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Enhancement of Hot Corrosion Resistance of Modified
9Cr-1Mo Steel Through Surface Nanostructuring and Pre-
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Nanosize grains of ~ 65 nm were developed with large misorientation angles of grain boundaries in surface
region of normalized and tempered modified 9Cr-1Mo steel by ultrasonic shot peening (USSP) with hard
steel balls of 3 mm diameter. The surface roughness and the depth of nanostructured surface region were
found to increase with the duration of USSP from 0.5 to 5 min. Hot corrosion tests were performed for the
Un-USSP and the samples USSPed for the durations of 0.25 and 1.5 min and also for the samples subjected
to USSP and subsequently pre-oxidation at 600 °C for 4 h. The hot corrosion resistance at 600 °C under
100% NaCl coating was significantly improved by USSP for 1.5 min and subsequent pre-oxidation at
600 °C for 4 h. The results are discussed in terms of the formation of more uniform and effective protective
iron—chromium oxide layer on the USSPed surface from the subsequent pre-oxidation treatment, prior to
hot corrosion of the specimens under 100% NaCl coating at 600 °C.

Keywords compressive residual stresses, grain refinement, hot
corrosion, nanostructuring, ultrasonic shot peening

1. Introduction

Modified 9Cr-1Mo steel (P91) is a modified version of the
conventional 9Cr-1Mo steel (P9) with the addition of strong
carbide formers V and Nb which form precipitates of MX type
where M stands for V and Nb and X for C and N. It is a
potential candidate material for steam generator components
and wrapper of fuel tube in liquid-metal-cooled fast breeder
reactors (LMFBR) (Ref 1, 2) owing to combination of its good
resistance against void swelling, low coefficient of thermal
expansion, high thermal conductivity and microstructural
stability at elevated temperatures. Microstructure of the P91
steel has been well characterized by several investigators (Ref
3-7). Thomas et al. (Ref 8) showed that size of the MX
precipitates remained almost constant even after aging for
10,000 h at 873 K, in the range of service temperature. The
higher microstructural stability of the P91 grade steel than that
of the P9 grade was attributed to these stable MX precipitates.
The high strength of this steel is mainly attributed to its typical
microstructure of lath martensite with high density of disloca-
tions and precipitates of My3C4 (M:Cr, Fe) and MX type in the
normalized and tempered condition (Ref 9-11). During service,
components of this steel in a steam generator and LMFBR
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undergo low cycle fatigue damage due to thermal stresses
arising from startup and shutdown operations and corrosion
from the liquid sodium coolant and supercritical water.

In general, fatigue, wear and corrosion resistance of a
component are known to be highly sensitive to its surface
microstructure and the state of the associated stress. A hard
surface layer with fine-grained structure is beneficial against the
damage processes referred to above. Nanosize grains at the
surface of a material are induced either by surface deposition
processes or by severe plastic deformation (SPD). The process
of SPD has been found to be more attractive than the process of
physical/chemical vapor deposition because of porosity in the
nanostructure produced by the latter processes (Ref 12) which
is known to be quite harmful for mechanical properties and
corrosion resistance of metallic components. Ultrasonic shot
peening (USSP) or surface mechanical attrition treatment
(SMAT) is one of the SPD processes in which steel balls of
sufficient hardness strike the surface of the component with
sufficient force to induce plastic deformation and indentation.
The main difference between the conventional process of shot
peening (CSP) and USSP is that energy to shots is supplied by
constant air flow or high-speed rotating wheel in the case of
CSP, whereas in the USSP it is supplied by a sonotrode surface
vibrating at a frequency of 20 kHz (Ref 13). The surface
modifications induced by the process of USSP are nanostruc-
turing (Ref 14-16), increase in the roughness and compressive
residual stress (Ref 17, 18) without any change in chemical
composition of the material. Increase in the roughness of the
surface is deleterious to surface dependent mechanical proper-
ties like fatigue and also to corrosion resistance of metallic
materials (Ref 19). However, in optimum condition of USSP
process the deleterious effect of roughness is completely
suppressed by the surface nanostructuring and compressive
residual stress induced in the surface region. USSP causes less
roughness and modifies the surface in less time, using fewer
amounts of shot media than that in the process of CSP. This is
because of high vibrating frequency in USSP with a large
number of strikes in very short time period (Ref 20, 21).
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Several investigators have reported that USSP treatment in
optimum operating condition enhanced fatigue resistance (Ref
22) and corrosion resistance (Ref 23, 24) of different materials
from surface nanostructuring and work hardening of surface
layer. Recent work on the tool steel AISI D2 showed much
improvement in its wear resistance after combined laser heat
treatment and ultrasonic impact treatment (Ref 25, 26). Peening
of AISI 316 austenitic stainless steel with fine particles of Cr
and Mo in N, atmosphere under controlled induction heating
showed improved resistance against pitting corrosion in 3 wt.%
NaCl + H,SO4 and 20 wt.% NaCl (Ref 27). The process of
USSP on AA2024 and AA7150 alloys was found to increase
the corrosion rate by 2-3 times because of contamination of the
surface with Cu and Fe from the USSP treatment (Ref 28).
However, the processing by USSP improved the localized
corrosion resistance of these alloys (Ref 28, 29). The effect of
USSP process on some orthopedic implant materials showed
enhanced osteoblast proliferation owing to surface nanostruc-
turing (Ref 30, 31), which is highly beneficial for orthopedic
implants.

