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In this work, we have studied the improvement on the oxidation resistance of AlCrN-based coatings by adding
a subsurface titanium nitride barrier layer. Since oxidation is interrelated with the inward diffusion of oxygen
into the surface of AlxCr1−xN (x=0.70) coatings and the outward diffusion of Cr to the surface, the oxidation
behaviour of the aluminium-rich AlCrN coatings can be tuned by designing the coating in an appropriate
layered structure. The buried depth of the embedded layer and the oxidation time were varied, and the
changes in the AlCrN/TiN depth composition profiles and surface oxidation stoichiometry were analysed by
means of Glow Discharge Optical Emission Spectroscopy (GDOES) and Cross Sectional SEM (X-SEM) maps. It
was observed that when a TiN diffusion barrier of 300 nm was deposited near the top surface (500 nm from
the surface) the inhibition of the inward diffusion of oxygen and formation of beneficial alumina surface layers
was promoted and consequently an increase of the oxidation resistance is achieved. This is explained in terms
of a limited surplus of chromium from the coating to the surface. This was corroborated after performing
experiments using CrN as embedded barrier layer which resulted in a continuous surplus of chromium to the
surface and the formation of Cr-rich oxides. GDOES, in combination with X-SEM elemental maps, was proved
to be a fast and accurate technique to monitor composition in-depth changes during oxidation, providing
unique information regarding the oxide structure formation.
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1. Introduction

Recently, Al–Cr–N based coatings have received increasingly
attention of researchers and coating designers due to their excellent
mechanical properties and superior oxidation resistance compared
with Al–Ti–N based coatings [1–6]. It has been predicted by the band
parameters method that the critical content of Al in Al–Cr–N from B1
(NaCl-type) to B4 (wurtzitic) is 77.2% in comparison to only 65.3%
solubility in Al–Ti–N [7]. This higher aluminium content in a B1 cubic
phase allows for increased formation of alumina-like tribofilms
without sacrificing mechanical properties such as hardness. Alumina
based tribofilms have been shown to protect forming and machining
tools by redirecting more heat towards the workpiece [8,9].
Nevertheless, increasing aluminium content in the protective coating
does not always guarantee the formation of alumina tribofilms since
the enthalpy of formation of Cr2O3 is lower than that of Al2O3.

The oxidationmechanism of AlCrN thin films have been extensively
studied in the literature. In the early 90's Hofmann [10] described this
process in terms of metal inter-diffusion, originating a typical oxide
multilayer structure. This multilayer is explained due to the different
diffusivity of the metal species. Although Al2O3 is the more stable
compound, chromium is the more mobile species and preferentially
forms a surface oxide. This chromium oxide inhibits the diffusivity of
aluminium, leading to a build-up of aluminiumoxide beneath this layer.
In turn, the aluminium-rich layer reduces the further out-diffusion of
chromium and leads to a slightly increased chromium concentration
underneath. Therefore, a structure with a mixed, Cr-rich, Cr/Al oxide
layer at the film surface and an Al-rich, Cr/Al oxynitride in the bulk is
formed. Lately, Banakh et al. [3] corroborated thismodel, suggesting the
de-nitridationof thefilm and the formation of a Cr/Almixedoxide as the
oxidation mechanism. More recently, Lin et al. studied the oxidation
process of AlCrN films by using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) [11]. They concluded that, for the
oxidation temperature ranging from 700 to 1050 °C, thermal energy is
sufficient to facilitate outward diffusion of nitrogen atoms/ions towards
the film surface (de-nitridation). At the same time they proposed that
the diffusion of Cr andAl ions outwards and atomic oxygen inwardswill
promote the formationof a (Cr, Al)2O3 layer on thefilm surface, acting as
a effective diffusion barrier slowing down the inward diffusion of
oxygen.

Therefore, it is well documented that AlCrN coatings show high
short-term oxidation resistance up to 1100 °C due to the formation of
Cr–Al oxides that are lubricious and have strong diffusion barrier
properties against further inward diffusion of oxygen into the films. In
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Fig. 1. GDOES profiles of AlCrN coatings without TiN barrier after oxidation in air at
900 °C for a) 30 min, b) 1 h and c) 3 h.
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particular Al-rich Al70Cr30N coatings present excellent oxidation
resistance due to the formation of alumina at the surface. However,
more demanding applications such as gas turbine engines, die casting
and moulding industries also require of long-term oxidation resistant
coatings that can withstand exposure to oxygen and water vapour
containing environments for their entire service lives. Under longer
exposure times in air AlCrN coatings suffer a partial depletion of
aluminium at the surface and a high diffusion of chromium is
promoted. In this case, the formation of surface alumina is inhibited
and chromium-rich complex (Al, Cr)2O3 oxide films are formed due to
the solubility of Cr2O3 in alumina matrix [12].

