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commissioning at Kalpakkam, India [1–3]. Chromoly steels, 
especially 9Cr–1Mo, are used as construction materials of 
various parts in power plants due to their desirable mechani-
cal stability, corrosion resistance in air and steam environ-
ments [1]. Especially, the modified 9Cr–1Mo steel with the 
addition of Vanadium (V) and Niobium (Nb) is chosen for 
the steam side applications in the PFBR with enhanced high 
temperature mechanical properties of the alloy. The PFBR 
steam generator is a shell and tube type heat exchanger, 
sodium flows in the shell side, and water flows in the tube 
side of the exchanger. Hence, the steam generator compo-
nent’s performance during the service should not lead to the 
contact of sodium with water, which will result in a violent 
reaction. Thereby, materials for the steam generator applica-
tions require high oxidation resistance in both steam and air 
at high temperatures, creep and low cycle fatigue resistance, 
etc. [2, 4].

The air and steam oxidation behavior of the alloys are 
very vital for their applications in different environments, 
like, in the atmospheric air, steam, etc. at high temperature. 
The oxidation of the alloys at high temperature needs to be 
understood before choosing the materials for such applica-
tions. The nature and stability of oxide films and the kinet-
ics of oxidation would suggest the corrosion resistance of 
the material for high temperature applications. Generally, 
oxidation could lead to the loss of underneath alloy, which 
impacts the service life of the alloy under loads, if any, dur-
ing the service. The corrosion resistance of the metal/alloy 
would be increased if the metal/alloy forms a stable thick 
oxide film with good properties. Generally, the oxide films 
should possess good adherence, high melting point, low 
vapour pressure, etc. for protecting the underneath alloy at 
high temperature applications from further oxidation. Hence, 
it is essential to study the oxidation resistance of these high 
temperature alloys for their use as structural materials.

Abstract Air oxidation behaviour of modified 9Cr–1Mo 
steel with different surface treatments is evaluated at 650 °C 
for about 100 h. Modified 9Cr–1Mo steel with four different 
surface treatments, i.e. grit blasting, grinding (120 grit finish 
and 600 grit finish) and diamond finish (mirror polishing), 
was studied to ascertain the effect of surface preparation 
on oxidation behaviour. The grit-blasted sample exhibited 
more weight gain compared to other samples, and the weight 
gain was higher during the initial oxidation. The nature and 
formation of oxide crystals/oxide layer across the surface 
were visualized by SEM analysis. The formation of Cr- 
and Fe-rich oxides on the surface, and Cr-based oxides at 
the interface were confirmed by the Raman spectroscopy 
and GDOES analysis. The formation of  MnCr2O4 was also 
evidenced. The oxide layer thickness was measured using 
GDOES-DiP technique.

Keywords Modified 9Cr–1Mo steel · Oxidation · Surface 
treatments · Glow discharge optical emission spectrometry

1 Introduction

The 9Cr–1Mo steels are being used as candidate materi-
als for the construction of various components for high 
temperature applications. It is also used for the manufac-
turing of steam generator components in the Prototype fast 
breeder reactor (PFBR), which is under the final stage of 
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Several studies on the oxidation of Chromoly steels and 
especially about 9Cr–1Mo steel in high temperatures in 
various environments are reported. There are some studies 
about the 2.25Cr–1Mo steel in various conditions reported 
[5–7]. These studies on 2.25Cr–1Mo steel indicated the for-
mation of layered structure oxide scale during oxidation in 
dry oxygen at 600 °C and above. The oxide scales mostly 
comprised of inner doped spinel, intermediated magnetite 
and the outer hematite layer [6, 7]. The 90% cold work of the 
alloy led to the formation of Cr-rich spinel and slowed down 
the oxidation of the alloy at above 700 °C [5]. The oxidation 
behaviour of 9Cr–1Mo steel was also investigated in differ-
ent environments. Most of the reports about the oxidation 
of Fe-based alloys at high temperature in air revealed the 
formation of duplex oxides containing Fe-rich oxides on top 
and Fe and Cr spinels at the oxide-alloy interface. Recently, 
the authors showed the use of glow discharge optical emis-
sion spectrometer for the characterization of oxidized modi-
fied 9Cr–1Mo steel samples and found out the variation of 
oxides nature across the thickness of the oxide layer with the 
duration of oxidation [8].

