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ABSTRACT

In this paper, the deformation mechanisms of a Fe–2.25%Cr–1%Mo (P22) steel are

studied after tensile tests at room temperature (RT) and 550 �C (HT), creep-fatigue

tests at 550 �C and stress relaxation test at 550 �C (HTSR). The RT, HT and HTSR

tests produced permanent strain of about 2.5% by different processes. Deforma-

tion features such as the orientation of the grains, local misorientation, grain

boundary type and distribution, etc., were characterized using electron

backscatter diffraction. Transmission electron microscopy was done subsequently

to obtain greater insight into the dislocation substructures. The as-received sample

had a ferritic–bainitic microstructure, and a large amount of local misorientation

was found in the bainite, indicating plastic strain due to phase transformation.

After tensile strain to 2.5% at room temperature, the dislocations formed very

small substructures (*100–200 nm) in the ferrite grains, and most of the retained

plastic strain seemed to be concentrated in the bainite after deformation. Both the

ferrite and bainite showed much lower local misorientation and dislocation wall

content after a tensile test to 2.5% strain at 550 �C. Compared to the RT tensile

sample, after creep-fatigue at 550 �C, the substructures in ferrite opened up con-

siderably and formed small-angle grain boundaries, with clean areas as large as

20–25 lm. After stress relaxation at 550 �C, the ferrite displayed even less sub
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structure, while the bainite seemed to have greater amounts of local misorien-

tation than in the creep-fatigue case. However, the degree of misorientation was

less pronounced than in the room temperature tensile case. These results have

been discussed with respect to the causes behind the phenomena observed

herein and their possible effects on mechanical behaviour.
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Introduction

Creep-resistant Cr–Mo steels such as P22 are used

extensively in power, refinery and chemical indus-

tries. This is a ferritic–bainitic steel which is used in

the normalized and tempered condition. Cr increases

the high-temperature strength and corrosion resis-

tance, as well as improving the room temperature

yield strength (YS) and ultimate tensile strength

(UTS). Mo increases the YS, UTS, wear resistance and

hardenability, while at the same time restraining

grain growth and increasing creep resistance. The

main application for this steel is in seamless pipes for

high-temperature service [1]. It is also a candidate

material for use in the lower temperature ranges

inside very high-temperature reactors (VHTR) [2].

At high temperatures, as is well known, two time-

dependent deformation mechanisms occur which

cause a considerable amount of strain—(a) creep—

which entails the increase in plastic strain under

constant load and (b) stress relaxation (SR)—resulting

in a drop in stress under a constant constraint [3]. The

interaction of creep with SR in combination with low

cycle fatigue results in a majority of the damage in

high-temperature conditions inside steam generation

plants [4].

In this paper, the authors have endeavoured to

perform an overall visual characterization using

electron microscopic techniques and thereby obtain a

phenomenological understanding of the deformation

mechanisms in different samples of P22 steel that has

experienced the same magnitude of permanent strain

by different mechanical tests at room temperature

and at 550 �C. The high-temperature deformation

behaviour of ferritic/ferritic–pearlitic steels has been

studied by some previous authors [5–7]. It was

reported by Glover et al. in [5] that the effective stress

reaches a maximum and remains practically constant

in vacuum melted and zone-refined iron after a strain

of about 1% is achieved at testing temperatures of

500–600 �C. This behaviour is related to the stress
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level at these temperatures, and it was seen that at

higher temperatures and lower stresses, the stress

reached a peak value and then decreased at greater

strains. Such behaviour in the stress–strain curve,

where there is a plateauing tendency, as in the region

of 500–600 �C, is thought to be typical of steels

undergoing work hardening and recovery only, but

with no recrystallization. The effect of alloying ele-

ments and temperature on recovery and recrystal-

lization of hot-rolled low alloy steels has been

investigated by Liang et al. [8]. They report that an

increase in stress relaxation temperature decreases

the time for initiation of recrystallization for a given

alloy and, in general, speeds up the whole recrystal-

lization process. Thus, at lower temperatures, the

recovery process would be prolonged and would be

the dominant mechanism for softening. This is in

agreement with the work of Glover et al. mentioned

above. They also found that alloying causes a delay in

the onset of recrystallization, which they attribute to

slower recovery due to interaction of dislocations

with solute atoms.

A study of the effect of heavy warm deformation

on the microstructure and texture of medium carbon

steel by Storojeva et al. [7] was performed at tem-

peratures 600–710 �C, where they found that ferrite

softening was mostly due to continuous recrystal-

lization. It would be noted that these temperatures

are higher than those mentioned above.

One motivation for the present work was to pro-

vide some understanding of the reasons behind the

significantly shorter remaining creep life after stress

relaxation (SR) tests than expected in the previous

studies in this steel [4, 9] as well as others [10]. The

authors of these works reported that the creep life of

the stress relaxation tested material was reduced

by *90% compared to the ‘‘virgin’’ material. How-

ever, optical micrographs did not demonstrate the

amount of damage due to SR tests that would be

expected to cause such a reduction in creep life [9].

Therefore, in this paper, more detailed characteriza-

tion techniques were undertaken in order to elucidate

the possible causes for this severe drop in creep life.

A creep-fatigue test sample was also characterized

to compare the deformation microstructure to the

other modes of testing studied here, viz. RT tensile,

hot tensile and stress relaxation. This more complex

mode was chosen as it is one of the damage mecha-

nisms that high-temperature components undergo in

power plants, including nuclear reactors. ANSTO has

a major research focus into damage mechanisms of

Gen IV reactors, which can undergo creep-fatigue

[11–14]. Since it has been shown that creep properties

can be correlated with hot-tensile tests [15, 16], it is

sensible to compare the microstructural manifesta-

tion of strain in samples deformed by these different

types of tests after similar strain levels to assess the

kind and degree of damage.

