscatter detector,
after a chemical etching revealing the microstructure and the morphology of
the multi-layered oxide formed on thermally aged samples: a) at 650 °C during
100 h; (b) at 700 °C during 25h.

- a magnetite-rich spinel oxide ((Fe,Cr);0,), enriched in chromium;
- a fine interface just above the steel, depleted in iron and chromium.

These multi-layer structure and composition, found up to 650 °C, are
consistent with observations reported in the literature for similar steel
grades [29,31,33,36,37]. As confirmed by Fig. 2b, the same composi-
tion was found at higher temperatures (700 °C). The limit between the
anionic and cationic diffusion grown oxides, clearly visible on the mi-
crographs, corresponds to the initial surface of the steel (as depicted in
Fig. 2a and b with a white arrow). In addition, the typical initial mi-
crostructure of the steel (laths) may be recognized as a substructure in
the diffusion zone (light grey zone next to the steel substrate, high-
lighted with a black arrow in Fig. 2a and b) [50].

From the EDS profiles (Fig. 3), it was observed:

- alower oxygen concentration in the outer hematite layer than in the
inner layers, where it remains steady until the fine interface just
above the steel substrate;

- an absence of chromium in the outer oxide layers (hematite and
magnetite).

As shown in Fig. 4, XRD analyses performed on both thermal aging

and thermal fatigue specimens confirmed the presence of Fe,Os; and
Fe304 on the surface. The spinel oxide, however, could not be differ-
entiated from magnetite because of the overlapping position of their
diffraction peaks.

For the thermal fatigue specimens, a multi-directional network of
micro-cracks initiated on the surface of the compact and homogeneous
oxide layer after a few thousand cycles (Fig. 5a), due to the thermal
stresses induced by the thermal cycling [9]. Indeed, the specimen was
self-constrained during the test, because the free expansion of the sur-
face was hindered by the bulk material which is at a lower temperature.
In addition, the oxide compounds have different thermal expansion
coefficients than the steel [22,51], leading to a thermal mismatch be-
tween the bulk material and the outer layer. This consequently induces
a local mechanical incompatibility responsible for the cracking of the
oxide layer. A localized spallation of the oxide layer was occasionally
encountered, mainly when Tp,.x was below 550 °C. However, it should
be emphasized that the spallation-growth cycle was not the common
mode of oxide growth and wall thickness consumption in such experi-
ments.

Post-mortem cross-section observations of the same specimen at
higher magnification showed that the micro-cracks crossed the whole
oxide layer up to the interface with the substrate (Fig. 5b), and some-
times propagated deeper into the steel due to the oxide diffusion. In
addition, similar multi-layered oxide structure and composition were
found for thermal fatigue specimens, as the one previously reported for
thermal aging tests.

The morphology of the superficial oxide layer changed depending
on the maximal temperature of the test, either in isothermal (Fig. 6a) or
in cyclic (Fig. 6b) conditions. It must be emphasized that only the he-
matite layer can be observed in these micrographs, which were all made
with similar magnifications. In isothermal conditions, fine white nee-
dles were growing in different directions inside a more or less densified
matrix (Fig. 6a). Observations of the thermally aged specimens, which
are not presented here, revealed also that the needles tended to be more
numerous for increased oxidation times. In cyclic conditions (thermal
fatigue tests), the hematite layer appeared as tangled glitters for low
Tmax (= 600°C), whereas it was alveolar and porous when Ty, is
650 °C or above (Fig. 6b). The heating rate of the thermal cycle had less
effect on the oxide morphology than the T,,... However, a higher
heating rate tended to increase slightly the density and the length of
needles, while the apparent porosity of the matrix remained similar [9].
For a same Tp,x and an equivalent oxidation time, the hematite layer
formed under thermal fatigue appeared very different from that formed
under thermal aging, indicating that the oxide growth mechanisms may
have been influenced by the mechanical loading (here originated by
thermal stresses) [9,22-24].