Most of the reported studies on alloys and especially on 
9Cr–1Mo steel are carried out on ground/polished samples, 
where the surface finish is smooth. However, in real appli-
cations as structural materials for the components at high 
temperature, the samples will be in machined finish or with 
some surface activated finish. The surface finish of the mate-
rial will also affect the oxidation resistance of the material, 
which in turn changes the life expectancy of the material in 
service [9–13]. Surface finish plays a decisive role in the 
oxidation behaviour of alloys at high temperatures [14]. 
There are handful studies on the effect of surface prepara-
tions on oxidation behaviour reported in the literature. Rai 
et al. [10] studied the effect of laser shock peening on the 
oxidation behaviour of modified 9Cr–1Mo steel at tempera-
tures between 600–700 °C, and reported the enhancement 
of oxidation resistance of the material after laser shock 
peening. Nowak et al. [15] reported the effect of surface 
mechanical treatment on the oxidation of FeAl model alloy, 
and the results revealed the influence of surface treatment 
on the oxidation kinetics and oxide scale microstructures of 
alloy. Platt et al. [13] studied the effect of surface roughness 
on Zircaloy-4 oxidation in steam at 400 °C and reported 
well-defined changes in the oxidation kinetics with respect to 
surface roughness of the samples. Cheng et al. [16] reported 
the two different oxidation models observed during the 
oxidation of nickel-based super alloys, DD6 and DZ125, 

at 950 °C with various initial surface roughness. Xia et al. 
[12] reported a three layered oxide formation on nanocrys-
talline surface layered P91 steel during oxidation in water 
vapour. The three layers consisted of  Fe3O4, spinel  FeCr2O4 
and (Fe,Cr)2O3 from top surface of oxide, respectively. The 
effect of surface roughness of AISI 316Ti stainless steel on 
the oxidation kinetics was studied by cyclic oxidation tests 
at 900 and 1000 °C [9]. Ghosh et al. [17] studied the oxida-
tion behaviour of 304L stainless steel in machined, ground 
and solution annealed conditions at 300 °C in water. They 
reported the dependency of surface working on the morphol-
ogy and nature of oxides and thick oxide scales found in case 
of solution annealed condition compared to other conditions. 
Das et. al. [18] studied in detail the effect of various surface 
treatments on the high temperature high pressure oxidation 
of type 304L stainless steel in water and reported that the 
diamond finish sample had more thicker oxide scale than 
other surface finishes and the electropolished surface showed 
more protective oxide than the other finished surfaces like 
the diamond finish, 600 grit finish and machined.

Most of the studies indicated the effect of roughness/sur-
face preparation on the oxidation behaviour of the materials 
at high temperatures. The present study focused on the effect 
of surface roughness created by mechanical treatments, grit 
blasting, ground and polishing on modified 9Cr-1Mo steel 
for air oxidation at 650 °C for about 100 h.

2  Experimental Procedure

2.1  Oxidation Tests

Table 1 provides the composition of the modified 9Cr–1Mo 
steel sample analysed by inductively coupled plasma-optical 
emission spectroscopy (ICP-OES). The modified 9Cr–1Mo 
test samples of size 25 mm (L) × 25 mm (W) × 5 mm (thick-
ness) were out from a plate. Four different surface finished 
samples were used in the present study and were designated 
as grit blasted (sample No.1), ground successively up to 120 
SiC abrasive paper (sample No.2), ground successively up 
to 600 abrasive paper (sample No.3), and polished up to 
diamond finish (sample No.4) using 0.5 μm diamond paste. 
All the samples were surface prepared on all sides. Grit 
blasting was done on all sides of the sample by using 16 
mesh alumina grit at a blasting air pressure of 3 bar(g) in a 
pressure blasting unit (M/s. Metallizing Equipment Co.Pvt.
Ltd. India). All the specimens were cleaned using water and 

