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ARTICLE INFO ABSTRACT

Keywords: A particle-containing Fe-9Cr steel was processed by six passes of equal-channel angular pressing (ECAP) using
ECAP route Be to produce an ultrafine-grained (UFG) microstructure with a heterogeneous distribution of high-angle

MiC'rUStrUCtUTe boundaries (HABs) and low-angle boundaries (LABs). Annealing was carried out on the ECAP-processed Fe-9Cr
Grain growth from 500 to 700°C, for up to 48h. It was found that the UFG microstructure was stable up to 550 °C.
Zf :;lu res Discontinuous grain growth was first observed in the sample annealed at 600 °C, accompanied by an increase in

LAB fraction. The discontinuous grain growth became evident during high temperature annealing (650-700 °C),
leading to a reduction in LAB fraction and a significant increase in grain size. Grain growth was the main reason
for the decline in hardness. It is proposed that in the current heterogeneous microstructure, grain growth initially
occurs in regions of dominantly HABs, and subsequently takes place in regions that mainly consist of LABs,
thereby forming a bimodal microstructure. Textures of the annealed structure were shown to be similar to those
of the ECAP processed structure. No differences in textures were found between abnormal grains and the matrix

Thermal stability

in the annealed structure in current case.

1. Introduction

Severe plastic deformation (SPD) is a well-known top-down proce-
dure to achieve extreme grain refinement while still maintaining the
dimensions of the bulk materials [1-4]. Many properties greatly benefit
from grain refinement, including strength, fatigue resistance, tough-
ness, and irradiation resistance. For example, the strength of ultrafine-
grained (UFG, 100 nm < grain size < 1pum) and nanocrystalline (NC,
grain size < 100 nm) metals is typically at least several times that of
their coarse-grained (CG, grain size > 1 pum) counterparts. UFG and NC
materials generally contain high amounts of stored energy in disloca-
tions and grain boundaries, providing a driving force for grain growth
[5-8]. In addition, grain boundaries formed during SPD are believed to
be in a non-equilibrium state, which can have higher mobility [9,10].
Therefore, UFG or NC materials are expected to show faster restoration
than their CG counterparts. Generally, UFG or NC metals produced by
SPD typically have limited ductility compared to their CG counterparts,
owing to the high dislocation density and very small grain size [2].
Consequently, annealing is often performed after SPD to restore some

ductility. The study of microstructure evolution during the annealing of
UFG and NC materials is of considerable interest, since it provides in-
formation about the thermal stability of microstructures and offers
guidelines for thermomechanical processing to achieve a balance be-
tween high strength and acceptable ductility in such materials.

The literature has shown that the microstructural evolution of a
UFG structure during annealing can be affected by factors such as grain
boundary characteristics, precipitates, and textures. It has been re-
ported that the microstructure with a high fraction of LABs showed
exceptional thermal stability, since LABs have much lower mobility
than HABs [11,12]. Boundary characteristics also decide whether grain
growth occurs in a continuous or discontinuous manner. Humphreys
showed that continuous grain growth prevails when the HAB fraction
exceeds 0.7 [13,14]. However, a UFG structure starting with a HAB
fraction over 0.7 can also have discontinuous grain growth if it has
strong textures [15,16]. This is because new LABs can form when two
grains of similar orientation encounter each other during growth
(termed “orientation impingement”), leading to a decrease in the HAB
fraction. Furthermore, second-phase particles in UFG materials can play
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a significant role during annealing. Smaller particle size and higher
particle volume fraction lead to larger Zener pinning, hence slower
grain growth rate and smaller critical grain size at which grain growth
stops [17]. In addition, grains are predicted to grow in a more dis-
continuous manner, i.e. resulting in broader grain size distribution, as
Zener pinning increases [18]. With appropriate annealing of UFG ma-
terials, bimodal grain-sized microstructure can be obtained most likely
through discontinuous grain growth. Materials consisting of bimodal
grain-sized structure are reported to exhibit a good combination of high
strength and high ductility [19,20]. However, there lacks the in-
formation on how this kind of structures were developed during an-
nealing.