The distribution of dislocations, their organisation

into dislocation walls and small-angle grain bound-

aries and the size and distribution of grains were

studied using scanning and transmission electron

microscopy (SEM and TEM) and electron backscatter

diffraction (EBSD). These techniques were used in a

complimentary manner so as to derive values for

different parameters such as subgrain boundary

misorientations, dislocation density in small-angle

grain boundaries, etc., which could be used in phe-

nomenological models for prediction of deformation

mechanisms in these steels in future. In recent years,

there have been numerous studies using EBSD to

understand the deformation microstructure in vari-

ous metallic alloys [17–21]. It should be noted that

although some EBSD and TEM studies of strain

localization have been performed on deformed dual-

phase steels in recent years [19, 20, 22], there have not

been systematic studies of the deformed, substruc-

tured and undeformed fractions of grains across

different types of thermomechanical treatment,

which the present paper aims to perform.

Experiments

The material tested was 2.25% Cr–1% Mo steel con-

forming to ASTM specification A387—Grade 22—

Class 2. The test material was purchased by ANSTO

from Van Leeuwen Eastern Australia Pty. Ltd., as

25-mm thick normalized and tempered steel plate.

The as-received hardness was 200 HV.

The chemical composition of the test material (in

wt%) is shown in Table 1.

The mechanical tests carried out on the Grade 22

steel samples were as follows: (a) tensile test at room

temperature (RT) to 2.4% strain, (b) tensile test at

550 �C to 2.6% strain, (c) repeated stress relaxation

tests at 550 �C and (d) creep-fatigue tests at 550 �C.

This sets the homologous temperature, Tm at roughly

0.47–0.48.
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RT tensile tests

The RT tests were carried out on an Instron� 5582

screw-driven test machine according to Australian

Standard AS 1391–2005. The cylindrical test-pieces

had nominal gauge dimensions of 8-mm / and

48-mm length. The nominal strain rate was held

constant at 7e-4/s.

HT tensile tests

A second sample was prepared for hot-tensile testing,

which was tested at 550 �C by applying a strain of up

to 2.84%, which was ultimately relaxed to 2.5%.

Stress relaxation tests

The stress relaxation (SR) tests were performed on an

Instron� 5582 screw-driven test machine in accor-

dance with BS-EN-1:2003. The cylindrical test-pieces

had gauge dimensions 8-mm / and 100-mm length.

The SR tests consisted of loading a sample at 550 �C
(*0.45 Tm) to 0.15% strain, holding at that strain for 1

week (168 h) and unloading completely within 30 s.

The stress was recorded at regular intervals during

the whole process. This cycle was repeated 23 times

(excluding one test aborted due to power failure).

The final permanent strain when unloaded was 2.5%.

Further details of the stress relaxation experiment can

be found in a previous publication by Humphries

et al. [23, 24]. The total time at 550 �C was 3864 h.

Creep-fatigue tests

The creep-fatigue test was performed on an Instron

8561 servo-electric testing machine in accordance

with ASTM E606 in strain control. The cylindrical

test-piece had a gauge diameter of 6.35 mm. Uniaxial

strain was measured by a capacitance extensometer

directly fixed to the gauge section which was used to

control the strain during the test. The cyclic part of

the test was a symmetrical triangular waveform at a

strain rate of 1.1e-4/sec, and the strain amplitude

was ± 0.5%, giving a total strain range of 1%. A

30-min hold was applied at the peak tensile strain of

each cycle. Testing was stopped after 128 cycles.

From other creep-fatigue tests on the same steel, this

was estimated to be about 1/3rd of the expected

cycles to failure. The failure criterion generally used

is a 6% drop from the linear trend of peak stress,

which corresponds to the initiation of small cracks in

the specimen. The total time at 550 �C was *70.5 h.

Further details about the mechanical tests are

summarized in Table 2. A more complete description

of the details of the test conditions may be found in

[23, 24].

The different exposure times in the SR and CF tests

would have affected the degree of thermal ageing

and also precipitate size, type and distribution

(which would affect the resistance to dislocation

motion).

Sample characterization

The samples for characterization were prepared from

the cross-sections of the test specimens from near the

centre. These were mechanically polished by dia-

mond lapping film to 1-lm finish and then final

polished with 0.05-lm colloidal silica to remove as

much of the polishing-induced surface deformation

as possible. The microstructure of P22 steel samples

was characterized in the as-received, RT tested,

creep-fatigue tested and stress relaxation tested con-

ditions using a Zeiss� Ultra PlusTM scanning electron

microscope (SEM) and a Jeol � 2200FSTM scanning

transmission electron microscope (STEM). The grain

orientations and local misorientation of the samples

were characterized using electron backscatter

diffraction (EBSD) with an Oxford Instruments�
NordlysTM detector and AztecTM software. Data

analysis for orientation information was done with

Oxford Instruments� Channel 5 software. Further

analysis of EBSD data was done using the MTex

plugin [25] for Matlab� in order to identify regions

with high stored deformation such as those with high

grain average misorientation (GAM) or grain orien-

tation spread (GOS).

Table 1 Chemical

composition of the Grade 22

steel

C Mn P S Si Cr Ni Mo Cu Al Sn V Fe

0.11 0.41 0.008 0.021 0.161 2.18 0.22 0.91 0.11 0.017 0.007 0.017 Bal.
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Results and discussion

As-received sample

The microstructure of the as-received sample is pre-

sented in the SEM and optical micrographs in Fig. 1a

and b, respectively, where large proeutectoid ferritic

grains (*25 lm) were present with some inter-

spersed tempered upper bainite regions [24]. The

bainitic regions consist of lath-like structures as seen

in these images, but probably more clearly in the

optical image. The dark field (DF) STEM micrograph

in Fig. 1c shows that the bainite regions consist of

‘‘units’’ of the order of 0.5–1.25 lm, with carbide

precipitates both at boundaries and inside the units.