Some investigators have reported that SPD process can
alter the microstructure of ferritic/martensitic (F/M) steels and
enhance their mechanical properties (Ref 32-35). Ren et al.
(Ref 36) and Zhe Liu (Ref 37) studied the effect of
conventional shot peening and USSP, respectively, on corro-
sion behavior of F/M steels in supercritical water environment
and found enhancement in corrosion resistance. However,
there is no systematic study on the effect of USSP on
microstructure and corrosion behavior of the modified 9Cr-
1Mo Steel, in spite of liquid sodium or supercritical water
being working environment for it in the nuclear reactors. In
the present study, 100% NaCl coating was used for hot
corrosion study because till date there are few literatures on
the effect of (1) USSP and (2) USSP followed by pre-
oxidation treatment on hot corrosion resistance of the
modified 9Cr-1Mo steel in any environment. The present
investigation deals with the effect of USSP treatment for
different time periods on microstructure of the modified 9Cr-
1Mo steel in normalized and tempered condition and on the
effect of USSP treatment combined with subsequent pre-
oxidation treatment on hot corrosion resistance under 100%
NaCl coating. Significant improvement was observed in hot
corrosion resistance of the modified 9Cr-1Mo steel under
100% NaCl coating following USSP and subsequent pre-
oxidation treatment. It is also planned to study the effect of
USSP with pre-oxidation on hot corrosion behavior of this
steel in liquid sodium environment in future.

2. Experimental Procedure

2.1 Material

The modified 9Cr-1Mo steel was procured from the Indira
Gandhi Center for Atomic Research (IGCAR), Kalpakkam,
India, in the form of plate of 430 x 203 x 24 mm’ size in
normalized and tempered (N & T) condition. Normalizing and
tempering were carried out at 1050 and 770 °C, respectively.
The nominal composition of the steel was 8.934 Cr, 0.862 Mo,
0.416 Mn, 0.206 V, 0.205 Ni, 0.200 Si, 0.109 C, 0.082 Nb,
0.064 Cu, 0.0517 N, 0.015 P, 0.010 Al, 0.004 Ti, 0.0008 S and
balance Fe (wt.%).
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2.2 Ultrasonic Shot Peening

Circular disks of 11.7 mm diameter and 4 mm thickness
were prepared from the as-received plate and mechanically
polished prior to USSP. The process of USSP was carried out
by Stress Voyger SONATS using hard steel balls of 3 mm
diameter, at amplitude of 80 um and frequency of 20 kHz for
different lengths of time (0.5, 1, 2.5 and 5 min). The samples
USSPed for 0.5, 1, 2.5 and 5 min are designated as USSPO.5,
USSP1, USSP2.5 and USSPS, respectively, and the as-polished
sample (not subjected to USSP) is designated as Un-USSP.

