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Abstract: Shot peening can be an effective solution for the prevention or retardation of scale formation,
and subsequent exfoliation, upon exposure of the inner tube to steam in coal-fired power plants. In
this study, specimens of T91 tubes were shot peened and then exposed to 1-bar steam for 100–1000 h
at 650 ◦C, and were then analyzed using Vickers hardness test and microscopic techniques OM, SEM,
TEM, etc. The analysis indicates that the oxide scales are typically Fe2O3 on the topmost layer, Fe3O4

below, and a FeCr2O4 spinel on the bottom in both shot peening treated and untreated specimens.
However, the oxide scale thicknesses of shot peened specimens are thinner, indicating that shot
peened specimens have better oxidation resistance. In addition, numerous defects, such as voids and
micro-cracks, were found in the untreated specimens, which are believed to cause exfoliation of the
uppermost Fe2O3 layers of the specimens exposed to steam for 800 and 1000 h. By contrast, the shot
peened specimens maintained a dense contact oxide scale with fewer defects.

Keywords: T91; shot peening; steam oxidation; scale separation

1. Introduction

Owing to their microstructural stability, high temperature strength, and oxidation
resistance, 9Cr-1Mo ferritic-martensitic (F-M) steels are universally found in high tem-
perature applications in fossil fuel power plants. During exposure to high temperature
steam environments, oxidation is an unavoidable problem for boiler tubes, such as found
in superheaters and reheaters [1,2].

The oxidation behavior of F-M steels has been investigated by several groups [3–5],
and are dependent on various factors, including temperature, atmosphere, and oxygen
concentration. Tan et al. [6] reported that the oxide scale with a three-layer microstruc-
ture composed of Fe2O3, Fe3O4 and (Fe, Cr)3O4 formed on T91 steel in an (Ar + H2O)
atmosphere at 600–700 ◦C. The difference in the coefficients of thermal expansion (CTE)
of Fe2O3 (12.5 × 10−6 K−1 at 100–1200 ◦C) and Fe3O4 (18.8 × 10−6 K−1 at 300–800 ◦C)
result in partial exfoliation of outer Fe2O3 layer. The studies by Chen et al. [5] indicated
that the oxide scales of T91 steel exhibited higher thickness, higher interconnected porosity,
and weak adhesion to metal matrix for high oxygen concentration exposure. According to
Wagner’s theory of oxidation [7], the oxidation rate depends highly on the diffusion of the
ions across the oxide scale during the steady state of oxidation.

Shot peening is a widely used method to cause plastic deformation at the surface,
resulting in high-density dislocations and refined grains [8]. Shot peening improves
oxidation resistance due to the increased number of pathways for Cr to diffuse to the
surface to form a Cr-rich protective layer. An inner Cr-rich protective layer of Cr2O3 and
FeCr2O4 has been observed in both P92 and SS304H steel [9–11]. Similar results were also
reported by J. Kurley and B. Pint [12]: a protective Cr- and Mn-rich oxide layer improved
the steam oxidation resistance, forming a thinner oxide scale, and showing less mass
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change of 304H at 550–625 ◦C. However, this benefit began to break down after ~5000 h
exposure at 650 ◦C.

Thus, an investigation of the formation and evolution of oxide scales in the early stage
of steam oxidation is called for. In this study, we characterize the features of oxidation
behavior of T91 steel after short-term steam exposures of 100–1000 h.

2. Materials and Methods

T91 boiler tube steels were purchased from “ILJIN Steel” with outer diameter of
50.8 mm and wall thickness of 6.5 mm. The as-received tubes were cut into 15 × 10 × 2 mm3

pieces and mechanically polished to #2000 grit-finish before ultrasonic shot peening (SP)
and subsequent steam exposure. Steam was generated by heating distilled water to ~ 650 ◦C;
it was then blown across the sample surface for 100, 200, 400, 600, 800, and 1000 h. further
details of the steam exposure are available in reference [10]. The shot peening conditions
and specimen list are presented in Table 1.