Fe-9Cr steel is the leading fuel cladding and structural material for
advanced fast reactors and, potentially, for light water reactor core
internals [21]. Equal-channel angular pressing (ECAP), an innovative
and low-cost SPD technique, was applied to Fe-9Cr to produce an UFG
heterogeneous microstructure [22,23]. As previous studies of annealing
behaviors mainly focus on homogenous microstructures with random
distribution of HABs and LABs [14,16,24], ECAP processed Fe-9Cr
provides an opportunity to study annealing behaviors in the hetero-
geneous microstructure during annealing. In this work, thermal stabi-
lity study was carried out on an ECAP processed Fe-9Cr steel to reveal
how the heterogeneities affected the microstructure evolution and to
understand how a bimodal grain-sized structure was developed in this
steel during restoration process. Electron backscatter diffraction (EBSD)
and transmission electron microscopy (TEM) were performed to de-
termine the evolution of its microstructure and texture during an-
nealing. X-ray diffraction (XRD) was conducted to estimate the dis-
location density of selected samples.

2. Experimental

A hot rolled Grade 91 (G91) steel was used with the
following  composition: Fe-8.38Cr-0.9Mo0-0.2V-0.06Nb-0.17Ni-
0.43Mn-0.1C-0.03N (in wt.%). The “as-received” rods were normalized
at 1050 °C for 1 h and quenched in oil, followed by tempering at 800 °C
for 1 h, and then air cooling. The rods (25 mm in diameter and 100 mm
in length) were processed by ECAP at 300C for six passes, with a 90-
degree rotation between passes (route Bc) [25]. The ECAP die had an
outer corner angle of ¢ = 0 ° and an intersection angle of ¢ = 120°.
The amount of total equivalent strain imposed to the samples was
calculated to be ~3.6. Subsequent annealing was carried out on the
ECAP processed samples at 500 °C-700 °C, up to 48 h, in a tube furnace.
Samples were cooled in the furnace.

Hardness changes after annealing were measured using Vickers's
microhardness with eight measurements for each condition. The load
force and holding time were 4.9N and 15s, respectively.
Microstructural analyses, after ECAP and subsequent annealing, were
performed using TEM and EBSD. TEM samples were prepared by me-
chanical grinding, followed by dimpling and ion milling. TEM was
carried out using a FEI TEM operating with a 200 KeV electron beam.
EBSD samples were prepared by mechanical polishing, using 0.02 pm
colloidal silica for the final polishing stage. EBSD scans were carried out
using an Oxford EBSD system interfaced to a Helios Nanolab scanning
electron microscope (SEM). The principal directions of the ECAP are
denoted as the extrusion direction (ED), transverse direction (TD) and
normal direction (ND). The crystallographic information of a micro-
structure was determined by using HKL Channel 5. The crystallographic
boundaries were classified based on their misorientations, i.e., > 15°
misorientations for high-angle boundaries (HABs, denoted in black in
EBSD orientation maps), and 2-15° misorientations for low-angle
boundaries (LABs, denoted in red in EBSD orientation maps).
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Fig. 1. Vickers's hardness changes in the ECAP-processed Fe-9Cr alloy after
annealing at various temperatures for up to 48h. Base line indicates the
hardness before ECAP.

3. Results
3.1. Microhardness

Vickers's microhardness, as a function of annealing time at various
annealing temperatures, is displayed in Fig. 1. Microhardness before
ECAP processing was 190 Hv, and increased to 313Hyv after six passes of
ECAP. Annealing at lower temperatures (500 °C-550 °C) only led to a
slight decrease in hardness during the first few hours. As annealing
continued, hardness remained relatively stable. At higher annealing
temperatures (650°C-700 °C), hardness decreased dramatically during
the first few hours, and kept decreasing as annealing time was ex-
tended. Hardness lower than that of the CG sample was observed for
samples annealed at 700 °C for over 6 h.