The apparently equiaxed ‘‘units’’ in Fig. 1c are most

probably the cross-section of bainitic laths. The car-

bides on the lath boundaries (LB) were slightly larger

with up to 300-nm length in some cases, while the

intra-lath carbides had a maximum of about 200-nm

length. Some basic EDS examination of the carbides

was performed to determine their nature, which

revealed that the precipitates in Fig. 1c and d are

carbides of mainly Fe and Cr, with small amounts of

other elements such as Mn, Ni, Mo, Si, etc. These

samples are normalized and tempered at around

750 �C, and according to the work by Bacon and

Nutting [26], as also reported by Hodgson et al. [27],

the precipitates expected at these tempering temper-

atures include Fe3C, Cr7C3, M23C6 and Mo2C.

However, according to our observations, the amount

of Mo is only *2–2.5 at%, and the amount of Cr is

less than that of C in all the precipitates examined.

Moreover, the Fe/C ratio and M/C ratio were found

to be vary in most cases between 3 and 4, barring one

exception, where it was found to be *5. (It has to be

remembered that the C content cannot be determined

too accurately using EDS, since it is a light element).

Based on these observations, the precipitates can be

said to mostly consist of Fe3C and M23C6 type car-

bides. This assessment agrees with the observations

made on the as-received samples in a study of the

evolution of microstructure of the same material

under creep conditions published previously [21].

The BF STEM micrograph in Fig. 1d shows that the

ferrite grains are also dispersed with similarly sized,

plate-like carbide precipitates, and have a moderate

density of dislocations (*3 9 1012 dislocations/m2).

There are no visible dislocation ‘‘cells’’ at this scale.

The inverse pole figure orientation map in Fig. 1e

shows the bainite regions, having smaller grains and

exhibiting greater orientation variations, between the

larger, more uniformly coloured ferrite grains more

clearly. Some unindexed points are seen along lines

which are traces of polishing scratches. The local

misorientation map in Fig. 1f gives an estimate of the

average misorientation of individual pixels from the

surrounding pixels and thus provides an insight into

the extent of plastic deformation stored in a region.

The local misorientation or kernel average misorien-

tation provides a qualitative estimate of the disloca-

tion density, as demonstrated through combined

microscopic digital image correlation, EBSD and

electron channelling contrast imaging (ECCI) by Rui

et al. [18]. As can be observed clearly from this map,

most of the ferrite grains have very low local

misorientation (coloured blue), while most of the

bainite regions have areas of relatively high local

Table 2 Test conditions of different samples of P22 steel

Test name Temperature

(K)

No. of

cycles

Permanent

strain (%)

Important stress values (MPa)

RT tensile 298 NA 2.4 0.2% PS = 508 MPa, Peak stress

563 MPa

HT tensile 823 NA 2.5 0.2% PS = 247 MPa, Peak stress

303 MPa

Stress relaxation at 0.15% strain for 168 h 823 23 2.5 Initial stress (N1) = 184 MPa

Final stress (N1) = 43 MPa

Creep-fatigue at 1% strain range and 30 min hold at

peak tensile stress

823 128 Stress at start of hold

(N1) = 267 MPa

Stress at end of hold

(N1) = 142 MPa
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misorientation (green-/yellow-coloured lines). This is

shown more quantitatively in Fig. 1g which maps the

average kernel misorientation within each grain or

grain average misorientation (GAM). Here, it is clear

that the bainite regions, which have a light blue to

light green colour, have higher GAM values than the

ferrite grains, shown in deeper blue. If the map is

thresholded by GAM values, as presented in Fig. 1h,

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 1 SEM image of an as-received sample of P22 steel

showing a mixed microstructure—consisting of equiaxed ferrite

grains and bainite with lenticular structure, as indicated by the

labels, b optical micrograph of the as-received sample of P22 steel

(etched in 2% Nital) and c DF STEM image showing bainite

regions with lath boundaries and precipitates in as-received

sample. In this image, the laths are likely visible in cross-

section. Arrows show precipitates, most likely Fe3C or M23C6

carbides, d BF STEM images of dislocation structure in the ferrite

of as-received sample, showing separate, randomly spaced

dislocations in the ferrite grains. Arrows show precipitates, most

likely Fe3C or M23C6 carbides, e IPF map showing large

equiaxed grains in ferrite and small, elongated regions in bainite.

f Local misorientation map showing ferrite grains mostly free of

small-angle grain boundaries (range: 0–2�), g grain average

misorientation (GAM) showing average kernel misorientation

within each grain and h grains with GAM[ 0.3�—threshold

above which only bainite grains exist in the as-received sample.
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it is seen that almost all of the regions above

GAM[ 0.3� consist of bainite.

The EBSD maps in Fig. 2 show the same regions

coloured according to the ‘‘recrystallized fraction’’

(this terminology is used in accordance with the

usage in the AztecTM software) classification based on

the misorientation within each grain. Individual

grains have been delineated by black boundaries

(misorientation across pixels[ 7.5�). The grains have

been classified as deformed ([ 1� average misorien-

tation between pixels within grain), substructured

(pixel to pixel average misorientation within

grain\ 1� but misorientation between sub-

grains[ 1�) and undeformed (average misorienta-

tion within grain\ 1� and no subgrains). As can be

seen from the histogram of the complete map

(Fig. 2a), the fraction of recrystallized grains (FRex)-

= 37%, fraction of substructured grains (FSub) = 62%

and fraction of deformed grains (FDef) = 1%. When

the full dataset is split into a bainite (Fig. 2b) and a

ferrite (Fig. 2c) subset, it is clearly seen that the bai-

nite has larger fraction of substructured and

deformed grains (95% substructured and 1%

deformed), while the ferrite phase has more unde-

formed or substructured grains (62% undeformed

and 38% substructured) and almost no ‘‘deformed’’

grains. The same information can be seen in a slightly

different manner in the form of subgrain boundary

density (SGBD) maps, where the length of the sub-

grain boundaries divided by the grain area is plotted

for each grain, as shown in Fig. 2d. Again, the bainite

areas show a higher SGBD value than ferrite. This

becomes clearer when the areas of SGBD higher than

1 are plotted—only bainite areas become highlighted

when such a criterion is used.