In this work we have studied the incorporation of a subsurface TiN
layer in the AlCrN coatings. This layer has been shown to act as a
diffusion barrier in microelectronics [13–15] and can act as an
excellent diffusion barrier of chromium ions. Here, we demonstrate
that the TiN barrier promotes the formation of aluminium-rich oxides
at the surface of the coating, improving the long-time oxidation
resistance of the films. To achieve this goal, we have used Glow
Discharge Optical Emission Spectroscopy (GDOES) as a depth
profiling technique [16] due to its excellent potential to accurately
monitoring composition surface and in-depth changes during oxida-
tion. GDOES has been previously applied with success to study the
internal oxidation of carburized steels [17], oxide scale formation in
Fe–Cr alloys [18], and oxidation resistance of AlN/CrN superlattices
[19] and complex TiAlCrSiYN coatings [20]. In addition, we have
compared GDOES results on selected samples with Cross Sectional
Scanning emission micrographs (X-SEM).

2. Experimental

2.1. Coating deposition

A front-loading Balzers' rapid coating system (RCS) machine has
been employed for the deposition of the coatings in this study. The
RCSmachine is equippedwith 6 cathode arc sources positioned at two
different heights. Two of the six sources contained Ti targets and were
used to deposit a 0.3 μm thick titanium nitride adhesion layer as well
as to deposit a TiN subsurface diffusion barrier. The remaining four
sources contained AlCr (70:30) targets which were employed to
deposit the main AlCrN layer with a thickness of 3 μm in all the
samples. In this study, 20 mm-diameter cold work tool steel coupons
were used as substrates. During the deposition, the chamber was
back-filled with pure reactive nitrogen to a pressure of 3.5 Pa and the
temperature of the substrates was held at approximately 450 °C. Also,
a substrate bias voltage of −100 V was applied to the substrates.

2.2. Multilayer characterisation

GDOES depth profile analysis of the coatings was completed using
a Horiba Jobin Yvon RF GD Profiler equipped with a 4 mm diameter
copper anode and operating in argon gas [21–23]. In previous works
[24,25] Escobar Galindo et al. performed a complete optimization of
the operating conditions for the analysis using this GDOES system. By
applying a radio frequency discharge pressure of 650 Pa and a forward
power of 40 W multilayers in the nanometre range were able to be
analyzed. Therefore in this study we have kept fixed these operation
settings. The emission responses from the excited sputtered elements
were detected with a polychromator of focal length of 500 mm. The
optical path of the spectrometer is nitrogen purged. The emission
lines used were 130.21 nm for oxygen, 149.262 nm for nitrogen,
156.14 nm for carbon, 371.99 nm for iron, 396.15 nm for aluminium
and 425.43 nm for chromium. The chamberwas cleaned by sputtering
a silicon (100) sample for 20 min prior to the measurements. This
procedure minimises the surface contamination of the samples and
allows a faster stabilisation of the plasma [26]. No memory effects
were observed after this pre-sputtering procedure. Before every
experiment, the sampleswere flushedwith argon during 60 s. This is a
typical procedure to remove the contaminants (carbon, oxygen,
hydrogen) from the inner walls of the anode prior to the analysis of
the sample and has been extensively applied by GDOES users.
Molchan et al. have recently proposed [27] that this procedure can
be improved by using a low-energy plasma (b5 W) to gently remove
contaminant from the surface of the sample. The high etching rates
obtained during GDOES analysis resulted in very short experimental
times (below 1 min of operation). A collection rate of 200 points/
second was used to measure all the samples. Quantified profiles were
obtained automatically using the standard Jobin Yvon QUANTUM
Intelligent Quantification (IQ) software. The setup was calibrated
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using standard materials of known composition. In order to improve
the quantification of nitrogen, we have used a series of chromium
nitride coatings deposited by magnetron sputtering in our laboratory
[28]. The composition of these homemade standards was assessed by
Rutherford Backscattering Spectroscopy (RBS). A Veeco Dektak 150
stylus surface profiler was used to measure the crater depths.