2.3 Microstructure

Optical microstructure of the Un-USSP sample was exam-
ined following mechanical polishing and etching with Villela’s
reagent (1 g picric acid, 5 mL conc. HCl and 100 mL ethyl
alcohol). The roughness of the shot peened surfaces was
measured using profilometer (Mitutoyo SJ-410). The arithmetic
mean roughness (Ra) was used to estimate the surface
roughness of the USSPed samples. The shot peened specimens
were sectioned along the thickness (normal to the shot peened
surface) into two halves using a diamond-coated circular saw.
The sectioned surfaces of the USSPed samples were examined
under optical microscope and scanning electron microscope
(FEI Quanta 200F). SEM examination was done also for the flat
USSPed surfaces to analyze their morphology. EBSD (FEI
NOVA NANO SEM 450) analysis was carried out at scan step
size of 0.07 pm over the 100 um x 100 pm area at a working
distance of 15 mm and tilt angle of 70°. The sectioned samples
were electrochemically polished in the electrolyte containing
20% perchloric acid in methanol, cooled to — 25 °C, at 25 V
for 17 s, for EBSD study. TEM (Tecnai-G>-T20) analysis was
also carried out to assess grain refinement from USSP. The
USSPed surface was sectioned perpendicular to thickness of the
shot peened disk to a depth of 1 mm from the USSPed surface
using a slow speed diamond-coated circular blade, and it was
reduced to a thickness of 50 pm by polishing on emery paper.
TEM foils were prepared by electrochemical polishing the
electrolyte containing 6% perchloric acid and 34% n-butanol in
methanol, cooled to — 38 °C, at 20 V, using a twin-jet electro-
polisher (Struers Tenupol-5). X-ray diffractometer (Rigaku)
with Cu Ko (4 = 0.1542 nm) radiation was used to determine
phase constitution and crystallite size of the Un-USSPed and
USSPed samples. The crystallite size (D) was calculated from
diffraction line broadening of Bragg reflection of the peaks
using the Scherrer equation, D = 0.9 4/f cosf, where 0 is
Bragg angle and f is peak broadening from grain refinement in
the sample. Residual stresses were measured by sin’yy method
using x-ray diffraction was carried out using the BRUKER D8
DISCOVER diffractometer with Cu Ko radiation and 2-mm-
diameter collimator. Microhardness was measured using Shi-
madzu microhardness tester on the surfaces sectioned along the
thickness (perpendicular to USSPed surface) from the USSPed
surface to substrate, at an applied load of 50 g with dwell time
of 10 s.

2.4 Hot Corrosion

For hot corrosion study, 100% NaCl was deposited by spray
gun technique of the solution of 3.5 g NaCl in 100 mL distilled
water, on the ultrasonic shot peened side of the circular disk
specimens (11.7 mm diameter and 4 mm thickness) (Ref 38).
While spraying, the samples were heated from underneath to a
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temperature of ~ 200 °C to remove moisture from the sprayed
salt solution and deposit the salt. An amount of 5-7 mg/cm?® of
NaCl salt was deposited on the samples for the hot corrosion
study. Sufficient care was taken during spraying to deposit the
salt only on the USSPed surface and not on the other sides. This
experiment was conducted for the Un-USSPed, USSPed and
pre-oxidized USSPed samples.

Some USSPed samples were pre-oxidized at 600 °C for 4 h
to study the effect of pre-oxidation of the USSPed samples on
hot corrosion resistance. The designations of the samples used
in this study are presented in Table 1. The NaCl-coated samples
were exposed at 140 °C in an oven for 10 h for sticking of salt
on the surface, and after that, they were placed in silica crucible
in an electric resistance heating furnace at 600 °C for a period
of 51 h in the normal air environment. Specimens were
subjected to heating and cooling cycles with different time
periods of exposure, initially for 2 h in each cycle of heating
and cooling for the first three cycles, subsequently for 10 h in
the next two cycles and finally for 25 h for the last cycle to a
total duration of 51 h. Weight of the samples was measured
after each cooling cycle. After completion of 51 h of exposure
at 600 °C, XRD (Rigaku) analysis was carried out in the
samples to analyze the products resulting from the hot
corrosion in NaCl environment. The samples were also
subjected to scanning electron microscopy and energy disper-
sive analysis by x-rays (EDAX) to examine the morphology
and chemical composition of the oxide scale, respectively.

3. Results

3.1 Effect of USSP on Microstructure

3.1.1 Surface Morphology. The variation in surface
roughness (Ra) with the duration of USSP is shown in Fig. 1.
It is evident that the roughness of the USSPed surface is higher
than that of the Un-USSPed surface. The roughness increases
rapidly up to 0.5 and 1 min of USSP and remains nearly
constant up to 5 min of USSP. The scanning electron micro-
graphs of the USSPed surfaces are depicted in Fig. 2. It may be
seen that there was overflow of material (marked by yellow
arrow) in localized regions on surface of the specimens
USSPed for longer durations of 2.5 and 5 min. There are also
dark regions, marked by white arrow, resulting from level
difference on the shot peened surface and the consequent
shadowing effect.