This shows that most of the dislocations in the as-

received material are present in the bainite structure,

in the form of small-angle grain boundaries and

stored deformation, with the ferrite almost strain free.

This observation is in agreement with those of He

et al., who show that bainite has a high density of

dislocations and small-angle grain boundaries com-

pared to ferrite in a completely ferritic steel [28]. The

higher dislocation content and stored deformation is

likely to be the result of transformation stresses

induced during the formation of the bainite.

Room temperature tensile test (RTT)

The grain structure in the RT tensile sample is clearly

visible in the IPF map in Fig. 3a, which shows subtle

variations in colour, or, equivalently, orientation,

even in large ferrite grains, indicative of stored

deformation. In the band contrast image in Fig. 3b,

the microstructure of the room temperature

deformed (2.4% strain) sample is shown, along with

1� subgrain boundaries. It is clear from the contrast

variations and regions with yellow specks or broken

lines that the ferrite grains do not have a clean

structure in this sample, as compared to the as-re-

ceived sample. A map showing deviations from the

mean grain orientation or grain orientation spread

(not shown here due to lack of space) also demon-

strates the same point. This is indicative of the

deformation, the ferrite grains have undergone. The

EBSD-generated local misorientation map of the RT

deformed sample in Fig. 3c shows that there is a

much higher degree of local misorientation in this

sample than in the as-received sample (Blue—low,

green—medium and red—high misorientation). The

bainite areas exhibit much higher density of local

misorientation lines than the ferrite areas, as indi-

cated by the denser population of green lines in the

bainite regions compared to the ferrite grains. This is

probably due to the fact that the dislocations in the

bainite have organized themselves into walls creat-

ing *1� subgrain boundaries (as shown in Fig. 3a),

while those in the ferrite are more randomly dis-

tributed. The large grains of ferrite also show net-

works of green lines with higher local misorientation

than in the as-received sample. The high magnifica-

tion EBSD map in Fig. 3d shows the local misorien-

tation of a small area from the map shown in Fig. 3c,

marked with a dashed square in that figure. At the

bottom of the image in Fig. 3d, a group of lines with

high misorientation angles is seen emanating from

the grain boundary going almost vertically from the

centre of the bottom edge of the picture. The grain

boundary map in Fig. 3e showing boundaries with

misorientation[ 0.5� corresponds well with the local

misorientation map. This shows that the lines of high

local misorientation are related to small-angle grain

boundaries. The bright field (BF) STEM image in

Fig. 3f shows similar network structures in the ferrite

grains at higher magnification, indicating that the

small-angle grain boundaries seen in the EBSD maps,

with relatively high local misorientation, consist of
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Total 

Bainite 

Ferrite 

(b) 

(c) 

Undeformed 37.4 
Substructured 62.0 
Deformed 0.6 

Undeformed 61.6 
Substructured 38.3 
Deformed 0.1 

Undeformed 4.0 
Substructured 94.7 
Deformed 1.3 

(a) 

(d) 

(e) 

Figure 2 Undeformed, substructured and deformed fraction—as-

received sample—a total area, b bainite, c ferrite, d subgrain

boundary density map—length of subgrain boundary segments

divided by grain area and e subgrain boundary density map

showing that areas with SGBD[ 1 consist almost exclusively of

bainite regions.
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dislocation walls. The BF STEM image in Fig. 3g

shows a comparison between a portion of the local

misorientation EBSD map and a BF STEM image,

indicating the network of small high local misorien-

tation lines and a similar dislocation ‘‘cluster’’ or

‘‘wall’’ emanating from a grain boundary. Thus, from

the local misorientation map and the BF STEM image,

it is clear that the subgrain boundaries tend to ema-

nate preferentially from prior a (ferrite) grain

boundaries. The thresholded EBSD map in Fig. 3h

shows the areas with GAM greater than 0.3�, and in

this case, these areas include both ferrite and bainite

regions, unlike in the as-received case, where only

bainite regions had the higher GAM values. How-

ever, even here, the ferrite grains having GAM[ 1�
have lower GAM values than bainite regions in the

same category. The STEM BF image in Fig. 3i shows

dislocation walls forming subgrains within the bai-

nite phase, which are about 500 nm (or smaller) in

size, consistent with the bainite regions in the EBSD

map in Fig. 3c and e. In summary, while the bainite

regions have a uniformly high distribution of small-

angle grain boundaries (SAGBs), the ferrite regions

have a higher density of SAGBs near prior a GBs,

with the interiors having more of randomly dis-

tributed dislocations. Whether a grain is considered

‘‘substructured’’ or ‘‘deformed’’ in the EBSD maps,

depends not as much on the population of such

SAGBs, but more so on whether the misorientation

angle across the individual SAGB is larger than an

arbitrary threshold (here fixed at 1�), even if there is a

single such boundary. This will have a strong effect

on the fractions of these regions, as evident in the

next paragraph.

