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The relation between chromia scale spallation during oxidation or cooling down of ferritic
stainless steels is generally discussed in terms of mechanical stresses induced by volume changes
or differential thermal expansion. In the present paper, growth and thermal stress measurements in
scales grown on different ferritic steel grades have shown that the main stress accumulation oc-
curs during isothermal scale growth and that thermal stresses are of minor importance. However,
when spallation occurs, it is always during cooling down. Steel-oxide interface undulation seems
to play a major role at this stage, thus relating spallation to the metal mechanical properties,
thickness and surface preparation. A major influence on spallation of the minor stabilizing ele-
ments of the steels was observed which could not be related to any difference in stress state.
Therefore, an original inverted blister test was developed to derive quantitative values of the metal-
oxide adhesion energy. These values clearly confirmed that this parameter was influenced by
scale thickness and by minor additions, titanium greatly increasing adhesion whereas niobium
decreased it.
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1. Introduction

Ferritic stainless steels can be used in high temperature
situations where mechanical solicitations are not too severe.
They present the advantage over the austenitic grades to
faster passivate and reheal due to the high chromium diffu-
sivity in the non compact bcc structure. Moreover, they suf-

fer less from scale spallation at cooling, resulting from their
lower thermal expansion coefficient (TEC). In addition, the
absence of nickel makes them of more regular price, what
is economically interesting. That is the reason why their
use in exhaust systems (tubes, pipes, manifolds, flexible
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couplings) allows to reduce weight compared to the use of
thick cast iron or carbon steel parts.

However, their performances may be increased, for ex-
ample by retarding, reducing or suppressing scale spalla-
tion under cyclic conditions. As spallation is thought to be
the result of growth and/or thermal stress accumulation lead-
ing to oxide-steel interface decohesion, it is of importance
to separate stress and adhesion effects. This paper presents
quantitative measurements of growth and thermal stresses
and of oxide-substrate adhesion energy on several ferritic
stainless steel grades and discusses their relation to scale
spallation.

2. Experimental

2.1. Materials

The materials under study were four ferritic stainless
steel grades with 18% chromium, with or without the bcc
stabilisers Ti and Nb. Their chemical compositions are given
in Table 1. They were used in form of sheets, with 3 differ-
ent thicknesses : 1.50, 0.60 and 0.15 mm. The two thickest
sheets were polished under water before oxidation, gener-
ally up to 1 200 SiC grit. The 0.15 mm thick foils were used
in their industrial surface finish, only ultrasonically
degreased and rinsed.

2.2. Oxidation procedures

Isothermal and cyclic oxidation conditions were used in
the present study. Isothermal tests were conducted at 900 °C
in a horizontal furnace under 150 mbar O2 or H2O partial
pressure and 1 bar total pressure, with argon as a carrier
gas. Cyclic tests were performed in laboratory air by auto-
matic immersion-emersion of samples in a vertical furnace
set at 850 °C, with the following cycle parameters:

• heating time at immersion (to reach 840 °C): 13 min,
• dwell time at 850 °C: 20 min,
• forced air cooling down to 100 °C at emersion: < 1

min, total cooling time: 5 min.
8 to 24 samples could be oxidised simultaneously in such a
device1. After oxidation, the specimens were weighed and
image analysis was used to assess the spalled fraction of the
surface area.

For in situ Raman spectroscopy experiments under both
oxygen or water vapour, 750 °C was the maximum tem-

perature which could be achieved in the laboratory-made
furnace used2. Oxygen and water vapour pressures used were
150 mbar and 26 mbar respectively, with argon completing
to 1 bar.

2.3. Stress determination

Stresses in chromia scales were mainly determined by
Raman spectroscopy, using the A1g line of Cr2O3 appearing
at ≅ 549 cm–1 for unstressed scales on stainless steels and
linearly shifting with hydrostatic pressure to higher
wavenumbers according to2,3,4:

σ (GPa) = 0.307 ± 0.005 ∆nu (cm–1) (1)

In situ measurements were performed between room
temperature and 750 °C, either during isothermal O

2
 or H

2
O

exposure or during temperature changes. Residual stress
measurements were also performed at room temperature
after isothermal oxidation at 900 °C and cooling down.
Comparative measurements using room temperature X-Ray
diffraction and deflection during temperature changes of
monofacially oxidised samples were used as Raman cali-
brations5,6, showing that Eq. 1 should be directly used for
the present measurements without any biaxial correction,
although such a correction is generally suggested in the lit-
erature7,8.