Isothermal oxidation tests were performed in air, at 900 °C during
0.5, 1, 3 and 24 h with each specimen placed in an alumina crucible.

Qualitative cross-sectional energy-dispersive X-ray spectroscopy
(EDX) element mapping and images were obtained using an INCAx-
sight Field Emission Scanning Electron Microscope (FE-SEM) with a
resolution of 136 eV when operating at 5.9 keV.

3. Results and discussion

In Section 3.1, we describe the short and long-term oxidation
kinetics of a single layer AlCrN coatings. Later in Section 3.2, we
compare those results to the case of a multilayer AlCrN/TiN/AlCrN
system by varying the buried depth of the TiN diffusion barrier
(Section 3.2.1) as well as the oxidation time (Section 3.2.2). Finally in
Section 3.3 we discuss the effectiveness of TiN as a diffusion barrier by
studying the oxidation performance of a AlCrN/CrN/AlCrN multilayer
system.

3.1. Oxidation performance of AlCrN

Fig. 1 shows the GDOES profiles of AlCrN coating without TiN
barrier after a) 30 min, b) 1 h and c) 3 h oxidation at 900 °C. The
thicknesses of the oxide layer formed after each oxidation time are
reported in Table 1. For short oxidation times (Fig. 1a), there is a clear
pileup of chromium near the surface revealing the formation of Cr-
rich oxide layer on top of the AlCrN original coating. Within this
oxidised layer the average Al/Cr content ratio remains low (0.47) as
detailed in Table 1. The presence of Fe on the surface of the coating is
observed even at short oxidation times, indicating a migration of
substrate elements towards the surface .After increasing the oxidation
time there is a clear growth of the thickness of the oxide layer
(Fig. 1b–c). It can be also observed the progressive formation of an
AlOx layer below the CrOx (note for example the “double peak” in the
Al profile within the oxide layer of Fig. 1c). This behaviour can be
explained in terms of the higher mobility of chromium to form a Cr-
rich oxide layer. The diffusivity of aluminium is reduced through this
chromium oxide layer and an Al-rich oxide is grown underneath
generating an oxide multilayer structure as described by Hofmann
[10]. The total Al/Cr ratio slightly increases after 1 and 3 h oxidation to
0.54 and 0.68, respectively, but there is no evidence of the formation
of a beneficial aluminium rich oxide on the surface. After oxidation for
24 h the oxide layer was too porous and rough to be measured by the
Table 1
Oxide Thickness and Al/Cr ratio within the oxide for AlCrN samples oxidized at 900 °C
with no diffusion barrier and with TiN or CrN barriers buried at a depth of 0.6 μm. The
data are shown for different oxidation times.

Oxidation Time (h) Diffusion Barrier Oxide Thickness (nm) Al/Cr oxide

0.5 No Barrier 115±10 0.47±0.08
TiN 50±5 0.71±0.05

1 No Barrier 190±20 0.54±0.10
TiN 85±10 0.77±0.20

3 No Barrier 300±20 0.68±0.16
TiN 150±10 0.92±0.10
CrN 280±20 0.66±0.08

24 No barrier N4000 –

TiN 1100±50 1.00±0.20
GDOES technique. In any case, the thickness of this grown scale can be
estimated to be of larger than 4 μm by profilometry measurements. In
Fig. 2a, the oxygen profiles of the films without oxidation and after
30 min, 1 h and 3 h oxidation are shown for comparison. The increase
of the oxide layer thickness upon oxidation can be clearly observed
and compared with the sample containing a TiN diffusion barrier (see
Fig. 2b) as discussed below in Section 3.2.2.

3.2. Oxidation performance of AlCrN/TiN/AlCrN multilayers

As previously stated, the main aim of this work is to control the
oxidation behaviour of AlCrN coatings by the deposition of an
intermediate diffusion barrier of TiN. In Fig. 3, a GDOES profile and
X-SEM image and EDX element mapping of an as deposited AlCrN/
TiN/AlCrN multilayer are shown. In this case, the diffusion barrier is
buried at a depth of 700 nm from the surface. In the following sections
we study the influence on themultilayer oxidation resistance of a) the
depth of the TiN embedded layer and b) the oxidation time.