The EBSD ‘‘recrystallized fraction’’ map in Fig. 4a

shows the distribution of the deformed, substruc-

tured and undeformed grains inside the total area

scanned in the RT tensile (2.3% strain) deformed

sample. Here, it is clear that the fractions of deformed

and substructured grains grains have increased

compared to the as-received sample, and that of the

undeformed have decreased. The EBSD maps show

that the bainite regions in Fig. 4b have a higher

fraction of deformed ‘‘grains’’ or domains (5%) com-

pared to undeformed grains (3%) and substructured

grains consist of a majority (92%). Similar analysis on

the ferrite grains in Fig. 4c shows that most of these

(*98%) are ‘‘substructured’’ and\ 0.5% are

deformed. Thus, it is confirmed from this analysis,

that both bainite and ferrite show an increase in

dislocation density compared to the as-received

structure, as expected. However, while the major

shift in ferrite is from ‘‘undeformed’’ to substructured

(AR- undeformed 62% and substructured 38%; ten-

sile—undeformed 1% and substructured 98%), there

is no significant shift in bainite except for a small

change from substructured to deformed (AR—

Subs = 95% and Def. = 1%; tensile—Subs. = 92% and

Def. = 5%). The higher concentration of local

misorientation in the bainite regions may be due to

their higher initial dislocation density and the smaller

‘‘grain’’ size than ferrite, which prevents dislocation

motion to form a well-distributed network. This

observation is also in accordance with the observa-

tions on bainitic and ferritic steels shown in [28].

On the other hand, the ferrite grains have large

areas which have relatively low dislocation content,

with dislocations organized in networks creating

small-angle grain boundaries. These networks sepa-

rate the ferrite grains into subgrains. However, it is

also clear that the overall dislocation density has

increased in both ferrite and bainite, as compared to

the as-received sample, as expected.

High-temperature tensile test at 550 �C
(HTT)

The hot-tensile sample was scanned using EBSD by a

similar procedure as the other samples, and the

results are presented in Fig. 5. The IPF map shows

the overall grain structure in Fig. 5a, while the BC

map shows the small-angle grain boundaries

(1�\ h\ 7.5�, yellow) and the large angle grain

boundaries ([ 7.5�, black) in Fig. 5b. It is clear that

the ferrite grains are almost devoid of subgrain

boundaries, and almost the entire population of

SAGB are present in the bainite regions. This fact is

emphasized by the local area misorientation map in

Fig. 5c, which shows most of the high intensity of

misorientation in the bainite regions. As further evi-

dence, when the map is thresholded into regions of

GAM[ 0.3�, as shown in Fig. 5d, only the bainite

areas become highlighted, similar to the as-received

case, and unlike the RT tensile sample.

The undeformed, substructured and deformed

fractions for the hot-tensile sample in the overall area,

the bainite and the ferrite regions are shown in

Fig. 6a, b and c, respectively. In this sample, almost

all of the bainite and ferrite regions are substruc-

tured, with a small area appearing undeformed in
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(a) 

(b) 

1

2
3

4
(c) 

(d) (e)  

Figure 3 a IPF map of RT tensile sample showing subtle

variations in colour (orientation) even in large ferrite grains, b RT

tensile test up to 2.3% strain—band contrast map with 1� grain

boundaries, c local misorientation map showing the highly

deformed structure in the bainite, and the ferrite grains showing

networks of small-angle grain boundaries and dislocation walls

(circled) in RT tensile sample, d local misorientation map showing

the network of small-angle grain boundaries and dislocation

substructure in ferrite, e IPF map with small-angle grain

boundaries ([ 0.5�) marked dark green showing very good

correspondence with the local misorientation map, f BF STEM

image showing almost interconnected dislocation wall network

(* 200–500 nm cell size), g EBSD local misorientation map and

BF stem image showing dislocation walls emanating from ferrite

grain boundaries in RT tensile sample, h map of RT tensile sample

with areas having grains with GAM[ 0.3�—which include both

ferrite and bainite grains and (i) dislocation walls inside bainite

showing subgrain formation (subgrain size\ 500 nm).
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(h) 

(i) 

(f) (g)  

Figure 3 continued.
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both phases. The ‘‘substructured’’ nature of the ferrite

may be somewhat misleading, as a 1� grain boundary

(GB) map shows that in many grains, there is a very

short segment of a small-angle grain boundary

(SAGB) in a corner of the grain, which causes it to be

described as a substructured grain. This means that

the dislocations have been driven out of the a grains

to a large extent, except for a small fraction which has

formed SAGBs within a small region of the grain.

Thus, most of the ferrite could actually be classified

as ‘‘undeformed’’, except for small regions near the

grain boundaries. This is in fact confirmed by the

GAM map in Fig. 5d, which shows that all the ferrite

grains have lower local misorientation than 0.3�, the

same value as in the as-received sample. The removal

of dislocations and expansion of subgrains similar to

the phenomena observed in P92 steel, albeit at

slightly higher temperatures (600–700 �C), which was

attributed to climb of edge dislocations over precip-

itates [29]. As the present alloy, P22, has lower con-

centrations of solute than P91, it is possible that

mechanisms involving dislocation motion, including

climb, may become active at lower temperatures in

this case, since it is well known that solute atoms

hinder dislocation movement [30, 31]. This can hap-

pen both because of the solute drag effect and low-

ering of the stacking fault energy which reduces the

tendency for cross-slip, thus making recovery more

difficult in alloys with higher solute concentrations.

Only the bainite shows some deformed fraction.

There is almost no spheroidization of the bainite due

to the hot-tensile test at 550 �C, as evident from the

EBSD images.

High-temperature stress relaxation test (SR)

The stress relaxation test was carried out at 550 �C,

and the sample was taken to a strain of 0.15% for 23

cycles, while the total strain was 2.5% after unload-

ing, as mentioned in the experimental section. The

EBSD IPF-Z map in Fig. 7a shows the general grain

structure of the scanned area, while the local area

misorientation map in Fig. 7b shows the accumula-

tion of plastic strain in the form of dislocation walls.