Table 1  The elemental composition of modified 9Cr–1Mo steel

Composition (wt%) C Cr Mo Si Mn V Nb Ni Fe
Modified 9Cr–1Mo steel 0.104 8.97 0.94 0.41 0.55 0.20 0.09 0.20 Balance



69Trans Indian Inst Met (2023) 76(1):67–75 

1 3

ethanol by ultrasonication after surface preparations and 
dried in the air before carrying out air oxidation studies. The 
surface areas of the four samples were measured from the 
dimensions and the surface areas were 34.03, 18.08, 17.64 
and 18.19  cm2 for grit blasted, 120 grit finish, 600 grit fin-
ish and diamond finish samples, respectively. The surface 
profiles of the samples before and after the oxidation test 
were measured by a profilometer (Talysurf CLI 1000, M/s. 
Taylor Hobson). Weights of the samples before and after the 
oxidation test were measured using an ultra-microbalance 
(XPE 26, M/s. Mettler Toledo) with 1 μg readability.

The air oxidation tests were carried out in a vertical tubu-
lar furnace under ambient air atmosphere. The experimental 
set-up is shown in Fig. 1. All the samples were kept in an 
alumina crucible. The alumina crucible was baked for about 
10 h at 650 °C to avoid any moisture before placing the 
samples. Once the furnace temperature reached 650 °C, the 
samples were directly placed in the alumina crucible kept 
in the furnace. The temperature of the samples was meas-
ured using K-type thermocouple attached to dummy sample 
kept along with the test samples. During the entire oxidation 
duration, the room temperature was between 20–25 °C with 
a relative humidity of 80–90%. The air oxidation studies 
were repeated twice for two sets of samples.

2.2  Characterization Tools

Laser Raman spectroscopic analysis (LRS) was carried out 
using Raman spectrometer (HR800, M/s. Jobin Yvon), using 
He–Ne laser (λ = 633 nm) and 1800 gr/mm holographic grat-
ing with the analysis spot size of 3 μm. The surface mor-
phology of the oxides was obtained by FESEM (SUPRA 
55 Zeiss). The Glow discharge optical emission spectro-
metric (GDOES) analysis was carried out using GDOES 
profiler-2 (M/s. Horiba Jobin Yvon, France) along with DiP 

(differential interferometry profiling) system. The analysis 
of the oxide layers along the thickness of the film was char-
acterized by DiP technique. Suitable wavelengths of emis-
sion lines of various elements, like Cr (425.439 nm), Fe 
(371.999 nm), Mn (403.455 nm), Mo (386.416 nm), and O 
(130.233 nm), were used in order to elude overlaps of vari-
ous elements emission lines. All the DiP measurements were 
carried out using radio frequency (RF) excitation mode with 
the following plasma conditions; DiP anode size: 4 mm, 
argon gas pressure: 750 Pa, Power: 35 W, DiP gain: 100, 
flush time: 70 s. The intensities of the elements, O and Mn 
were multiplied by a factor of 5 and plotted in Figs. 9 and 10.

3  Results and Discussion

3.1  Evaluation of Surface Roughness

Table 2 provides the parameters obtained from surface 
roughness profiles of the samples before oxidation test. Ra 
is the arithmetic mean deviation of the roughness profile, Rq 
is the root-mean-square (RMS) deviation of the roughness 
profile, Rp is the maximum peak height of the roughness 
profile, Rv is the maximum valley depth of the roughness 
profile and Rz is the maximum height of roughness profile.