3.2.1. Effect of buried depth
A set of seven AlCrN samples was deposited containing an

intermediate TiN layer at different depths from the surface (see
Table 2). The samples were annealed in air during 3 h at 900 °C. Fig. 4
shows representative GDOES profiles of the oxidised samples for TiN
buried depths of a) 2.8 μm, b) 2.3 μm, c) 1.1 μm, d) 0.7 μm and e)
0.5 μm respectively. The first difference in comparison to samples
Fig. 2. (Left) GDOES oxygen profiles of AlCrN coatings without TiN barrier as deposited
and after oxidation in air at 900 °C for 30 min, 1 h and 3 h. (Right) GDOES oxygen
profiles of AlCrN/TiN coatings with TiN barrier buried at 0.6 μm as deposited and after
oxidation in air at 900 °C for 30 min, 1 h, 3 and 24 h.

image of Fig.�2


Fig. 3. GDOES profile (top-left) and cross sectional SEM image (bottom-left) of as deposited AlCrN/TiN coating with TiN barrier buried at 0.6 μm. The dotted square area delimitates
the zone where elemental mapping was performed (see right panels for C, Al, Cr, N, Ti, Fe and O).
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without TiN barrier (Fig. 1) is the thickness of the oxide layer formed.
Clearly, the presence of the TiN barrier layer increases the overall
oxidation resistance (approximately by a factor of 2) as can be
observed in Table 2. After 3 h of oxidation the scale grown on the
AlCrN coating without barrier is of more than 300 nm thick, while for
the sample with the TiN is in the order of 150 nm for the same
oxidation time, independently of the buried depth. Moreover there is
a strong reduction of the Fe signal on the surface of the coatings. This
indicates an inhibition of the migration of substrate elements towards
the surface and underscores the benefits of incorporating a TiN barrier
layer on the AlCrN coatings.
Table 2
Oxide Thickness and Al/Cr ratio within the oxide for AlCrN samples with TiN diffusion
barrier oxidized at 900 °C for 3 h.

Buried depth (μm) Oxide thickness (nm) Al/Cr oxide

0.5 120±10 1.05±0.10
0.7 120±10 0.78±0.05
1.1 120±10 0.58±0.10
1.7 160±15 0.57±0.10
2.0 160±15 0.61±0.14
2.3 170±20 0.51±0.09
2.8 145±15 0.40±0.05
The main observation for samples with the TiN barrier layer
deposited near the substrate (buried depth N1 μm Fig. 4a–c) is the
formation of an extensive pile up of chromium as in the case of the
coatings without TiN barrier (Fig. 1c). Previous XPS analysis revealed
the formation of a Cr-rich oxide layer (mainly Cr2O3 [29,30]) on top of
the AlCrN original coating. Within this oxidised layer the Al/Cr ratio
for the sample with the barrier at 2.8 μm is similar to the sample with
no barrier (0.4) as detailed in Table 2. However, as the barrier layer is
being deposited closer to the surface it can be observed the
progressive formation of an AlOx layer below the Cr2O3 (note for
example the “double peak” in the Al profile within the oxide layer of
Fig. 4b and cc). Consequently, the Al/Cr ratio increases up to 0.5–0.6
for samples with the barrier buried at depths between 2.3 and 1.1 μm
(see Table 2).

This mechanism dramatically changes when the TiN layer is
deposited near the surface (buried depth b1 μm). In these samples,
there is a clear evidence of aluminium enrichment at the surface as
can be observed both in the GDOES profiles of Fig. 4c–d and in the
EDX-SEM cross sectional mapping of Fig. 5. The formed oxide layers
are thinner (100–120 nm) than for samples with the TiN closer to the
substrate. The highest Al/Cr ratio in the oxidised layer (as high as
1.05) was obtained for the sample with the TiN layer buried at 0.5 μm
(see Table 2). In particular, for this sample (see Fig. 4d), it is clear the
formation of a 50 nm aluminium oxide film followed by a complex
AlCrOx film. GDOES observations are supported by XPSmeasurements
performed on this sample, where Al–O and Al–O–N bonds were
predominant [6]. Hence, the presence of the TiN layer near the surface
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Fig. 4. GDOES profiles of AlCrN/TiN coatings after oxidation in air at 900 °C for 3 h with TiN barrier buried at a) 2.8 μm, b) 2.3 μm, c) 1.1 μm, d) 0.7 μm and e) 0.5 μm.
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promotes the formation of a thinner and Al-rich oxide with a higher
oxidation resistance due to the limited supply of Cr atoms to the
surface.