3.1.2 Optical and SEM Analysis. Optical micrograph of
the modified 9Cr-1Mo steel in the Un-USSP condition clearly
reveals the prior austenite grain boundaries (PAGBs) (Fig. 3a),
and the scanning electron micrograph shows precipitates along

Table 1 Samples designation for hot corrosion study

SL USSP time period, Oxidation

no min treatment Designation
1 0 No Un-USSP

2 0.25 No USSP0.25

3 1.5 No USSP1.5

4 0.25 Yes USSP0.25 + O
5 1.5 Yes USSP1.5+ 0O
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the PAGBs as well within the grains (Fig. 3b). The optical and
scanning electron micrographs of sectioned surfaces of the
USSP5 specimen are shown in Fig. 4(a) and (b), respectively.
Grain refinement may be seen in surface region of the USSP5
specimen, from both the micrographs.

3.1.3 TEM Analysis. Transmission electron micrograph
of the Un-USSP P91 steel revealed lath martensite microstruc-
ture, with laths of less than 0.5 pm width and high density of
dislocations. Some precipitates may be seen along the lath
boundaries (marked by white arrow) (Fig. 5a). In general, this
steel contains M»3Cs (M = Cr, Fe), (25-250 nm) and MX ((V,
Nb) (C, N)), (20-30 nm) in the N and T conditions (Ref 8).
Owing to high dislocation density, there is a formation of sub-
grain structure (encircled in Fig. 5a) with diameter of nearly
0.1 um, within the lath martensite structure.

The bright-field images (Fig. 6a, b and ¢) of top surfaces of
the samples USSPed for 0.5, 1 and 2.5 min revealed that lath
martensitic structure was completely modified by the process of
USSP. Owing to the severe strain induced by this process, there
was a formation of nanosize grains with random crystallo-
graphic orientation, as evidenced by ring type diffraction
pattern of the samples (Fig. 6A, B and C). However, the
USSPO0.5 sample did not show clear ring pattern as shown by
the USSP1 and USSP2.5 samples. It might have happened due
to un-developed nanostructure because of the lower strain
induced during the short time period of USSP.

3.1.4 EBSD Analysis. Electron back-scattered diffraction
analysis was carried out to characterize grain boundary
orientation and quantify grain size of the both Un-USSPed
and USSPed samples. The EBSD boundary map of the
modified 9Cr-1Mo steel in the Un-USSP condition is presented
in Fig. 7. It is evident that in the Un-USSPed condition this
material contains boundaries with different angles of misorien-
tation. Based on the misorientation, different colors are
assigned to grain boundaries as mentioned in legend box in
Fig. 7. In the present study, the grain boundaries with
misorientation less than 15° are characterized as lath boundaries
and with misorientation more than 15° are PAGBs. In general,
misorientation difference between martensite variants ranges
from 10° to 60° from Kurdjumov—Sachs (K-S) orientation
relationship (Ref 39). However, it was observed that measured

3.0 4
2.5 1 -— i ——
2.0 4
1.5 4 /
1.0 1 /

0.5 4

Surface roughness (um)

0.0 4 -

0 1 2 3 4 5
USSP duration (minutes)

Fig. 1 Variation in the surface roughness (Ra) with the duration of
USSP
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Fig. 3 Microstructure of Un-USSPed sample. (a) Optical micrograph and (b) scanning electron micrograph

fraction of the high-angle lath boundaries was much less (< 15°) are characterized as lath boundaries, neglecting low
compared to the medium-angle boundaries (5°-10°) (Ref 40, fraction of the high-angle boundaries. In order to determine
41); therefore, in the present study, low-angle boundaries grain size of the USSPed samples from EBSD analysis, grain
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Fig. 4 Micrographs of sectioned surface of the USSP5 sample (right side of the image is the USSPed edge); (a) optical micrograph and (b)

scanning electron micrograph

Fig. 5 Bright-field TEM image and the corresponding diffraction pattern of the Un-USSP sample

tolerance angle (GTA) as 5° was employed, assuming that the
newly formed sub-grains from USSP have low-angle sub-grain
boundaries. This assumption will also consider low-angle lath
boundaries as sub-grains.