The values of the parameters for various surface fin-
ish samples indicate that the extent of surface roughness 
increases with polishing, grinding and grit blasting. The dia-
mond finish sample shows the smoothest surface compared 
to other samples. The grit-blasted sample shows the more 
rough surface among all the samples.

3.2  Oxidation Kinetics

The plot of change in weight per surface area of modified 
9Cr–1Mo steel versus the duration of oxidation is shown 
in Fig. 2. The grit-blasted samples show more weight gain 
compared to other surface finish samples per unit surface 
area. The weight of the grit-blasted sample shows increas-
ing pattern from initial period to the next period 25 h and, 
then, up to 100 h, and the weight gain of the grit-blasted 
sample is higher in the initial periods of oxidation com-
pared to the final stage of oxidation. The weight gain for 

Fig. 1  Schematic of the experimental setup

Table 2  The surface roughness parameters of the samples

Sample type Diamond finish 600 Grit 120 Grit Grit blasted

Ra in μm 0.0103 ± 0.002 2.23 ± 0.4 2.62 ± 0.5 8.99 ± 2
Rq in μm 0.0136 2.88 3.21 10.85
Rp in μm 0.00961 5.74 6.46 22.01
Rv in μm 0.0187 5.58 6.52 23.82
Rz in μm 0.0283 11.3 13 43.92
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all other samples, 120 grit, 600 grit and diamond finish, 
remains more or less constant within the error bars with an 
increase in the oxidation duration. It is clearly shown the 
effect of initial surface roughness on the weight gains; as 
the roughness increases, the gain in weight during oxida-
tion increases. However, the weight gain for 120 grit, 600 
grit and diamond finish samples is more or less the same. 
The weight change is only marginal and is found to increase 
with the duration of oxidation. Similar observations of more 
weight gain in the case of grit-blasted sample are observed 
on Fe-5wt% Al model alloy during air oxidation at 800 and 
900 °C for about 24 h duration[15]. The plot of squared 
weight gain per surface area against duration of oxidation, 
as shown in Fig. 3, is not linear to the full duration for all the 
surface finish samples (inset, Fig. 3), indicating the inability 
of oxidation to follow the parabolic growth kinetics. As seen 
from Figs. 2 and 3, the oxidation rate observed for the grit-
blasted sample is higher compared to the other surface finish 
samples. The surface roughness of the grit-blasted sample is 
more, so the real surface area of the sample could be higher 
than the measured surface, which is used to find out the 
change in weight per surface area plotted in Figs. 2 and 3. 
Due to this, the grit-blasted sample shows more weight gain 
per surface area.

In Fig. 4, the arithmetic mean deviations of the surface 
roughness profiles (Ra) were plotted for various surface 
roughness samples. Before oxidation, grit-blasted sample 
shows more Ra, followed by sample No.2, sample No. 3 
and sample No.4. The diamond finish samples (no.4) show 
a very less Ra value (Ra = 0.0103 µm). After the air oxi-
dation, the surface roughness of the samples except for 
the diamond (mirror) finish sample decrease. The oxides 
formed will cover the surface roughness to some extent. 

However, in diamond finish sample, the initial surface Ra is 
insignificant, and hence, the formed oxides surface rough-
ness is higher compared to that before oxidation. The vari-
ation in the surface roughness of the samples due to oxida-
tion has occurred and depended on the initial Ra values. 
The weight gain study shows the dependency of oxidation 
kinetics or growth of oxide films on the initially finished 
surface roughness of the sample. As the roughness of the 
grit-blasted sample is more compared to the diamond, 120 
grit finish, and 600 grit finish samples, more surfaces are 
exposed to the environment leading to more weight gain.