3.2.2. Long-term oxidation
In the previous section, we have established the role that

depositing a TiN buried layer near the surface has on the oxidation
process of AlCrN coatings. In order to study the kinetics of such
oxidation mechanism, TiN/AlCrN coatings were prepared by keeping
both the oxidation temperature and the embedded depth constant at
900 °C and 0.6 μm, respectively, and varying the oxidation time. Here
we perform a comparison of samples with and without a TiN barrier
layer, prepared under the same conditions of oxidation time and
temperature as discussed in Section 3.1. Table 1 summarised the
samples studied.
Fig. 6a shows the detailed GDOES depth profiles for the as
deposited AlCrN coating with a TiN barrier deposited at a fixed depth
of 0.6 μm. The coating was then subjected to oxidation at 900 °C for
b) 30 min, c) 1 h, d) 3 h and e) 24 h. After only 30 min oxidation,
there is the formation of an oxide layer, with thickness of about
50 nm. This oxide layer consists of complex AlCrOx(N) compound
(see Fig. 6b) and the Al/Cr ratio ismarkedly higher (0.71) than for the
sample without diffusion barrier (0.47) for the same oxidation time
(see Table 1). At this oxidation time, there was no evidence of Fe
diffusion towards the surface. Increasing the oxidation time to one
hour (see Fig. 6c) the oxide layer and the Al/Cr ratio grows up to
85 nm and 0.77, respectively. After 3 h of oxidation the nitrogen
content of the oxide layer decreases, with a increasing migration of
aluminium towards the surface. As discussed in the previous section,
there is a clear separation of oxides with the formation of a sub-
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Fig. 5. Cross sectional SEM image (left) of as deposited AlCrN/TiN coating with TiN barrier buried at 0.7 μm. The dotted square area delimitates the zone where elemental mapping
was performed (see right panels for C, Al, Cr, N, Ti, Fe and O).
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stoichiometric AlOx layer on top of the previously formed AlCrOx (see
Fig. 6d). This is quantitatively evident as the Al/Cr ratio is much
higher (0.92) than the value obtained for the sample without
diffusion barrier (0.68). At this stage, there is some diffusion of
titanium from the barrier layer to the surface and of iron from the
substrate. Finally, after an oxidation time of 24 h (Fig. 6e), the oxide
layer is thicker than 1 μm and the whole TiN buried layer disappears,
migrating to the surface. The oxide layer consists of a stoichiometric
alumina top layer (O/Al ratio is 1.5) and a subsurface AlCrOx as can be
derived from the oscillations present in the Cr–Al profiles. The
solution of Fe inside the layer is now more evident in accordance
with observations made by Katesan for iron transport across alumina
scales [31]. This multilayer structure is similar to the predicted by
Hofmann model [10] although in our case the oxide top layer is
alumina and not chromium oxide with the subsequent oxidation
resistance improvement. Note also the practical disappearance of
nitrogen at the surface of this sample, in accordance to the de-
nitridationmodel proposed by Banakh et al. [3]. In Fig. 2b, the oxygen
profiles of the films without oxidation and after 30 min, 1 h, 3 h and
24 h oxidation are shown for comparison with those obtained
without TiN barrier layer (Fig. 2a).

3.3. Oxidation performance of AlCrN/CrN/AlCrN multilayers

In Section 3.1 we related the presence of the TiN buried layer,
close to the surface, to the formation of Al-rich oxides due to the
limited supply of Cr atoms to the surface. In order to corroborate this
point, a CrN layer, which is a less effective diffusion barrier, was
embedded into the AlCrN coating. By doing this, we assure that the
supply of Cr atoms to the surface is not inhibited. The CrN barrier was
deposited at a depth of 0.6 μm and the multilayer sample was
oxidised at 900 °C for 3 h. Therefore the results can be compared to
those obtained for AlCrN/TiN/AlCrNmultilayer of Fig. 6d. Fig. 7 shows
the GDOES depth profiles for a) the as deposited AlCrN/CrN/AlCrN
sample and b) the sample after 3 h of oxidation. It is clear that the
presence of CrN layer enhances the chromium content (Al/Cr ratio is
0.66) and the thickness (280 nm) of the oxide scale as compared
with the sample containing the TiN barrier at similar depth and
oxidation temperature (see Table 1). Moreover, the CrN layer
completely diffuses to the surface and there is a segregation of iron
carbide from the substrate at a depth of 900 nm, completely
replacing the barrier layer. SEM EDX cross sectional mapping
(shown in Fig. 8) corroborates the formation of a surface Cr-rich
oxide and a subsurface FeCx layer.