The image quality maps of sectioned surfaces of the Un-
USSPed and USSPed samples are shown in Fig. 8. The fine-
grained structure is clearly visible in the USSP2.5 (Fig. 8c) and
USSPS (Fig. 8d) conditions. In order to quantify misorientation
of grain boundaries and grain size in the region of fine grains of
the USSP2.5 and USSP5 samples, a dataset of 50 x 50 pm?
area, close to the treated surface, was cropped and the
distribution charts of grain size with grain tolerance angle of
5¢ and misorientations are depicted in Fig. 9 and 10, respec-
tively. Figure 9 shows that the Un-USSPed sample contains
grains of maximum diameter of 16 pm. Grain size chart of the
USSP2.5 and USSP5 samples revealed that diameter of most of
the grains was less than 2 pm and the area fraction of fine
grains in the USSPed samples was higher than that of the Un-
USSPed sample. Misorientation charts also showed that the
USSP2.5 and USSPS5 samples had higher number fraction of
grain boundaries with misorientation angles in the range of 30°-
60° as compared to that of the Un-USSPed sample.

Journal of Materials Engineering and Performance

3.1.5 XRD Analysis. The x-ray diffraction analysis
revealed that there was no change in phase constitution of this
steel following USSP and all the samples had body-centered
cubic (BCC) crystal structure (Fig. 11). The average crystallite
sizes calculated from the peak broadening were 78, 65 and
69 nm for the USSP1, USSP2.5 and USSP5 samples, respec-
tively.

The magnified view of (110) peaks of the Un-USSPed
and USSPed samples clearly show shifting of peaks to right
side with respect to that of the Un-USSPed sample
(Fig. 12), and shifting was more pronounced for the USSP5
sample. In general, uniform compressive strain in the
material leads to decrease in interplanar spacing and
therefore results in shifting of XRD peaks to high-angle
sides (Ref 42). Figure 12 shows that USSP processing
induced compressive strain into the surface of the material,
and to quantify it, sinyy method was used in which residual
stress is determined by measuring d-spacing at series of
tilts (Ref 43). The residual stress for the USSP5 condition
was measured using XRD technique, and it was found that
the USSP treatment for 5 min induced a compressive
residual stress of 428 MPa in the surface region and these
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Fig. 6 Bright-field TEM images: (a) USSP0.5, (b) USSPI and (c) USSP2.5 specimens; (A), (B) and (C) are their corresponding diffraction

patterns

stresses were retained up to the depth of 250 pum depth
(Fig. 13).

3.1.6 Microhardness. The microhardness of the modi-
fied 9Cr-1Mo steel in the Un-USSP condition is found to be
265 £+ 4.1 VHN. The depthwise microhardness profiles of the
USSP1 and USSPS5 samples are presented in Fig. 14. It may
be seen that USSP process enhanced the microhardness up to
the depth of 65 um from the USSPed edge to 300 + 1.7 VHN

6448—Volume 27(12) December 2018

and there is a decrease in microhardness with increase in
distance from the USSPed edge, which is very obvious
phenomenon owing to gradient in strain distribution from the
USSPed surface to the substrate level due to USSP. This
increase in microhardness was attributed to severe work
hardening due to increase in dislocation density, grain
refinement and compressive residual stresses from the peened
surface to several micron depths. There was no substantial
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Color Coded Map Type: <none>

Boundaries: Rotation Angle

Min  Max  Fraction Number Length
— 2" h? 0.140 99592 402 mm
— 5 15° 0.101 71411 289 mm
- 15° 180° 0.759 539149 218cm

*For statistics - any point pair with misorientation
exceeding 27 is considered a boundary
total number = 710152, total length = 2.87 cm)

Fig. 8 EBSD image quality maps: (a) Un-USSP and sectioned surfaces (arrow represents the USSPed edge) of (b) USSP, (c) USSP2.5 and
(d) USSP5
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Fig. 9 Grain size distribution chart: (a) Un-USSP, (b) USSP2.5 and (c) USSP5 conditions

change in the microhardness with the duration of USSP at
65 um depth. However, there is an appreciable change in the
depth of the hardened layer with the time period of USSP, and
USSP process of 1 min induced nearly 125-pm-deep work
hardened layer, whereas USSP5 sample showed hardened
layer of nearly 250 pm depth.

3.2 Effect of USSP on Hot Gorrosion

3.2.1 Weight Gain Measurement. The variation in the
square of weight gain per unit area into the 100% NaCl-coated
sample, at 600 °C, up to 51 h of exposure, is shown in Fig. 15.
Figure 15 shows that in the USSP and USSP combined with
pre-oxidation, the USSP1.5 sample shows low weight gain per
unit area than that of the 0.25-min USSPed sample, i.e.,
samples subjected to longer duration of USSP exhibit better
resistance against hot corrosion than those subjected to less
duration of USSP. However, sample only USSPed for 1.5-min
duration and subsequently subjected to oxidation treatment at
600 °C showed lower weight gain per unit area than the Un-
USSP sample, whereas the USSP0.25, USSPI1.5 and
USSP0.25 + O samples exhibited higher weight gain per unit
area. It is also clear from the graph that corrosion kinetics
followed the parabolic oxidation rate law as evident from the
linear variation in the square of weight gain per unit area with
the exposure time. The parabolic oxidation rate law is