Figure 7b shows that most of the large ferrite grains

Undeformed 2.5 
Substructured 94.5 
Deformed 3.0 

Undeformed 3.3 
Substructured 91.8 
Deformed 4.9 

Undeformed 1.2 
Substructured 98.4 
Deformed 0.4 

Total 

Bainite 

Ferrite 

(b) 

(c) 

(a) 

Figure 4 Undeformed, substructured and deformed fraction—RT tensile sample—a total area, b bainite area and c ferrite area.

J Mater Sci (2023) 58:11286–11309 11297



have very low internal local misorientation, while the

bainite regions have curving lines with relatively

high local misorientation. This observation is con-

firmed by the 1� grain boundary map in Fig. 7c,

where inside the bainite regions, a high population of

small-angle grain boundaries is visible. The GAM

map with a 0.3� threshold again shows that the

regions with GAM[ 0.3� include only bainite areas,

consistent with the SAGB map in Fig. 7c.

The recrystallized fraction map in Fig. 8a shows

that in the area scanned, 56% area is ‘‘undeformed’’

and *43% area is ‘‘substructured’’. Further analysis

shows that in the bainite areas, *94% area is ‘‘sub-

structured’’ (Fig. 8b), while in the ferrite areas, *96%

is ‘‘undeformed’’ (Fig. 8c). There is negligible ‘‘de-

formed’’ area in the scanned region (\ 1%) and is

observed only in the bainite. This is in sharp contrast

to the RT tensile sample, where there was *49%

substructured and *49% deformed area overall,

with the ferrite being * 94% substructured and the

bainite *77% deformed. Thus, the stress relaxation

cycles at 550 �C effectively removed any sign of the

appreciable plastic strain that is applied through the

whole process. The BF TEM images in Fig. 8d and e

show two areas which show very little dislocation

activity in the ferrite and are thus consistent with the

EBSD images. The observations are consistent with

dynamic recovery occurring during the long expo-

sure to intermediate temperature under stress during

the HTSR cycles. This is consistent with the idea that

dynamic recovery is the primary mechanism for

dynamic restoration of properties for a-ferrite due to

its high stacking fault energy [32]. This is possible at

the relatively low strain of 2.5% because of the

intermediate deformation temperature of 550 �C,

since the strain required for recovery decreases with

increasing working temperature [32]. The black dot

and streak-like features in the TEM micrographs are

carbide precipitates.

In the HTSR tests, the initial stress varied from 183

to 191 MPa at the beginning of each cycle and the

final stress varied from 42 to 62 MPa at the end of

each cycle. Since the modulus is about 160 GPa, the

ratio r/E varied from *9.5 9 10–4 to 2.5 9 10–4.

Since the homologous temperature, T/Tm,

was *0.47–0.48, these stress ranges put the test in the

transition regime of dislocation creep and Coble

(grain boundary diffusion) creep, as determined from

Ashby maps. The TEM images in Fig. 1(d) and

Fig. 8d and e also show that the carbide precipitates

have changed little in size and shape from the as-

received condition and at the same time make it clear

that the dislocation density has decreased visibly

after the SR test.

Creep-fatigue test at 550 �C (CF)

As mentioned in the experimental section above, the

P22 steel samples were tested under creep-fatigue

conditions at 550 �C for 128 cycles to a strain-ampli-

tude of 1%. The IPF map in Fig. 9a shows the sample

Z direction orientations and grain boundaries ([ 7.5�)
overlayed on them. The EBSD map in Fig. 9b shows a

band contrast map with grain boundaries, as well as

SAGBs[ 1� misorientation as yellow lines. It is clear

that the ferrite grains have large areas separated by

low-angle grain boundaries, as indicated by the

arrows. The local misorientation map of the same

area in Fig. 9c shows that the bainite areas have high

local misorientation, especially between bainite sub-

grains. However, in the creep-fatigue test sample

examined here, it is also clear that the ferrite grains

have large areas of relatively low local misorientation

separated by well-arranged subgrain boundaries

(circled and marked with an arrow in Fig. 9c), cor-

responding to lines of relatively high local misorien-

tation. This is different from the RT tensile samples,

where the ferrite had small subgrain boundaries close

to each other, with subgrain sizes of the order of

200 nm. The subgrains in the ferrite regions in the

creep-fatigue sample are much larger (5–20 m). The

recrystallized fraction map in Fig. 10a shows

that *88% of the total area is seen as substructured,

while only 12% is undeformed and almost no area is

deformed. The GAM map showing areas with

GAM[ 0.3� in Fig. 9d also shows that the local

misorientation can be high even in ferrite regions, as

evident in some grains (blue) at the bottom of the

figure. These observations are consistent with reor-

ganization of dislocations into subgrain walls as

observed during creep [33], which is likely to be a

dominating factor in the determination of the final

microstructure as out of the *70.5 h at 550 �C, about

64-h duration was at constant strain at 1% strain.

Even the loading was performed at a quasi-static

strain rate of 1.1 9 10–4/s. Other researchers have

observed a decrease in dislocation density and for-

mation of subgrain boundaries in creep-fatigue tests

as well, for example in Alloy 617 [34], where the

authors reported very low dislocation densities
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inside the subgrain boundaries. A decrease in dislo-

cation density and coarsening of subgrain size was

also observed after creep-fatigue on a P91 steel [35].

A further analysis of the area shows that both the

ferrite and the bainite areas have a majority of the

grains deemed to be substructured, with a small

fraction undeformed. These observations again indi-

cate that the ferrite has undergone dynamic recovery

to the extent that there are very large cells with sizes

of the order of the grains.

