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Abstract Pure chromium oxidized at 900 °C at low oxygen partial pressure
(10712 atm) gives duplex Cr,0j; scale with an internal part made of equiaxed grains
and exhibiting an n-type conduction, and an external part made of columnar grains
and exhibiting a p-type conduction. Spalled regions occurring during cooling have
been studied with photoelectrochemical techniques at a microscale. New informa-
tion in the form of a specific image (structural quality image) could be obtained and
revealed a level of structural defect density in the internal chromia subscale higher
than that measured in the non-spalled region. The results complement the spallation
scenario proposed in part I of this work.
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Introduction

It was shown in part I of this work that spallation observed on duplex n-type and
p-type chromia scales isothermally grown on pure chromium at 900 °C and a p(O,)
of 107'% atm during 30 min occurs during sample cooling. The debonding of the
scale takes place at the metal/oxide interface, and the uncovered metal can be then
reoxidized at lower temperature. Here, a spalled region is studied by photoelec-
trochemistry at the microscale. MicroPEC and in particular this setup has proven to
be successful in the past to characterize oxide scales. For example, microPEC has
allowed to accurately study intermetallics oxidation in thin zirconia scales thermally
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grown on Zircaloy-4. Lateral distribution of iron and chromium oxides, signed by
their respective gap, was imaged in the ZrO, scale with a microscopic resolution
[1, 2]. The technique was also used to characterize the nature of different oxides
forming the multilayer structure resulting from the exposition of nickel-base alloys
intended for pressurized water reactor in primary simulated medium [3]. More
recently, photocurrent images could be recorded on ferritic and austenitic grains of a
2205 duplex stainless steel sample thermally grown under water vapor/nitrogen
mixtures [4].

Experimental Procedures

This localized photoelectrochemical (noted as PEC) technique used in this work is
so-called microPEC in the rest of this paper. The setup presented in Fig. 1 was
developed in our laboratory and is controlled by a homemade software. An argon
laser (Innova 90C-A6 from Coherent) was used as the light source. The light was
chopped at the frequency f = 63 Hz via an optic modulator, injected in an inverted
microscope (IX71 from Olympus) and focused in a long working distance objective
(x 50) specially designed for UV (LCD Plan Apo NUV 50 from Mitutoyo). The
calculations show that the resolution, essentially conditioned by the numerical
aperture of the objective, is of the order of 4, i.e., approximately 350 nm at
A =351.1 nm (E = 3.53 eV). The light power P can be controlled from the laser
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Fig. 1 Schematic representation of the laboratory-made microPEC
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device itself but also by using different filters positioned at the microscope input.
The photon flux @ can be expressed as:

® = Pi(hc)”" (1)

where h is the Planck’s constant and ¢ the speed of light. At 4 =351.1 nm and
P ~ 100 mW, the calculated photon flux @ is in the range of 10'7 photons s™'.

Images were recorded by moving the sample with respect to the laser beam using
a high-resolution two-axis motorized stage microscope stage (Scan IM1206100
from Marzhauser, minimum step size: 100 nm). The applied potential was
controlled by a potentiostat (273A from Princeton Applied Research), and a lock-
in technique was applied to separate the photocurrent from the total electrochemical
current. For that purpose, the current output of the potentiostat was connected to the
signal input of the lock-in amplifier (Stanford Research SR830) and the trigger
signal of the optic light modulator was fed to the reference input of the lock-in
amplifier. In parallel, the dephasing angle was also measured and the optical image
of the sample was recorded by a CCD camera. Typically, a whole set of 20 images
(10 for photocurrent and 10 for dephasing angle) could be obtained after
approximately 60 h. Each image included 90,000 points (300 x 300), that is to
say, close to 2 millions of points (~ 125 ms was required by point). The laser was
able to provide different monochromatic lines in the visible and UV as described in
Table 1. According to the bandgaps measured on chromia scales in part I of this
work (~ 3 and ~ 3.6 eV), the use of UV lines is needed to measure photocurrent,
but due to opacification of the laser front mirror, the power of lines in UV decreases
with time. In particular, after a few hundred of working hours, the line in deep UV
(A=3344, E=3.71¢eV) is no longer available. Consequently, microPEC exper-
iments have been performed with the wavelength of 351.1 nm (E = 3.53 eV). It was
expected, this way, to be able to analyze at least the low-energy contribution of
bandgap E, ~ 3 eV (internal n-type chromia subscale).