4.2. Oxide growth kinetics

4.2.1. Isothermal conditions

Fig. 7a and b show the evolution of the oxide thickness (,,) versus
the square root of the oxidation time (t) in isothermal aging tests, for
various temperatures ranging from 500 to 700 °C. The kinetics follows a
classic parabolic rate law, in agreement with Eq. 1. As indicated in
Table 3, the apparent oxidation rate constant kp, calculated from re-
gression lines in the (8, vs. t /) curves (Fig. 7a), varies from
4.2 x 1072 pm.sV2 (for 500 °C) to 2.4 x 10~ ! um.s~ /2 (for 700 °C).
From such k;, values, it is possible to estimate the activation energy Q
using the Arrhenius law (Eq. 2).

The graphical representation of Arrhenius law (Fig. 8) shows that a
linear regression of In(kp) over the whole temperature range provides a
reasonable fit (coefficient of determination = 0.87) and gives an acti-
vation coefficient of 131 kJ mol ~!. This value is consistent with those
reported by several authors (e.g. 140kJmol™ for similar tool steels
[23,49], 125kJmol ! for pure iron [52], and 156 kJmol ' for AISI
1070 steel [26] under isothermal static experiments at nil external
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Fig. 4. XRD patterns of both thermally aged sample at 650 °C during 25h and
thermal fatigue specimen tested in air at T,ax = 650 °C, ht = 1.5 s after 30,000

cycles (conventional 20 acquisition mode with angular step size = 0.033°, in-
tegration time = 15s, voltage = 40kV, current = 40 mA).

stress). As for the pre-exponential coefficient ko, it is close to 1.6 x 10°
um s /2,

4.2.2. Cyclic conditions

In a first attempt, the oxide thickness §,, was reported as a function
of the square root of the oxidation time t (estimated using Eq. 3), for
thermal fatigue tests performed with various maximal temperatures
Tmax (Fig. 9a) and heating times ht (Fig. 9b). As no spallation was ob-
served, the oxide thickness increases with increasing t and Tpax. Since
Sox is equal to zero at the beginning of the test, data can be adjusted by
the least square method for each thermal fatigue condition, using Eqgs. 1
and 2 where T is replaced by T.x. One could observe that the slope of
the regression line differs from one test condition to the other, in-
dicating that the apparent oxidation rate constant ky, is strongly Tmax-
dependent. Logically, for a same duration t, the total oxide layer was
found much thicker when Ty, was higher (especially above 600 °C).
For example, after 100h of thermal cycling, the maximum oxide
thickness was about 9 pm when Tp,,x = 650 °C, twice thinner at 600 °C
and five times thinner at 500 °C. Compared to static isothermal tests,
one could note that the apparent k;, is smaller under thermal fatigue
(Tables 3 and 4). This was also concluded by Christl et al. [53] when
comparing thermal aging and thermal cycling experiments performed
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Fig. 5. SEM micrographs (backscattering mode) of a thermal fatigue specimen
(Timax = 650 °C, ht = 1.55) after 30,000 cycles: (a) heat-checking network in-
itiated in surface, (b) multi-layered oxide with a through-scale micro-crack
observed in cross-section.
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Fig. 6. SEM observations of the superficial hematite layer on 100 h thermal aging samples (a) and thermal fatigue specimens (b), for various temperatures / thermal
cycles, showing different morphologies (the scale, provided by the 5pm bar in the middle, is similar for all micrographs; the SEM observations were performed with
an acceleration voltage comprised between 18 and 30kV and a spot size of 3-3.5 um).

(@ 200
Tmax (thermal aging) %)
-©- 500°C
150 —A— 550°C
-8- 600°C
E —e— 650°C
% 100 -o- 700°C
3
L)

< &
0 100 200 300 400 500 600 700
Square root of time, t"2 (s2)
) 8
Trax (thermal aging)
-©- 500°C
6 —a— 550°C
-EF 600°C il
€
A
3
0

0 100 200 300 400 500 600 700
Square root of time, t/2 (s'2)

Fig. 7. (a) Parabolic oxidation kinetics (oxide thickness §ox vs. time t) de-
termined from thermal aging tests between 500 and 700 °C, (b) enlarged y-axis
to better show the oxidation kinetics from 500 to 600 °C.

on 2.25Cr-1Mo steel in air. In the same way, Daffos [49] report