2.4. Adhesion measurements

For quantitatively measuring the scale-metal adhesion
energy, a modified inverted blister test was used 9,10,11. It
allowed to grow a circular interfacial crack by pushing pres-
surised water through a hole in the oxide, forcing the metal
to form a blister. From the pressure (P) – blister height (h)
relation, the adhesion energy G

i
 was derived, according to:

G
i
 = C.P.h (2)

with C a dimensionless constant depending on the test ge-
ometry ; its value is 0.62 in the present work.

3. Results

3.1. Factors influencing spallation

When oxidised isothermally in oxygen, stainless steel
samples never spall during the temperature plateau. At cool-

Table 1. Chemical composition of the ferritic grades (weight %).

Grade AISI Fe Cr Ti Nb Mn Si C S

Fe-18Cr 430 Bal. 18.1 / / 0.11 0.51 0.01 0.0008
Fe-18Cr-Ti 439 Bal. 17.7 0.45 / 0.42 0.62 0.04 0.0007
Fe-18Cr-Nb / Bal. 17.5 / 0.44 0.30 0.64 0.02 0.0012
Fe-18Cr-TiNb 441 Bal. 17.6 0.14 0.47 0.28 0.57 0.02 0.0008
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ing, they exhibit different amounts of spallation, depending
on the nature of their stabilising addition element (Fig. 1).
Compared to the reference grade Fe-18Cr that began to spall
for 1.5 µm thick oxide scales, the Fe-18Cr-Ti and Fe-18Cr-
TiNb grades did not spall in the thickness range studied,
whereas the Fe-18Cr-Nb grade presented extensive scale

loss. The respective good and bad effects of Ti and Nb are
here clearly demonstrated. A large influence of substrate
thickness was also observed and is depicted in Fig. 2 where
it is shown that the thicker the substrate, the more extensive
is spallation. Changing the atmosphere from oxygen to pure
water vapour changed drastically the behaviour as, for the
same oxide thickness isothermally generated on the same
grades, no spallation was observed in H

2
O.

Spallation in cyclic oxidation experiments was not evi-
denced from the weight gain vs. time curves, which pre-
sented continuous near-parabolic weight increase. Surface
observations after 150 and 300 cycles showed very few bare
metal areas as shown by Table 2. It should be noted how-
ever that such observations do not take into account earlier
spallation followed by scale reformation. Anyway, even with
low spallation, the tendency in thermal cycling was exactly
the same as in isothermal conditions, with no spallation for
the two Ti-containing grades, a little for the reference grade
Fe-18Cr and the maximum for the Fe-18Cr-Nb.

For better comparison with Fig. 1, the respective thick-
ness of the oxide scales have been included in Table 2. Due
to its high growth rate, the very adherent scale on Fe-18Cr-
Ti is the thickest of all grades.

3.2.Stress results

Oxide growth stresses in oxygen determined at 750 °C
on the reference grade Fe-18Cr and on the bi-stabilised Fe-
18Cr-TiNb grade were always compressive (Fig. 3). They
showed a very rapid increase during the initial oxide growth
up to a thickness of ~ 0.2 mm. For this thickness, high val-
ues were achieved, in the range – 2 to – 3 GPa. Initially they
were a little higher for the reference grade, but slowly de-
creased with time, whereas the Fe-18Cr-TiNb grade seemed
to keep a near-constant value up to an oxide thickness of ~
0.5 µm.

In water vapour, for oxide scales grown at the same tem-
perature under 26 mbar H2O pressure, the growth stresses
determined on the Fe-18Cr reference grade were slightly
lower than when grown in oxygen, rapidly attaining a – 1.8
GPa plateau.

Thermal stresses were determined in situ by observing
the Cr2O3 Raman shift at cooling from 750 °C to room tem-
perature (circular points in Fig. 4). Three important conclu-
sions were drawn from these measurements:

Figure 1. Oxide spallation average data at cooling after isother-
mal oxidation in oxygen as a function of scale thickness for the
ferritic grades under study (substrate thickness: 0.15 mm).