Results and Discussion

Figure 2 presents microPEC analysis of the spalled region presented in part I of this
work. A series of photocurrent images 600 x 600 pm (point spacing: 2 pm) have
been recorded at the energy E = 3.53 eV and at several applied potentials
(V) varying from — 500 to — 50 mV/MSE—with a 50 mV step. The spalled zone
is clearly imaged and exhibits, whatever the applied potential, an average
photocurrent value higher than the one observed in the non-spalled zone. All
around the spalled zone, the level of photocurrent is much lower than in the rest of
the image. This observation should be compared with SEM top-view observation
presented in part I of this work showing that the oxide scale around the spalled zone
appears debonded in a few micrometer bands in length. Areas of disbondment can
stop the diffusion of electronic carriers through the oxide scale and explain the
decrease in the photocurrent. It must be also underlined that whatever the
coordinates (x, y) on these images, the photocurrent /,;, increases when the applied

@ Springer



Oxid Met (2018) 90:267-277

270

0g > 0S1 09 o1 > 001 01> 00L 0T 006 06 ~ oL ~ 0001 (M) omog

IL¢ €€ I7'¢ €LT LT 99T 9T 09°C 44 0S°C LY'T 17T (A®) 7 AS1oug

r'yee I'1s¢ 8'€9¢ Srsy 6'LSY 8'59¥ Sy SLY 88% S96¥ L'10S vIS [CUVRAHISIEIIN
AN dIqISIA

JIose] uoSIe oy YIm J[qe[ieAe

soul[ Uey T d[qEL

pringer

As



Oxid Met (2018) 90:267-277 271

-350 mV -300 mV

200

- 150 mV -100 mV/ -50mv

- 500 mV - 450 mV,

-250 mV =200 mV/

Fig. 2 MicroPEC analysis of the spalled region. Photocurrent images 600 x 600 um (point spacing:
2 um), obtained on pure Cr oxidized at 900 °C during 30 min at a p(O,) of ~ 107'% atm, E = 3.53 eV,
recorded at several applied potentials (V) varying from — 500 to — 50 mV/MSE—with a 50 mV step

potential V increases. Consequently, only n-type chromia is recorded on these
images.

Concerning the spalled zone itself, this observation is consistent with the results
obtained in the part I of this work, i.e., the regrowth of an n-type chromia.
Concerning the non-spalled zone, a duplex structure with an internal n-type chromia
and an external p-type chromia had been detected in part I, but the external subscale
is not detected in the present images. This observation can be explained if we
assume that the energy of the incident light (E = 3.53 eV) is probably not high
enough to photogenerate electron hole pairs in the p-type chromia (bandgap
E, ~ 3.6 eV). Nevertheless, the presence of the external subscale is revealed in
Fig. 3 with on the left (a) the photocurrent image (E = 3.53 eV, V =0 mV) and on
the right (b) the dephasing angle image recorded at the same conditions. Indeed, the
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Fig. 3 Pure Cr oxidized at 900 °C during 30 min at a p(O,) of ~ 10™'? atm, images 600 x 600 pm
(point spacing: 2 um) E = 3.53 eV, V = 0 mV/MSE. a Photocurrent image, b dephasing angle image
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evolution of the dephasing angle from spalled zone to non-spalled zone (shift from
— 80° to 30°) corresponds to the beginning of the inversion of the photocurrent sign
and reveals indirectly the presence of the external subscale.

In order to go further, a more advanced analysis of those data is needed. For that,
photocurrent must be first described.