Fig. 2  Weight gain data of modified 9Cr-1Mo steel during air oxida-
tion at 650°C at different durations

Fig. 3  Squared weight gain versus duration data of modified 9Cr-
1Mo steel during air oxidation at 650°C

Fig. 4    Arithmetic mean deviation of the surface roughness  (Ra) of 
modified 9Cr-1Mo steel before and after air oxidation at 650°C
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3.3  Surface Morphology

Visual observation of the samples after oxidation stud-
ies does not show any spallation of the oxide layers. The 
oxide layers are uniform and are intact to the surface of 
the sample. The SEM images of the samples after oxida-
tion test for 100 h are provided in Figs. 5 and 6. Figure 5 
shows the surface SEM images of grit blasted (Fig. 5a, 
b) and 120 grit finish samples (Fig. 5c, d). As seen from 

the figure, the grit-blasted sample surface appears rough 
after oxidation, and at higher magnification, grains or crys-
tals of grown oxides are seen (Fig. 5b). Since the surface 
is rougher, the formed oxides could not fully cover the 
surface heterogeneities, and the oxides exist across the 
surface within the rough surface. On the other hand, the 
120 grit finish sample shows a smooth surface (Fig. 5c) 
compared to grit-blasted sample with an oxide layer all 
over the surface (Fig. 5d). In both of the cases, the oxides 

Fig. 5  SEM images of the 
modified 9Cr-1Mo steel 
specimens after oxidation with 
different surface treatments for 
100 h; a & b: grit blasted and c 
& d: 120 grit finish

Fig. 6  SEM images of the 
modified 9Cr-1Mo steel 
specimens after oxidation with 
different surface treatments for 
100 h; a & b: 600 grit and c & 
d: diamond finish
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morphology appears to be similar with spread of oxides in 
the form of small crystals across the surface.

Figure 6 shows the surface SEM images of the 600 grit 
finish (Fig. 6a, b) and diamond finish samples (Fig. 6c, d). 
Both samples show nearly similar surface morphology, with 
very fine oxide particles grown all over the surface. The 
oxide layers appear to be rougher (Fig. 6a, b) compared with 
the oxide layers of diamond finish sample (Fig. 6c, d). This 
could be due to different surface roughness of the 600 grit 
and diamond finish samples before oxidation test. The 600 
grit sample has more rough surface than the diamond fin-
ish sample. After oxidation, the roughness of the 600 grit 
sample is reduced from its initial roughness due to coverage 
of the oxide scales; however, the roughness of the diamond 
finish sample increases due to the formation of oxide parti-
cles with rough surfaces. The diamond finish sample after air 
oxidation shows rougher surface as seen from Fig. 6c, d due 
to the formation of oxide film composed of small crystals 
(as seen from Fig. 6d). Hence, the surface roughness meas-
urements showed increase in surface roughness of diamond 
finish sample from its initial roughness after the air oxida-
tion (Fig. 4).

3.4  Raman Analysis

The Raman spectrum for the samples after 50 h oxidations 
(Fig. 7) shows the signatures of both hematite and γ-Fe2O3. 
It is clearly observed that the Raman peaks intensity  dras-
tically varies with the surface finish of the samples. It 
indicates that the top most layers of the oxides are mostly 
comprised of Fe oxides. The Raman spectra of the 100 h 
oxidized samples are shown in Fig. 8. The Raman spectra 

of grit blasted sample indicates the presence of γ-Fe2O3 
and also small intensity peaks corresponding to hematite 
is found. The air oxidized 120 grit finish sample for 100 h 
duration shows the presence of both hematite and γ-Fe2O3. 
Both 600 grit finish sample and diamond finish samples 
showed the presence of  MnCr2O4 and α-Cr2O3.

The LRS analysis indicates the existence of Fe- and Cr-
rich oxides on the surface of samples along with the pres-
ence of  MnCr2O4. Mostly in 9Cr–1Mo steel samples during 
air oxidation, the formation of Fe–Cr spinels along with 
 Cr2O3 and  Fe2O3 is observed [8, 19, 20]. This observation 
of the presence of  MnCr2O4 and  Cr2O3 during LRS analy-
sis for the 600 grit and diamond finish samples generally 
depends upon the Raman analysis spot on the sample. Since 
the samples are large and within the analysis spot, those 
oxides might not be present in the other two samples. How-
ever, the presence of Mn-rich oxides is evident on the top 
surface from the GDOES analysis (Figs. 9, 10).