Table 2. Fraction of the surface area spalled after 150 and 300 cycles at 850 °C in air (sample thickness: 0.15 mm).

Fe-18Cr Fe-18Cr-Ti Fe-18Cr-Nb Fe-18Cr-TiNb

150 cycles
Spalled fraction 0 0 0 0
Scale thickness 0.9 µm 2.8 µm 1.4 µm 1.5 µm

300 cycles
Spalled fraction 0.1% 0 0.5% 0
Scale thickness 1.3 µm 4.0 µm 2.0 µm 2.1 µm

Figure 2. Oxide spallation average data at cooling after isother-
mal oxidation in oxygen as a function of substrate thickness for
the bi-stabilised Fe-18Cr-TiNb grade.
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• Thermal stresses were purely elastic in this domain, as
the Raman shift was exactly reversible at reheating to
750 °C,

• The compressive stress value added at cooling was
fairly low, near 200 MPa,

• A stress maximum seemed to be present near 200 °C,
showing a tensile-compressive change of the thermal
stresses at this temperature.

These conclusions were checked and more precisely
quantified by continuous recording, under Ar-H

2
 inert at-

mosphere, of the deflection of 150 µm thick samples cov-
ered by 1.5 µm thick oxide on one side only. In the 25-
500 °C temperature range, deflection was exactly revers-
ible for heating and cooling and showed excellent agree-
ment with the Raman values, as seen from the triangle points
in Fig. 4. In particular, the stress maximum was confirmed
by a positive-negative change in the deflection and precisely
determined to occur at 170 °C.

Residual stresses

Residual stresses, measured on the bi-stabilised grade
after cooling isothermally grown oxides, showed a general
tendency to be lower for higher scale thickness (Fig. 5).
However, they seemed to be independent on the steel sam-
ple thickness, contrary to what was expected from the ob-
servation that spallation was greatly influenced by sample
thickness.

The difference in residual stresses of scales grown at
900 °C in oxygen or in water vapour on the Fe-18Cr refer-
ence grade is presented in Fig. 6. It is observed that oxide
residual stresses are higher when grown in H2O, contrary to
what is expected from the fact that no spallation was de-

Figure 3. Oxide growth stresses at 750 °C measured by in situ
Raman spectroscopy during oxidation in oxygen of the reference
and bi-stabilised stainless steel grades.

Figure 4. Stress evolution in oxide scales on Fe-18Cr-TiNb dur-
ing cooling to room temperature.

Figure 5. Room temperature Raman wavenumber as a function of
oxide thickness for oxides isothermally grown on Fe-18Cr-TiNb
specimens of different thickness.

Figure 6. Evolution of the room temperature Raman wavenumber
as a function of oxide scale thickness for oxides grown at 900 °C
in O

2
 (open circles) or H

2
O (black circles) on the reference grade

Fe-18Cr.
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tected for such scales. The same measurements were per-
formed on the bi-stabilised grade where the same trend was
noticed.

3.3. Adhesion results

The adhesion energy of the scales formed on the 4 grades
under study was measured after isothermal exposition in
oxygen or water vapour for different scale thicknesses. For
scales grown in cyclic conditions, the adhesion energy was
determined after 150 thermal cycles. Figure 7 shows adhe-
sion results obtained for scales isothermally grown in oxy-
gen, where it is observed that a general trend is the decrease
of the adhesion energy with scale thickness increase. The
reference grade Fe-18Cr and the bi-stabilized grade Fe-18Cr-
TiNb present approximately the same oxide-metal adhesion
values, whereas scales on the Nb-grade seem to be less ad-
herent, conversely more adherent on the Ti-grade.

The same measurements were performed on samples
cyclically oxidised at 850 °C. The results are given in Ta-
ble 3. Comparison with adhesion isothermal results in Fig. 7
shows that oxides formed in cyclic conditions were mostly
more adherent, except for the reference grade which exhib-
ited a surprising very small adhesion energy with regard to
the very thin oxide scales formed.