The TEM images in Fig. 11a and b show a small-

angle grain boundary in the creep-fatigue sample in

detail. The dislocations constituting the grain

boundary are clearly visible in Fig. 11b. Further

analysis of TEM images from another small-angle

grain boundary in Fig. 11c and d showed that the

distance between the dislocations was *16 nm. The

relationship between the (edge) dislocation distance

and the angle of misorientation across the small-an-

gle grain boundary (tilt) is given by sin(h/2) = b/2dor

h & b/d (when b/d\ \ 1) [36]where h = grain

boundary misorientation angle, b is the Burgers vec-

tor magnitude and d = distance between adjacent

dislocations.

Knowing the Burgers vector for �\ 111[dislo-

cations in ferrite, which is * 2.47 Å, this yields a

misorientation of * 0.9�, when all dislocations are

considered to be of edge character. Using convergent

beam electron diffraction (CBED) patterns from the

left and right side of the grain boundary, as shown in

Fig. 11e and f, the misorientation across such a grain

boundary was estimated to be about 0.5–0.8�. (This

was estimated by measuring the angular displace-

ment of the particular zone axis shown by the blue

and red arrows, respectively, in Fig. 11e and f,

respectively). This is reasonably close to that esti-

mated from the dislocation distance analysis. This

value of misorientation across the subgrain

bFigure 5 Hot-tensile sample tested at 550 �C. a EBSD IPF

(Z) map, b band contrast map with grain boundaries (yellow GB:

misorientation[ 1� and black GB: misorientation[ 7.5�), c hot-

tensile sample tested at 550 �C—local misorientation map and

d areas with GAM[ 0.3�—these include mostly bainite regions.

Undeformed 7.7
Substructured 91.6
Deformed 0.7

Total

Bainite 

Ferrite

(b) 

(c) 

(a) 

Undeformed 10.5
Substructured 87.8
Deformed 1.7

Undeformed 5.9
Substructured 94.0
Deformed 0.1

Figure 6 Hot-tensile sample tested at 550 �C—recrystallized fraction for a total, b bainite and c ferrite.
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Figure 7 High-temperature stress relaxation test sample—550 �C,
2.5% permanent strain, 23 cycles, a IPF-Z map showing general

grain structure, b local misorientation map showing almost no

stored deformation in the ferrite grains, c grain boundary map

showing GB for misorientation[ 1� and d areas with

GAM[ 0.3� include only bainite regions.
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Total

Bainite 

Ferrite

(a) 

(b) 

(c) 

Undef = 56%
Subs = 44%
Deform =  ~0% 

Undef = 5%
Subs = 95%
Deform =  ~0% 

Undef = 96%
Subs = 4%
Deform =  ~0%

(d) (e)

Figure 8 Recrystallized fraction map of the HT stress-relaxed

sample—a total, b bainite and c ferrite, d and e BF TEM images

of the 550 �C stress-relaxed sample showing little dislocation

activity in the ferrite grains and very little change in the size and

distribution of the carbide precipitates (dark spot-like and streak-

like features).
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(d) 
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boundaries is also close to that obtained from EBSD

analysis of the subgrain boundaries for this sample.

Comparison of deformation microstructures

The data on the undeformed, substructured and

deformed fractions for all the samples are summa-

rized in Tables 3a (total area), 3(b) ferrite phase area

and 3(c) bainite phase area, rounded to the nearest

0.5%. The same data are also presented in the form of

bar charts in Fig. 12a, b and c.

It is clear from the tables and the plots that in all

the samples, the bainite phase has more deformed

fraction than the ferrite phase.

From these observations, it is clearly seen that the

RT tensile sample has the greatest fraction of

deformed crystals, and this fraction decreases to

negligible amounts (\ 1%) in the hot-tensile, stress

relaxation and creep-fatigue samples. The RT tensile

sample has the highest fraction of substructured

grains in the ferrite phase (98%) followed by creep-

fatigue and the hot-tensile sample (90–96%). The

stress relaxation sample shows the highest fraction of

undeformed (‘‘recrystallized’’ according to the HKL�
software) grains—56%—among the deformed sam-

ples, greater even than the as-received sample (38%),

while the RT tensile sample has the least (*2.5%).

The ferrite in the SR sample has the highest amount

of undeformed fraction—96%. Thus, it appears that

the process of stress relaxation under these condi-

tions (550 �C, 168 h holding at 0.15% strain, 23 cycles)

bFigure 9 Creep-fatigue (550 �C) sample EBSD maps (a) IPF

map showing grain orientations with GB[ 5� and subgrain

boundaries[ 0.5�, b band contrast map with subgrain

boundaries[ 1� and grain boundaries[ 7.5�, and 9(c) local

misorientation map showing ferrite grains with large clean areas

separated by lines of relatively high local misorientation, the

bainite areas interspersed between the ferrite grains, and with

much higher density of local misorientation lines. The interior of

ferrite grains shows randomly dispersed points of slightly high

local misorientation, but not forming any clear boundary, d Areas

with GAM[ 0.3� include mostly bainite areas, but also some

ferrite grains.

Recrystallized 12.0
Substructured 87.8
Deformed 0.2

Recrystallized 24.0
Substructured 75.5
Deformed 0.5

Recrystallized 7.6
Substructured 92.3
Deformed 0.1

Total

Bainite 

Ferrite

(a) 

(b) 

(c) 

Figure 10 Creep-fatigue sample (550 �C)—recrystallized fraction—a total area, b bainite and c ferrite.
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results in a state similar to a recovered structure in

terms of a decrease in stored deformation or dislo-

cation content. Thus, the dislocation density of the

sample decreased during stress relaxation—this is

consistent with other studies, which showed a

decrease in dislocation density after stress relaxation

in a Ni-based superalloy [37] and Cu alloys (C7025

and C7035) [38]. This result seems reasonable as the

time at high temperature allows for the dislocations

to be initially aligned in arrays to form subgrain

boundaries, followed by subgrain growth until the

interior of the prior grains becomes strain free. This

process is thus similar to dynamic recovery, since

there does not seem to be any significant migration of

prior ferrite grain boundaries, as that would have

caused an change in the ferrite grain size, which is

not observed here. It is also consistent with the fact

that the SR tests were conducted at 550 �C (823 K),

which is above 0.4Tm (Tm *1700 K), generally con-

sidered the threshold temperature for dynamic

recovery [39]. This observation may explain the rea-

son for decrease in creep life after SR tests, since the

significant decrease in dislocation density due to

these tests would reduce the yield strength (YS) of the

material, which would, in turn, increase the creep

rate and decrease the creep life. However, these

changes would be visible only by EBSD or TEM,

while being unobservable via optical microscopy,

which may be the reason for these changes not being

observed in the previous studies.