6450—Volume 27(12) December 2018

expressed as, W2 = K.t + C, where W is weight gain per unit
area (mg/cm?), ¢ is exposure time (hrs), K, is parabolic rate
constant (mg2/cm4h) and C is a constant. Corrosion behavior of
the F/M steels studied by several researchers also revealed that
corrosion kinetics followed parabolic rate law oxidation (Ref
44, 45).

The value of the parabolic rate constant, which is slope of
the linear plot, is given in Table 2 along with the adj R, i.e.,
goodness of linear fit of the data points. The parabolic rate
constant is also low for the USSP1.5 + O sample than that of
the samples, i.e., modified 9Cr-1Mo steel USSPed for 1.5 min
and oxidized for 4 h at 600 °C temperature showed better hot
corrosion resistance at 600 °C in 100% NaCl atmosphere up to
the exposure of 51 h.

3.2.2 Analysis of Oxide Scale. XRD analysis of the hot
corrosion-tested samples for 51 h is depicted in Fig. 16. It is
evident that corrosion products formed in the 100% NaCl
environment at 600 °C consisted of several oxides of sodium
and chromium.

SEM analysis of the oxide scale formed on all the samples
subjected to hot corrosion test is presented in Fig. 17. Low-
magnification SEM images (Fig. 17a, b, ¢, d and e) revealed
surfaces with inhomogeneities and cracks (shown by arrow).
The oxide scale seems to be smooth, and the severity of
cracking is less in the case of USSP1.5 + O as compared to all
the other samples. The EDS analysis revealed that corrosion

Journal of Materials Engineering and Performance
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Fig. 10 Misorientation distribution chart for (a) Un-USSP, (b) USSP2.5 and (c) USSPS5 conditions
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Fig. 11 XRD profiles of the (a) Un-USSP, (b) USSP1, (c) USSP2.5
and (d) USSP5 samples

product consisted mainly of the elements like Fe, Cr, O, Na and
CI and more or less the weight percents of the elements were
similar in all the cases. The flaky morphology of oxide scale is
revealed by the SEM micrographs at higher magnifications in
all the samples subjected to hot corrosion test, as shown in
Fig. 17(A), (B), (C), (D) and (E).
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Fig. 12 Magnified view of the 110 diffraction peaks of (a) Un-
USSP, (b) USSP1, (c¢) USSP2.5 and (d) USSP5 conditions

4. Discussion

4.1 Microstructure

In general, mechanism of grain refinement by USSP in a
material depends on its stacking fault energy because of the
change in the mode of deformation. It has been reported by
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several investigators that modified 9Cr-1Mo steel has high
stacking fault energy (Ref 46, 47). It has been established that
owing to easy cross slip of dislocations in the high-stacking
fault energy materials, dislocation-assisted mechanism leads to
grain refinement (Ref 48-50). USSP is a kind of cold working
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Table 2 Parabolic rate constant (Kp) and goodness of

linear fit values for hot corrosion-tested samples

SL no Condition K, mg2 em™* h7! adj R
1 Un-USSP 2.10129 0.983
2 USSPO0.25 5.11381 0.970
3 USSP1.5 4.33146 0.995
4 USSP0.25 + O 3.72308 0.999
5 USSP1.5 + O 1.96897 0.978

process which increases the dislocation density and forms
dislocation tangles. By virtue of interactions between disloca-
tions, there is increase in the total strain energy, and to reduce it,
tangled dislocation structure is rearranged into cellular sub-
structure with dislocations as cell boundaries (Ref 51). In this
way, there is continuous division of one grain into several cells
which finally results in nanolevel grains at the surface, as
demonstrated by the TEM bright-field images and the diffrac-
tion patterns (Fig. 6).