4. Discussion

Comparing spallation results for the different grades, it
is concluded that it is not the thickest oxides which spall at
cooling, but that a strong chemical effect of the addition
element plays a major role. In particular, the Ti-grade oxi-
dises significantly more rapidly than the others, leading to a
thicker scale, but exhibits the lowest spallation. On the con-
trary, Nb addition, which only slightly increases the iso-
thermal oxidation kinetics in these conditions, is highly det-
rimental in terms of spallation.

The oxide growth stresses determined at 750 °C lie in the
GPa range as observed for chromia on Ni-Cr alloys12,13,
alumina on FeCrAl’s14,15. Contrary to what is generally ad-
mitted, the growth stress state of the oxide scale does not
seem to be a pertinent parameter to discuss spallation. For
example, growth stresses were measured to be identical on
the reference and on the TiNb-containing grade although the
spallation difference of these materials was very different.

Thermal stresses, which are mostly evoked as the main

driving force for spallation were observed in the present
study to be fairly low. When discussed in the literature, they
are mostly calculated from the expansion coefficient mis-
match and use values of the thermal expansion coefficient
of chromia generally taken from bulk determinations, rang-
ing from 5.7 to 9.5 × 10–6 16,17,18. Using such values, thermal
stresses are probably overestimated. The results from the
present work can be used for in situ determination of the
actual value of the Cr2O3 thin scale thermal expansion coef-
ficient, as both Raman and deflection experiments have
shown that oxide and metal exhibit the same value at a tem-
perature of 170 °C (Fig. 4). Using the carefully measured
steel expansion coefficient αM variation with temperature19:

α
M 

= 9.3 × 10-6 + 3.3 × 10-9T

a value of 10.8 × 10–6 could be derived for αCr2O3 at this
temperature. This value is significantly higher than all val-
ues reported before and recalled above. Such a high value
is the reason of the rather low thermal stresses determined
in the present study. It must be observed that the deflection
method, needing no calibration, is a very useful tool for
checking the Raman results for which the biaxial-hydro-
static calibration question is a problem.

Contrary to oxide stresses, adhesion energy is a more
pertinent parameter for discussing spallation, as the present

Figure 7. Isothermal oxidation at 900 °C in oxygen: adhesion en-
ergy as a function of scale thickness.

Table 3. Adhesion energy of oxide scales grown for 150 cycles and comparison with isothermally grown oxides.

Stainless steel grade Fe-18Cr Fe-18Cr-Ti Fe-18Cr-Nb Fe-18Cr-TiNb

Oxide thickness at 150 cycles (µm) 0.9 2.8 1.4 1.5
Adhesion energy (J.m-2) 11 (± 6) 37 (± 5) 13 (± 8) 39 (± 4)
Average adhesion energy for the same

~ 140 ~ 22 ~ 0 ~ 15
thickness in isothermal conditions (from Fig. 7)
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measurements have shown that this parameter well describes
the differences in spallation behaviour of the stainless steel
grades studied. Either in isothermal or cyclic oxidation con-
ditions, it appears that oxide-metal adhesion energy is greatly
increased by the addition of titanium to 18%Cr ferritic stain-
less steels. Microscopic observation of cross-sections or of
both sides of the steel-oxide interface after decohesion by
the blister test showed that such a good behaviour was linked
with titanium internal oxidation generating TiO

2
 protrusions

well pinned in the steel substrate (Fig. 8).
During the blister test experiments, TiO

2
 protrusions were

forced to break and separate from the oxide to allow scale-
substrate separation. It is thought to be the same to initiate
scale spallation. On the contrary, niobium addition to steel
reduced the interfacial adhesion energy. In the steels, nio-
bium was always observed as (Fe,Nb) intermetallic precipi-
tates which were shown to act as preferential metal-oxide
decohesion sites. These precipitates contain only traces of
chromium and the chromia scale in contact with them was
generated by lateral diffusion, presenting no parental rela-
tion, therefore bad adhesion. It is interesting to note that the
bi-stabilized grade Fe-18Cr-TiNb does not differ much from
the reference grade in terms of adhesion energy, probably
resulting from the competitive opposite effects of Ti and
Nb. However, when observing their spallation behaviour,
these grades differ notably (Fig. 1), showing that other ef-
fects must be taken into account. This fact is confirmed by
the comparative measurements of interfacial adhesion en-

ergy of scales grown on the same steel in oxygen or in water
vapour. Comparing at the same scale thickness, the adhe-
sion energy was shown to be only slightly higher for scales
grown in H