3.5  GDOES Analysis

The elemental depth profiles of modified 9Cr–1Mo steel 
after oxidation for 50 h with various surface preparations 
are shown in Fig. 9. The intense peaks of O and Mn are seen 
on the top surface followed by Fe and Cr along with O. The 
oxide films are comprised of Fe, Cr and Mn oxides for all 
the samples. The outer most layer (top layer) is mostly com-
prised of Fe-based oxides with Mn oxides, as the Mn peak 
is seen in all the cases. However, during the Raman analysis, 
the Mn oxide peaks are not evident. This could be due to the 
analysis area of the samples. The Raman analysis mostly 
depends on the spot size and the area in which analysis is 

Fig. 7   The Raman spectra of modified 9Cr-1Mo steel with different 
surface treatments after 50 h of oxidation

Fig. 8  The Raman spectra of modified 9Cr-1Mo steel with different 
surface treatments after 100 h of oxidation
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taken. The Raman analysis was done using laser  spot size 
of 3 μm (the analyzed area of the sample is 3 μm), while the 
GDOES analysis was done using 4 mm dia anode, which 

sputtered 4 mm dia circular area of the sample. In general, 
Mn-related oxide formation is not uniform across the surface 
of the samples after oxidation. The segregation and oxidation 

Fig. 9  GDOES-DiP profiles 
of the modified 9Cr-1Mo steel 
with different surface treatments 
after 50 h oxidation; a Diamond 
finish b 600 grit finish c 120 
grit finish and d Grit blasted 
samples

Fig. 10   GDOES-DiP profiles 
of the modified 9Cr-1Mo steel 
with different surface treat-
ments after 100 h oxidation; a 
Diamond finish b 600 grit finish 
c 120 grit finish and d Grit 
blasted samples
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of Mn is observed in modified 9Cr–1Mo during air oxida-
tion [19]. On the other hand, the elemental profile and oxide 
layer thickness were measured using GDOES technique. The 
formation of chromium oxides is observed predominantly at 
the interface of oxide layer and the alloy substrate for all the 
samples. After the chromium oxides formation at the inter-
face, there is a dip in the concentration of the Cr observed 
(towards alloy side), which indicates the migration of Cr 
from the alloy top surface to the oxide layer at the interface. 
This is observed for all the cases for both studied durations 
except in grit-blasted sample. This decrease in the concen-
tration of Cr near to the interface would suggest the forma-
tion of protective chromium oxide films.

The enrichment of both Cr and Mn is seen from the 
outer oxide surface (top of oxide layer) to a depth of around 
0.300 μm for diamond finish sample, 0.240 μm for 600 
grit finish sample, 0.230 μm for 120 grit finish sample and 
0.215 μm for grit-blasted sample. The total oxide layer thick-
ness was measured by taking into consideration the decrease 
in O concentration to half of its maximum peak value, and 
also half of the value of the increase in Fe intensity [21]. For 
all the samples, the top oxide layer comprises of Fe, Cr, Mn 
and O and the intensity of Mo is less compared to the alloy 
at the top oxide layer, indicating not much Mo-based oxides 
is formed in the oxide layer.

Similar to the 50 h duration samples, all the samples oxi-
dized for 100 h (Fig. 10) show top oxide layer comprising 
of Cr, Mn oxides, little amount of Fe seen. The interface 
between the oxide and alloy is seen with the enrichment of 
mostly Cr oxides for all the samples except grit-blasted sam-
ple. The trend in the intensities of Cr, Mn and O at the top of 
the oxide layer indicates the formation of  MnCr2O4 spinel 
as evidenced by the LRS results. The formation of  FeCr2O4 
spinel could also be assigned at the interface based on the 
GDOES profiles as the intensities of Fe, Cr and O seen at 
the interface. The enrichment of the intensities of the Cr 
and Mn is found from top of the oxide layer up to a depth of 
0.490 μm for diamond finish sample, 0.350 μm for 600 grit 
finish sample, 0.315 μm for the 120 grit finish sample and 
0.300 μm for the grit-blasted sample. Since the grit-blasted 
sample is more rough, the Mn peak and other features are 
not clearly resolved in the GDOES analysis.