The parameters involved in photoelectrochemical measurements are numerous
and are not all controlled. The development of a model describing the phenomena in
a complete way thus proves to be very delicate. A first model describing the
behavior of an ideal semiconductor, that is to say without taking into account the
recombination phenomena, and its interface with an electrolyte under illumination
was proposed in 1959 by Girtner and improved in 1977 by Butler [5, 6]. This model
leads to the following expression of the photocurrent:

T = a@0{1 = (") (1 + o1) ' | )

where ¢ is the elementary charge of the electron, @, the incident photons flux, «, the
absorption coefficient of the oxide at the wavelength A, L, the diffusion length of the
minority electronic carriers and W, the depth of the space charge region which can
be expressed as:

2¢eg
We = 1/ -20V = Vg 3)

where ¢ is the dielectric permittivity of the oxide, &, the vacuum permittivity, Ny the
concentration of the major carriers, V the applied potential and Vy, the flat band
potential of the oxide.

The absorption coefficient is expressed as:

o =A(hy — Ep)"(hv)'= 6" (4)

where A is a constant, & the Planck’s constant, v the light frequency, E, the bandgap,
n equal to 1/2 (direct transition) or 2 (indirect transition) and 6, the penetration
depth of light.

In conventional cases, the penetration depth of light ¢, is greater than W.. All the
photogenerated species are therefore not subjected to the action of the electric field,
but they may contribute to the photocurrent if their diffusion length L, is high
enough to generate their flow in the space charge zone and Eq. 2 can be linearized:

n 1 [2ee
In = q®oA (hv — Eg)" (hv) ™" /q—]\]:\/v — Vi (5)

At this point of the discussion, the modeling concerns an ideal semiconductor and
does not take into account the recombination phenomenon of electron hole pairs. In
particular, many potential experimental spectra cannot be accounted for on the basis
of Eq. 5, if particular those of concave shape. We propose to improve this model by
the introduction of a new parameter taking into account the level of recombination
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center in the oxide scale. Figure 4 presents a schematic representation of the
recombination of an electron diffusing in the conduction band (case of an n-type
semiconductor). When the level of recombination center increases, the photocurrent
decreases.

Recombination centers are generated due to the development of stress in the
oxide scale during the oxidation. At every time, part of this stress is relaxed, in
particular with creep relaxation [7], but another part is converted into structural
defects as dislocations, microporosities, microseparation located either in the
volume of grains or at the grain boundaries, or at the metal/oxide interface. Figure 5
illustrates such structural defects. As a consequence, PEC can indirectly detect the
recombination centers. Indeed, structural defects can impact the shape of the
potential spectrum as illustrated in Fig. 6a [8]. In the case of a quasi-perfect
semiconductor, that is to say without any structural defect, the photocurrent
increases to its maximum very rapidly. In contrast, when the density of
recombination centers (noted as w,) increases, the photocurrent /I, increases less
rapidly. In others words, w, decreases when the area of this spectrum (i.e., the
mathematical integral [I,,dV) increases. Nevertheless, the exact evolution is not
known and that reasoning stays at this step qualitative (see Fig. 6b).

Previous works have already validated this approach, in particular in the case of
the thermal oxidation of pure titanium in oxygen or water vapor [9-12]. When
exposed to pure oxygen for a few hours, oxide scales thermally grown on pure
titanium at 850 °C develop periodic microcracks localized at the metal/oxide
interface due to the accumulation of growth stresses. Microdecohesion and level of
structural defects were clearly imaged with PEC techniques.

In order to visualize these fluctuations, we propose to build a new image giving
the evolution of fI,,dV. To achieve this, from the series of photocurrent images
presented in Fig. 2, the local potential spectrum was extracted at every coordinate
(x, ), and from each spectrum, the value of [I;,dV was calculated. After
normalization on the parameters applied potential and photocurrent, this value could
be finally plotted on a new image so-called structural quality image (SQI). SQI and
photocurrent images are presented in Fig. 7a, b. Once again, the spalled zone is
clearly imaged on SQI but with a particular effect: the spalled zone is bordered by a
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Fig. 4 Schematic representation of the recombination of an electron diffusing in the conduction band
(case of an n-type semiconductor)
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Fig. 5 Schematic N~
representation of the possible
nature of a recombination center
in an oxide scale
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Fig. 6 a Evolution of potential spectra shape with the recombination center density w,, b hypothesized
evolution of w, versus [I;pdV

dark (resp. light) zone on its left-bottom (resp. top-right) part. At this point, this
observation is not well understood.