Table 1. Shot peening and steam exposure conditions of T91 specimens.

Shot Peening
Treatment

Ball Size Amplitude Frequency Duration

2.0 mm 50 µm 20 kHz 10 min

Steam exposure
durations

Test durations

100 h 200 h 400 h 600 h 800 h 1000 h

The chemical composition of the T91 tubes was measured by optical emission spec-
trometry (OES, mode ARL-3460), and is given in Table 2. The morphology, elemental
distribution, and phase distribution of the oxidation scale were determined by SEM (JSM-
6510, equipped with INCA EDS, operated at an accelerating voltage of 20 kV), FE-SEM
(EBSD, TESCAN MIRA II LMH equipped with TSL OIM components with the depth beam
scan mode), XRD (Rigaku SmartLab, operated at a tube voltage and current of 45 kV and
200 mA), and TEM (Philip CM200-FEG, operated at an accelerating voltage of 200 kV).
Specimens for SEM/EBSD analysis were prepared by mechanical polishing with #2000 grit
and subsequent final polishing with a 0.05 µm colloidal silica suspension for 1 h. Specimens
for TEM observation were prepared by Struers TenuPol-5 twin jet polishing system. The
microhardness was measured by a Vickers hardness tester (Future-Tech Model FM-7E) on
the polished cross section with 1 µm metallographic polishing cloth. Then the hardness of
each depth was tested for five times on the load of 200 gf.

Table 2. Nominal and measured chemical composition (wt. %) of the T91.

Elements C Si Mn P S Ni Cr Mo N Al Nb V Fe

* T91
standard 0.07~0.14 0.20~0.50 0.30~0.60 ≤0.020 ≤0.010 ≤0.40 8.00~9.50 0.85~1.05 0.03~0.07 ≤0.02 0.06~0.10 0.18~0.25 Bal.

** OES
measured 0.09 0.33 0.37 - - 0.14 8.66 0.89 - - 0.07 0.22 Bal.

* T91 = ASTM-A213, ** OES: optical emission spectrometry.

3. Results
3.1. Effect of Shot Peening on Microstructure PRIOR to Steam Exposure

The equiaxed grain and uniformly distributed M23C6 precipitates were observed in
the original T91 specimen, as shown in Figure 1. Shot peening causes plastic deformation
near the surface, hence it changes the microstructure and surface properties. Microstruc-
tural investigation of untreated and SP-treated specimens was performed by SEM and
EBSD. Figure 2 shows the effect of shot peening on the surface microstructure. The original
equiaxed grains in the untreated specimens are ~10 µm, as shown Figure 2a. The presence
of smaller grains near the shot peened surface and a gradual increase in the grain size
towards the core of the materials validates the grain refinement effect of the shot peen-
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ing, which is shown in Figure 2c, where the grain size near the shot peened surface is
~3 µm. The refinement of the grains is likely to improve the hardness according to the
Hall–Petch relationship. To characterize the surface hardening effect of the shot peening, the
Vickers hardness was measured. The Vickers hardness of the topmost surface was ~250 HV,
decreasing to the original value of ~216 HV with increasing depth as shown in Figure 3. During
plastic deformation in shot peening, precipitates might also be refined, resulting in an
increase in number density as reported for M23C6 [8].

Figure 1. Microstructure of the T91 specimens: (a) SEM and (b) TEM with corresponding SADP of
S1, and (c) EDS results of S1 before shot peening.

Figure 2. Surface microstructure of the specimens before steam oxidation: (a,b) SEM and EBSD IPF
with orientation map of the untreated specimen, (c,d) SEM and EBSD IPF with orientation map of
the shot peened specimen.