150 nm

Disloca�ons 
organized 
into walls

(a) (b) 

CBED from LHS CBED from RHS

LHS 

RHS 

(c) (d) 

(e) (f) 

Figure 11 a Small-angle

grain boundary in a clear

ferrite grain and b detail of the

same grain boundary showing

individual dislocations, c and

d subgrain boundary showing

dislocations in an array with

distance between

dislocations *16 nm;

e CBED pattern from the left

hand side and f CBED pattern

from the right hand side of the

grain boundary showing the

rotation of the grain

orientation by an angle

corresponding to the blue

arrow at the bottom right

(0.5–0.8�).
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On the other hand, the creep-fatigue sample still

shows subgrain boundaries, albeit at large distances

in the ferrite grains. Thus, the size of the subgrains in

the creep-fatigue sample is large (10–40 m), but not

large enough to encompass the entire ferrite grain.

There is also more randomly distributed internal

misorientation in the creep-fatigue sample compared

to that in the stress-relaxed sample. The higher stored

deformation in this case may be because of the

shorter time that the creep-fatigue sample has expe-

rienced at high temperature (30 min after each

extension step, instead of 168 h after each step in the

stress relaxation case). In future work, more tensile

and nanoindentation tests will be performed on

stress-relaxed and creep-tested samples in order to

determine the localized effect of the microstructural

changes in the former, which leads to a degradation

of the creep life in these samples.

Conclusions

Samples from Grade 22 (Fe–2.25%Cr–1%Mo) steel

were subjected to a room temperature tensile test, a

high-temperature tensile test at 550 �C, a stress

relaxation test at 550 �C (23 cycles) and creep-fatigue

test with a tension hold at 550 �C (128 cycles). The

microstructure of the deformed samples, and that of

the as-received sample, was examined using SEM,

EBSD and TEM. Some of the salient observations that

could be made from these samples are as follows:

1. The bainite phase constituent has much greater

stored dislocation content in the form of SAGBs

even in the as-received condition than the ferrite

phase. This is found to be true also for all the

other samples. This results in a higher local area

misorientation in the bainite regions.

2. The RT tensile sample exhibited the greatest

amount of deformation in the bainite regions,

though the ferrite grains also experienced con-

siderable plastic strain, as evident from the EBSD

and TEM images. These dislocations in the ferrite

have a tendency to form walls resulting in small

subgrains (*100–200 nm). Some subgrain walls

seem to originate from prior ferrite grain

boundaries.

3. The HT tensile sample showed the clearing up of

dislocations in both phases, but with consider-

ably more cleaning up in the ferrite. Both phases

showed[ 87% ‘‘substructured’’ fraction.

4. The stress relaxation sample had the highest

fraction of undeformed grains in the ferrite

phase, where most of the grain area (*96%) is

undeformed. Thus, in this material, the long

periods of time at 550 �C under strain produced

almost complete recovery and allowed subgrain

growth.

5. The creep-fatigue sample has the largest fraction

of substructured area, in the ferrite phase con-

stituent, while having an appreciably large frac-

tion of substructured area in the bainite phase as

well. In this sample, the alternate straining and

holding at high temperatures causes a relatively

Table 3 Recrystallized (undeformed), substructured and deformed fractions for all samples (a) total scanned area, (b) ferrite regions and

(c) bainite regions

As-received RT tensile Hot tensile Stress relaxation Creep-fatigue

Fraction of deformation state type in total scanned area (%)

Undeformed 37.5 2.5 7.5 32.5 12

Substructured 62.0 94.5 91.5 66.5 88

Deformed 0.5 3.0 1 1 0

Fraction of deformation state type in ferrite (%)

Undeformed 61.5 1 6 59 7.5

Substructured 38.5 98.5 94 41 92.5

Deformed 0 0.5 0 0 0

Fraction of deformation state type in bainite (%)

Undeformed 4 3.0 10.5 5 24

Substructured 94.5 92 88 93 75.5

Deformed 1.5 5 1.5 2 0.5
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Figure 12 a Fraction of

recrystallized, substructured or

deformed grains in total area

(1d in the labels denotes that

the subgrain boundary

threshold was 1�), b fraction

of recrystallized, substructured

or deformed grains in ferrite

(1d in the labels denotes that

the subgrain boundary

threshold was 1�) and
c fraction of recrystallized,

substructured or deformed

grains in bainite (1d in the

labels denotes that the

subgrain boundary threshold

was 1�).
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high density of dislocations, which are organized

into a subgrain structure with large subgrains.

Here also, there seems to be some phenomenon

akin to dynamic recovery in effect.

6. The large fraction of undeformed grains in the

stress-relaxed samples might indicate the reason

for decrease in creep life after SR tests, since it

suggests that the yield strength would decrease

leading to accelerated rupture in creep tests.

Data and code availability

The raw/processed data required to reproduce these

findings cannot be shared at this time as the data also

form part of an ongoing study.

There are no codes written specifically for this

work. Any codes used in the processing of EBSD

maps are part of the MTex software used here [25].
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