However, in Fig. 8 the correlation analysis between images 7a, b shows
interesting result. To build this image, at each coordinate (x, y), Iy, modulus was
extracted from photocurrent image and was plotted as a function of SQI. The
density of experimental points in the Iy, — SQI graph was mapped to a color scale.
Two groups of points can be observed. The first one with high photocurrent and low
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Fig. 7 Chromia scale thermally grown at 900 °C and a p(O,) ~ 10~'? atm during 30 min, a structural
quality image SQI, b photocurrent image (E = 3.53 eV, V = 0 mV/MSE)
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Fig. 8 Correlation analysis between photocurrent image (7b) and SQI (7a). The photocurrent has been
normalized between 0 and 1

SQI corresponds to the spalled zone. In contrast, the second one with low
photocurrent and higher SQI corresponds to the non-spalled zone.
At this point of the discussion, several facts need to be recalled:

e asingle n-type chromia was observed in the spalled zone (result obtained in part
I of this work),
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e a duplex structure with an external p-type chromia and an internal n-type
chromia was observed in the non-spalled zone (result obtained in part I of this
work),

¢ due to the laser light energy (E = 3.53 eV), I, image and SQI only detect n-type
chromia (E; ~ 3 eV),

e the higher the SQI is, the lower the recombination center density is.

From that, results can be interpreted as follows and are summarized in Fig. 9.
Concerning the non-spalled zone, the low photocurrent signal can be explained if
we assume that part of the light is absorbed by the external subscale. More
interestingly, it can be concluded that two sorts of internal n-type chromia have been
studied with SQI:

e the first one observed in non-spalled zone is 30 min old (~ 500 nm in
thickness, see Fig. 3b of part I of this work) and exhibits a low level of
recombination center (high SQI).

e the second one observed in spalled zone is assumed to correspond to the
reoxidation of the uncovered metal after spallation of the scale during the
cooling. As a consequence, this layer is probably a few seconds old (< 100 nm
in thickness, see Fig. 3c of part I of this work) and exhibits a high level of
recombination center (low SQI).

In order to interpret these observations, we propose to refer back to what was
concluded in the part I of this work. The inward growth of the internal subscale (n-
type chromia) may generate compressive stress in the oxide closed to the internal
interface. Part of the stress can be continuously converted into microstructural
defects (i.e., recombination centers) in the scale during the thermal oxidation. Over
time, part of these defects can be itself continuously restored at high temperature,

non-spalled spalled
zone zone
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analyzed in this work

Z

Cr:

n-type Cr,0; regrowth

new layer, thin and very
strained

n-fype 1,03 .
the old layer has time to restore
structural defects

Fig. 9 Schematic view of the spallation
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probably in the whole scale. Consequently, a competition occurs between these two
processes: generation and restoration of microstructural defects. Concerning a few
seconds layer old, it is assumed that the competition can turn in favor of a high level
of recombination center. To the contrary, for an older scale, the level of
recombination center can appear lower.

Several spalled regions from different samples obtained with identical experi-
mental conditions have been studied with PEC techniques and exhibit the same
characteristics that ones presented in this article.

Conclusions

Results obtained with PEC technique at a microscale complements and reinforces
the spallation scenario presented in part I of this work: the scale decohesion takes
place at the metal/oxide interface during the cooling. A microscopic view of
generation and restoration of structural defects in chromia scales was produced by
constructing of a specific photoelectrochemical image. This work (part I and part II)
has shown an original behavior of chromia scales grown on pure chromium at very
low oxygen partial pressures. It is intended to continue the study with PEC
techniques at higher p(O,). Studies carried out by PEC techniques, used at different
scales, provide interesting results that will require in the future to be coupled with
other techniques able to bring additional information, in particular concerning
residual stress measurements with Raman spectroscopy and microstructure obser-
vations with TEM ASTAR.
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