2
O, whereas the difference in spallation behav-

iour was much more significant (Fig. 9).
Observing the metal-oxide interface, either on fractures

(Fig. 10) or on the pieces separated by the blister test (Fig. 11),
it appears that all grades present flatter and smoother inter-

Figure 8. Metal side (left) and oxide side (right) of the Cr
2
O

3
/Fe-18Cr-Ti debonded interface showing TiO

2
 precipitates pinned in the steel

substrate (after 150 cycles at 850 °C).

Figure 9. Adhesion energy as a function of scale thickness for
oxides isothermally grown at 900 °C on Fe-18Cr-TiNb in oxygen
(circles) or in water vapour (triangles). Oxidant (O

2
 or H

2
O) par-

tial pressure: 150 mbar.
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faces when oxidised in water vapour, more convoluted and
undulated when oxidised in oxygen. Such a ratcheting phe-
nomenon is the result of stress relaxation, increasing the in-
terface area and leading to a decrease in the total energy20.

It was also observed pronounced interface undulation
on thick steel samples exhibiting high spallation (Fig. 2),
whereas thinner samples kept a flat interface, regularly fol-
lowing the ridges induced by the polishing sequence, and
presenting no spallation. However these samples were shown
to elongate during oxidation, showing that a competitive
relaxation mode takes place according to the mechanical

properties of the metallic substrate. When sample elonga-
tion cannot take place due to any geometrical or mechani-
cal reason, interface undulation becomes the most energetic
way to relax stresses, leading to local normal stress compo-
nent generation during cooling and easy spallation.

5. Conclusions

Several conclusions arise from the results of the present
work:

• Spallation of oxide scales grown on ferritic stainless
steels depends on many parameters, among which are
oxide thickness and steel minor additions, but also
metal thickness and nature of the oxidising atmosphere
(O

2
 or H

2
O);

• Growth stresses resulting from volume expansion are
compressive and high soon after the onset of oxida-
tion, reaching the 2 GPa range and stabilising during
the course of the oxide growth;

• Such high stresses do not induce oxide spallation dur-
ing isothermal exposure for the oxide thickness ob-
served (≤ 2 µm);

• Spallation occurs at cooling, although the extra
compressive stresses induced by the thermal mismatch
are of minor value, due to the high expansion coeffi-
cient of the chromia formed, near to the rather low
value for the ferritic material (this shows the neces-
sity of determining the thermoelastic properties of real
oxide scales and not using data for bulk oxides);

• High residual stresses can be observed on non-spalled
oxides whereas adherent parts of highly spalled scales
may exhibit lower stress;

• Adhesion energy of the metal-oxide interface, quanti-
tatively determined using the “inverted blister test”, is

Figure 10. Surface of the Fe-18Cr steel grade observed after removing the oxide scale by bending samples oxidised at 900 °C (left : in
water vapour, right: in oxygen).

Figure 11. Metal side of the Fe-18Cr-oxide interface after scale
separation by the blister test showing pronounced undulation.
Oxidation in oxygen at 900 °C, oxide thickness : 1.3 µm.
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a pertinent parameter to assess the spallation behav-
iour of different steel grades. The respective good and
bad influence of titanium and niobium in steels in terms
of spallation was exactly reflected by the adhesion
energies of their oxide scales;

• The reinforcement of scale adhesion by Ti addition
was shown to be the result of oxide pinning by TiO

2

internal precipitates. The presence in the steels of
intermetallic (Fe,Nb) precipitates was detrimental to
that pinning;

• Relaxation phenomena taking place in the steel
substrate seem to govern the spallation behaviour. In
particular, interface undulation was shown to reduce
the resistance of stainless steels to spallation, whereas
sample elongation, when possible, kept a flat steel-
oxide interface and spalled less;

• The observation that oxidation in water vapour led to
low spallation in relation with flat steel-oxide inter-
face is not yet understood. Effects of hydrogen on the
mechanical properties of the interface must be
searched;
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