Figure 11 shows the thickness of the oxide layers on the 
modified 9Cr–1Mo steel after oxidation studies. The thick-
ness of the oxide film is higher for the diamond finish sample 
compared to the 600 grit finish, followed by the 120 grit fin-
ish and grit-blasted sample. The thickness of the oxide layers 
for 100 h duration for all the samples found to be higher 
compared to the 50 h duration. The oxide layer thickness is 
less in grit-blasted sample even though it shows more weight 
gain. This could be due to the formation of non-uniform 
oxide layer on the rough surface.

The formation of spinel oxides of Mn and Fe with Cr can 
be understood from the Gibb’s energy of formation of the 
respective reactions at 650 °C as per Eqs. 1 and 2 (calculated 
using FactSage software version 6.4).

The amount of Mn in the 9Cr–1Mo steel is less (0.55 
wt%) than Cr (8.97 wt%), and the spinel  MnCr2O4 is not sta-
ble as of  Cr2O3 to protect the underneath alloy. However, the 
formation of  MnCr2O4 spinel is also favourable as supported 
by the Gibb’s energy of formation. At the interface, the for-
mation of  MnCr2O4 spinel is not evident due to less amount 
of Mn in the alloy matrix, and since Fe is in more quantity 
available in the alloy matrix, it reacts with the  Cr2O3 and 
forms the corresponding spinel oxides at the interface to 
some extent. Since the GDOES only provides the presence 
of Fe to some extent more compared to the top layer at the 
interface in addition to the enrichment of Cr at the interface, 
it is believed that both  Cr2O3 and Fe–Cr spinel might form 
at the interface.

4  Conclusions

The effect of surface roughness/preparations on the air oxi-
dation behaviour of modified 9Cr–1Mo steel at 650 °C was 

(1)MnO + Cr2O3 → MnCr2O4; ΔGr
f
= −1231.7 kJ/mol

(2)FeO + Cr2O3 → FeCr2O4; ΔGr
f
= −49.4 kJ/mol

(3)2Cr +
3

2
O2 → Cr2O3; ΔGr

f
= −887.1 kJ/mol

Fig. 11  The thickness of oxide films of modified 9Cr-1Mo steel after 
air oxidation for different surface treatment samples obtained from 
GDOES-DiP analysis
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studied by applying different surface preparations for about 
100 h duration. Four different surface preparations, namely 
grit blasting, 120 grit finish, 600 grit finish and diamond 
polishing, were used. The following conclusions could be 
drawn from the present study:

• The thickness of the oxide layer formed on diamond fin-
ish sample was found to be higher compared to the other 
samples (120 grit finish, 600 grit finish and grit-blasted 
samples).

• The grit-blasted sample exhibited more weight gain per 
unit measured surface area among all the samples, but 
the oxide layer thickness found to be lower.

• The surface roughness of the samples after the air oxida-
tion studies was decreased except for the diamond finish 
sample, where surface roughness increased.

• The formation of Cr- and Fe-rich oxides on the top sur-
face of oxide layer and also the formation of Cr oxides at 
the interface were confirmed by the Raman analysis and 
GDOES measurements. The formation of  MnCr2O4 on 
the top surface of oxides was also evidenced.

• There is no clear indication of the role of surface finish 
on the nature of oxides.

• This study indicated the growths of oxide films are higher 
in the samples with smooth surfaces rather than rough 
surfaces.
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