Figure 3. Microhardness of T91 untreated (black squares) and shot peened (red triangles) specimens.
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3.2. Characteristics of the Oxidation Scale

Figure 4 shows cross-sectional EBSD micrographs of untreated and shot peened
specimens after steam exposure at 650 ◦C for 200 h. The phase identification revealed that
the oxides are Fe2O3 in the top layer, followed by Fe3O4 layer and then a Fe-Cr-O spinel
layer, which agrees with the oxidation scale structure reported by Chen et al. [5].

Figure 4. EBSD results of the oxidation scale of T91 test: (a) IQ map, (b) IPF with orientation map,
(c) phase map of untreated specimens after 200 h steam exposure, (d) IQ map, (e) IPF with orientation
map, and (f) phase map of SP-treated specimens after 200 h steam exposure.
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Figure 5 shows cross-sectional SEM micrographs of the untreated (a1–a4) and SP-
treated (b1–b4) specimens after steam exposure at 650 ◦C for 100, 600, 800, and 1000 h. After
steam exposure, the thickness of the scale formed on the untreated specimens increased
rapidly with oxidation time. In contrast, the oxidation scale formed on the shot peened
specimens was relatively stable and grew only slowly with increasing oxidation durations.
In addition, numerous defects, such as voids and micro-cracks, formed between the Fe2O3
and the Fe3O4 layer in the untreated specimens, as shown in Figure 5(a1–a4). With a further
increase of exposure time to 800 h, exfoliation of the outer layer and breakage of the inner
layer were observed in the untreated specimens as shown in Figure 5(a3). However, the
shot peened specimens maintained a compact scale, with fewer defects during the entire
steam exposure, Figure 5(b1–b4). The diffusion of iron beyond these defects is greatly
retarded and thought to be the main reason for the separation of the outer layer. The
process of the exfoliation of the outer layer progress is as Nishimura proposed [13].

Figure 5. Cross-sectional SEM images of oxide scale after steam exposure of for various durations: (a1–a4) for untreated
and (b1–b4) for shot peened specimens.

4. Discussion
4.1. Evolution of Oxidation Scale

Figure 6 shows a plot of the oxidation scale thickness in Table 3 as a function of
oxidation duration. The abrupt decrease in the scale thickness of the untreated specimens
at 800 and 1000 h are believed to be due to the exfoliation of the outer layer, as shown in
Figure 5(a3,a4). In agreement with previous observations [14–17], parabolic oxidations
kinetics were observed for both untreated and shot peened specimens. As can be seen in
Figure 6, the experimental data points can be fit by a parabolic curve, represented by the
following equation:

d2 = kp × t, (1)

where d is the total scale thickness, kp is the parabolic rate constant, and t is the oxidation
time. The values of kp of untreated and shot peened specimens derived from best fits to the
curve are 3 × 10−7 and 1.5 × 10−7 mm2/min, respectively. It can be said that the growth
rate of oxidation scale of shot peened specimens is much slower than that of untreated
specimens at 650 ◦C steam exposure.
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Table 3. Oxidation scale layer thickness of untreated and shot peened T91 specimens after steam
exposures of various durations (Fe-oxide refers to Fe2O3 and Fe3O4 combined).

Exposure
Time

(h)

Total Scale
Thickness (µm)

Fe-Cr-O Layer
Thickness (µm)

Fe-Oxide Layer
Thickness (µm)

Untreated SP Untreated SP Untreated SP

100 63.0 ± 2.3 49.0 ± 2.5 28.0 ± 1.0 18.4 ± 1.8 35.8 ± 1.3 30.6 ± 1.2
200 72.8 ± 1.6 64.4 ± 0.9 30.5 ± 0.8 28.6 ± 1.2 42.3 ± 1.3 35.8 ± 1.3
400 79.0 ± 3.0 67.4 ± 4.0 32.3 ± 0.9 31.1 ± 0.8 46.7 ± 2.1 36.3 ± 1.0
600 102.1 ± 2.9 67.9 ± 0.9 35.0 ± 1.2 30.6 ± 1.0 67.1 ± 2.3 37.3 ± 1.6