EBSD image quality map of the Un-USSP samples shows
different types of grain boundaries (Fig. 7). As proposed by
Ganesh et al. (Ref 52), the critical cooling rate to form complete
martensitic structure in this steel is 4-5 K min~'. The normal-
izing treatment led to the formation of lath martensitic structure
in the austenite grains. Owing to good coherency between
martensite laths and austenite, lath boundaries had low angle of
misorientation, whereas there was more disorder at the PAGBs
and the angle of misorientation was high (Ref 8). It was also
confirmed by EBSD analysis that USSP process led to
refinement of the grain structure and newly formed grains
had diameter less than 2 pm and high misorientation. However,
in this analysis nanosize grains were not observed, which may
be due to restriction of grain tolerance angle (GTA) as 5° to
determine the grain diameter. XRD results show that crystallite
size decreased with USSP time period but higher durations of
USSP led to slight increase in the crystallite size. This might be
attributed to rise in temperature during USSP for longer time
period which balances dislocation generation and recovery (Ref
53). There was discrepancy between the grain size measured
from EBSD and crystallite size evaluated from XRD analysis,
which may be attributed to dependence of grain size on GTA in
the EBSD analysis and to coherent diffraction domain size in
the XRD analysis.

Figure 11 shows that the intensity of the (110) peak was
increased with USSP time period and it was highest for the
USSP5. In general, intensity of diffraction peak solely depends
on the number of crystallites in the material oriented in that
direction, maintaining all the XRD operating parameters like
the applied voltage, x-ray radiation and scanning rate to be
constant. The increase in the intensity of (110) diffraction peak
may be attributed to more number of crystals oriented in the
direction of (110) in surface region of the USSPed samples.
Regarding texture inducement by USSP process, there are
contradictory reports in the literature. Blonde et al. (Ref 54)
reported that severe texture in pulsed electro-deposited copper
samples was randomized by USSP process, whereas Moering
et al. (Ref 55) reported that USSP induced severe {110} texture
in surface region of low-carbon steel. However, preferred
crystallographic orientations in a material under deformation
depend mainly on the magnitude of shear strain and shear
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Fig. 16 XRD patterns of hot corroded samples following exposure of 51 h at 600 °C in 100% NaCl environment: (a) Un-USSP, (b) USSP0.25,

(c) USSP1.5, (d) USSP0.25 + O and () USSP1.5 + O

direction. In order to increase the resolved shear stress, the slip
planes in BCC material align parallel to shear direction and
induce texture (Ref 55). Shifting of XRD peaks (Fig. 12) to
right side with increase in the USSP duration might be due to
decrease in the inter planar spacing because of compressive
residual stresses induced by USSP (Ref 56). These residual
stresses are created due to non-uniform deformation by USSP
process, which produces both elastically and plastically
deformed areas, so that plastically deformed material imposed
constraint on elastically deformed material and induced residual
stresses (Ref 57).

4.2 Hot Corrosion

It is well known that USSP process induced dislocations into
surface region of material and increased its energy level as the
dislocations were thermodynamically unstable. Thus, exposing
the highly unstable surface to a reactive environment like 100%
NaCl in the present case, the formation of protective chromium
oxide layer was less favorable and the deleterious sodium and
chlorine ions reacted with surface and subsequently reduced the
corrosion resistance. In order to avoid it, the USSPed samples
were subjected to oxidation treatment to form protective
chromium oxide layer prior to hot corrosion test. This statement
is proved valid through Fig. 15 of the present study, where only
the USSP treated samples showed high weight gain per unit
area than that of USSP and pre-oxidized samples, after
subjecting to 100% NaCl environment at 600 °C. However,
in the USSP + pre-oxidized samples also, only USSP1.5 + O
showed good hot corrosion resistance than that of the Un-USSP
sample but not the USSP0.25 + O. XRD patterns of
USSP1.5 + O and USSP0.25 + O samples (Fig. 18) revealed
that there was a formation of iron—chromium oxide layer on the
surface after subjecting the USSP treated samples to oxidation
treatment for 4 h at 600 °C. This discrepancy between hot
corrosion resistances of the USSP0.25 + O and USSPL.5 + O
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samples can be explained by morphology of the oxide scales
formed on their surfaces.

Figure 19 shows scanning electron micrographs of surfaces
of the samples (USSP0.25+ O and USSP1.5 + O) only
subjected to pre-oxidation treatment. The morphology of the
oxide scale formed on the USSP1.5 + O sample seems to be
more uniform as compared to that formed on the USSP0.25 +

O sample. Apart from the composition of the oxide scale,
uniformity of the oxide scale plays an important role in
enhancing the resistance against corrosive atmosphere. Due to
better uniformity of the oxide scale on the USSP1.5 + O
sample, it had better resistance against hot corrosion. The
uniform iron—chromium oxide layer formed on the USSP1.5 +