Finally, in Fig. 9we present, for comparison purposes, thewidth of
the grown oxide versus the oxidation time for samples oxidised at
900 °C with a) no barrier, b) TiN barrier and c) CrN barrier. The
beneficial effect of the presence of the TiN diffusion barrier layer near
the surface can be clearly observed. It significantly reduces the
oxygen inward diffusion into the layer and consequently results in an
increase in oxidation resistance at longer oxidation times. As can be
seen in the inset of Fig. 9, for short oxidation times (up to 3 h) the
grown of the oxide follows a parabolic law,

x = Bt1=2 ð1Þ

where x is the thickness of the growing oxide, B is the parabolic rate
constant, and t is the oxidation time [32]. It is evident that the rate of oxide
formation is higher for samples with no barrier (B=2.9±0.4 nm s−1/2)
than when a TiN barrier is present (B=1.6±0.1 nm s−1/2). Moreover,
although for samples with no barrier the oxide start growing from very
short oxidation times, for samples with the TiN barrier there is an
incubation time prior to the formation of the scale (see the interception of
the fitted line with the x-axis).

4. Conclusions

In this work we have studied the oxidation resistance improve-
ment of Al70Cr30N coatings by tailoring a multilayer structure. To this
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Fig. 6. GDOES profiles of AlCrN/TiN coatings with TiN barrier buried at 0.6 μm, a) as deposited and after oxidation in air at 900 °C for b) 30 min, c) 1 h, d) 3 h and e) 24 h.
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purpose we have employed GDOES and cross sectional SEM as
analytical techniques. GDOES is a superb tool for oxidation
and diffusion studies thanks to its high erosion rate (N2 μmmin−1),
sampling rate (N100 s−1) and precision (in the nanometer range),
allowing the analysis of a large number of samples under different
preparation conditions (i.e. oxidation time and temperature). In
combination with X-SEM elemental maps, GDOES provides unique
information regarding the oxide structure formation due to its superb
accuracy to monitor in-depth compositional changes during
oxidation.

GDOES and X-SEM results indicated that, upon oxidation of an
AlCrN single layer, Cr-rich oxides and oxynitrides are formed due to
the high amount of Cr available for outward diffusion. However, the
deposition of a diffusion barrier such as TiN embedded near the
surface (b1 μm) improves the oxidation resistance of the AlCrN-based
coatings by:

 decreasing the outward diffusion rate of Cr.
 promoting the formation of alumina rather than chromium oxide.
 significantly increasing the Al ratio within the surface oxidised
layer.

 reducing the oxide inward diffusion (up to 24 h oxidation at 900 °C).
 inhibiting the migration of substrate elements to the surface.

Similar experiments carried out using CrN as embedded diffusion
layers did not result in any oxidation resistance improvement. The
deposition of such layers implies a continuous Cr surplus to the
surface and therefore they do not prevent Cr out-diffusion as in the
case of TiN layers.

image of Fig.�6


Fig. 7. GDOES profiles of AlCrN/CrN coatings with CrN barrier buried at 0.6 μm, a) as
deposited and b) after oxidation in air at 900 °C for 3 h.

Fig. 8. Cross sectional SEM image (left) of AlCrN/CrN coating with CrN barrier buried at 0.6 μ
where elemental mapping was performed (see right panels for Al, Cr, N, Fe, C and O).

Fig. 9. Oxide thickness versus oxidation time for AlCrN without barrier (open circles),
AlCrN/TiN multilayer (closed circles) and AlCrN/CrN multilayer (closed square)
oxidized in air at 900 °C. In the inset the oxide thickness is plotted versus the square
root of the oxidation time to show the parabolic oxide growth for short oxidation times
(up to 3 h).
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