800 57.4 ± 1.1
(left over) 68.9 ± 2.1 31.6 ± 0.8 30.3 ± 1.2 25.8 ± 5.4 38.6 ± 1.9

1000 67.2 ± 5.8
(left over) 70.1 ± 2.4 33.8 ± 1.3 31.1 ± 0.9 33.4 ± 5.6 39.0 ± 1.8

Figure 6. Oxidation scale thickness as a function of exposure time: (a) total layer, (b) outer Fe-oxide
(Fe2O3 and Fe3O4) layer, and (c) inner (Fe-Cr-O spinel) layer.

4.2. Effect of Shot Peening

Shot peening refines strain-induced grains, leading to a fine grain with a large fraction
of grain boundaries on the peened surface. The fraction of low-angle grain boundaries in
the surface area increased from 35.6% in the untreated specimen to 49.9% in the shot peened
specimen calculated from Figure 2b,d. The grain size and grain boundaries determine the
diffusion rates of elements during the formation of protective oxide layer. The effective
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diffusivity (Deff) of preferential nucleating elements is the sum of the lattice diffusivity (Dl)
and the diffusivity of the grain boundary (DGB), as proposed by Peng [18],

Deff = (1 − f) × Dl + f × DGB, (2)

where f is the area proportion of the grain boundary. Assuming the grains are cubic,
f = 2δ/d (δ is the GB width and d the grain size). Considering that DGB � Dl, Equation (2)
can be simplified as

Deff = Dl + 2δ/d × DGB, (3)

Thus, the effective diffusivity of Cr noticeably increases with decreasing grain size
induced by shot peening through grain boundary diffusion.

Figure 7 shows cross-sectional SEM micrographs of untreated and shot peened speci-
mens after 100 and 600 h steam exposure. Figure 8 shows cross-sectional EDS mapping
micrographs of shot peened specimens after 600 h steam exposure. There is no Cr-depleted
zone apparent at the oxide-metal interface of the untreated specimen during the early
stage of oxidation (100 h), which is totally different in the shot peened specimen. There, a
Cr-depleted zone forms due to outward diffusion of Cr to form a Cr-rich protective layer
by decomposition of precipitate M23C6. This means, shot peening induced plenty of grain
boundaries to provide more pathways for the outward diffusion of Cr.

Figure 7. Cross-sectional SEM images of oxidation scale: (a) untreated 100 h, (b) untreated 600 h,
(c) SP 100 h, and (d) SP 600 h.
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Figure 8. Cross-sectional SEM images of oxidation scale of SP-treated specimen after 600 h
steam exposure.

5. Conclusions

In this work, the effects of shot peening on preventing the oxidation scale formed on
T91 upon steam exposure were investigated. We reach the following conclusions:

1. Grain refinement occurs on the top surface of the 10-min shot peened specimen, for
which the grain size is ~3 µm, compared to the original grain size of ~10 µm.

2. After 100–600 h steam exposure at 650 ◦C, oxide scales formed on T91 specimens
were identified as: an uppermost Fe2O3 layer, an Fe3O4 layer below, and an FeCr2O4
spinel layer. The total scale thickness of the SP and untreated specimens as measured
at various steam exposure durations follows parabolic oxidation kinetics. Untreated
specimens exhibit much larger scale thickness and faster scale growth rate than
SP-treated specimens, indicating that shot peening improves oxidation resistance.

3. After steam exposure for 800–1000 h at 650 ◦C, numerous voids and micro-cracks
form between the Fe2O3 and Fe3O4 layers in the untreated specimens, resulting in
partial exfoliation of the uppermost Fe2O3 layer. In contrast, the SP-treated specimens
retain dense and compact oxidation scale with few voids or micro-cracks.

4. A Cr-depleted zone forms at the oxide-metal interface in the SP-treated specimen
after 100 h steam exposure, in which decomposition of M23C6 precipitate is observed.
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