O sample, prior to salt spraying, acted as strong barrier for
interaction between the corrosive environment and the material;
thus, corrosion kinetics was reduced and there was less weight
gain per unit area and the parabolic rate constant. The formation
of more uniform oxide scale on the USSP1.5 + O as compared
to that of the USSP0.25 + O sample can be explained from the
bright-field TEM images. Figure 6(a, A) and (b, B) shows that
USSP0.5 and USSP1 have un-developed and developed
nanostructures, respectively. Thus, USSP0.25 sample may have
un-developed, and the USSP1.5 sample has developed nanos-
tructure. The grain boundary area fraction would be higher in
the latter case than that of the former one which results in
enhancement of diffusion of Cr from bulk to surface to
ultimately result in the formation of uniform oxide scale in the
USSP1.5 than that in the USSP0.25.

While the hot corrosion resistance of the USSP1.5 + O was
higher than that of the Un-USSP, it was lower for the USSP1.5
and USSP0.25 than Un-USSP (Fig. 15). In general, USSP
induces grain refinement in surface region and ultimately
results in improvement of corrosion resistance owing to
enhancement in diffusion of Cr to surface through grain
boundaries created by USSP process. The reverse trend in the
present study might be due to the fact that in Fe-Cr alloy
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systems the critical chromium content to form a protective
continuous chromium oxide layer should be in the range of 13-
20 wt.% (Ref 58), the modified 9Cr-1Mo steel used in this
study contains only 8.934 wt.% of chromium as mentioned in
section 2.1. Large number of grain boundaries induced by
USSP increases the outward diffusion of both Fe and Cr to
surface which results in the formation of iron—chromium oxide
layer at the surface. This oxide layer is beneficial for hot
corrosion resistance if it is rich in Cr content (Ref 36). Since the
chromium content in this alloy is low, the oxide scale at the
surface might be having high amount of Fe and less amount of
Cr, which ultimately results in deleterious effect on hot
corrosion resistance of the sample in 100% NaCl atmosphere.
Relatively better hot corrosion resistance of the USSP1.5 than
USSPO0.25 might be attributed to somewhat higher Cr content at
the surface oxide scale in the former than that in the latter, due
to finer grain size in the USSP1.5 than in USSP0.25. Moreover,
inhomogeneities observed in oxide scale of the hot corroded
samples (Fig. 17) might be due to spallation of oxide scale
during thermal cycling in hot corrosion test, and cracks in the
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Fig. 18 XRD patterns of the (a) USSP0.25 and (b) USSPIL.5
samples after 4-h oxidation at 600 °C
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oxide scale (Fig. 17) are attributed to evaporation of chlorine
ions/chlorides during exposure at high temperatures. It was also
observed that optimum combination of the microstructure and
crystallographic texture like off-basal and {110} texture led to
enhancement of corrosion resistance of commercially pure
titanium (Ref 59) in simulated body fluid and of the Zr-18% Nb
alloys in 3.5% NaCl solutions (Ref 60). However, in the present
study it was observed that {110} texture induced by the USSP
treatment is not beneficial for hot corrosion resistance of the
modified 9Cr-1Mo steel in 100% NaCl atmosphere. This may
be attributed to the effect of exposure at elevated temperature
during hot corrosion at 600 °C of the steel, due to which the
texture developed from USSP at room temperature would have
reduced and the hot corrosion resistance was not improved.

5. Conclusions

The following conclusions may be drawn from this study:

e Surface roughness of the modified 9Cr-1Mo steel was in-
creased due to USSP.

e This USSP process completely modified the lath marten-
sitic structure and induced nanosize grain structure in sur-
face region of the steel without any change in the phase
constitution.

* Quantitative EBSD analysis of the samples subjected to
USSP process showed that grains of diameter less than
2 pm with high grain boundary misorientation were in-
duced in surface region of the normalized and tempered
modified 9Cr-1Mo steel.

¢ The depth of the work hardened layer was found 275 um
with 13% increase in the microhardness and compressive
residual stress of 420 MPa was induced in surface region
of the USSP5 specimen.

* Hot corrosion resistance of the modified 9Cr-1Mo steel in
100% NaCl environment at 600 °C was improved by prior
USSP for 1.5 min and subsequent oxidation treatment at
600 °C for 4 h owing to surface grain refinement and for-
mation of effective protective iron—chromium oxide layer.

Signal A= SE1
Mag= 200KX

Date :23 Jun 2017
Time :15:48:55

WD =125mm

Fig. 19 SEM images of surface: (a) USSP0.25 + O and (b) USSP1.5 + O samples
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