3.2. Initial microstructure

For the CG Fe-9Cr steel, after normalization and tempering, a fer-
ritic microstructure is observed, which consists of microscale laths and
block grains with a high density of dislocations, Fig. 2a-b. The CG Fe-
9Cr steel sample contains two main types of secondary precipitates at
grain boundaries and in the grains, i.e., M53Cg and MX, where M and X
denote metallic elements and carbon and/or nitrogen, respectively.
M,3Cg precipitates are enriched in Cr and Mo, and MX precipitates are
enriched in Nb and V.

3.3. Deformation microstructure

The EBSD orientation map (Fig. 3a) of the cross-section of the ECAP-
processed sample shows a microstructure consisting of lath-shaped as
well as near-equiaxed grains in sub-micron size, which agrees with the
microstructure reported for other ECAP-processed metals using the Bc
route [26].The average grain size is 310 nm. It is worth noting that
clusters of subgrains with LABs, marked A, co-exist with regions of
grains with HABs, marked B. The corresponding (110) pole figures (PF)
in Fig. 3b-c shows the orientation distribution of region A and B, re-
spectively. A large spread in orientation is observed in region B, while
the orientations are clustered in region A. The misorientation dis-
tribution profile, Fig. 3d, exhibits bimodal boundary distribution with a
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peak at low angles (below 15°) and another one at high angles (close to
55°). The fraction of LAB is 0.41. EBSD scans taken from the long-
itudinal section show identical microstructure, which is anticipated
when samples are processed using route Bc during ECAP. Accordingly,
results from the longitudinal session are not given here. The TEM image
of the ECAP-processed Fe-9Cr, Fig. 3e, shows a UFG microstructure
with M»3Cg¢ and MX precipitates. After ECAP, the distribution of the
precipitates seems to be random. In order to estimate statistics for the
secondary precipitates, EDS scans of a large area of the TEM sample
were made (Fig. S1). Precipitates rich in Cr and Mo are considered
M13Ce, and those rich in V and/or Nb are considered MX. Analyses
show the average radius of M»3Cg and MX precipitates as 56 and 20 nm,
respectively, and the fraction of M,3C¢ and MX as 2.2% and 0.3%, re-
spectively.

3.4. Annealing microstructure

Fig. 4 a-d show the microstructure of the ECAP-processed Fe-9Cr
that was annealed for 48 h at various temperatures. The corresponding
average grain sizes, determined by linear interception (critical mis-
orientation angle is 2°), are given in Fig. 4e. When annealed at 500 and
550 °C, the average grain size slightly increased. Nevertheless, the mi-
crostructure still resembles that of the as-ECAP sample (Fig. 4a). For the
600 °C annealed sample, grains noticeably larger than the neighboring
grains are occasionally found. In addition, those grains show homo-
genous orientation inside them, as revealed by the accumulative mis-
orientation profile, indicating that restoration was completed in those
grains. The presence of those grains provides evidence for the onset of
discontinuous grain growth. Regarding the sample annealed at 650 °C
(Fig. 4¢), abnormally large grains (4-20 um in diameter) occupies 35%
of the area, while the rest of the grains have an average size of 0.77 um,
which constitute a heterogeneous microstructure. At 700 °C (Fig. 4d),
discontinuous grain growth became even more evident, and the average
grain size significantly increased to 1.2 um, as compared to 310 nm in
as-ECAP condition. The area fraction of large grains increased to 37%.
It is interesting to note that the grain boundaries of abnormal grains are
predominantly HABs, while the rest of the regions contain a high
fraction of LABs. A comparison of grain-size distribution between the
as-ECAP and 700°C-annealed samples (Fig. 5) indicates that dis-
continuous grain growth led to: 1) significant broadening in grain size
distribution; and 2) bimodal grain size distribution. This would be
promising for achieving a good balance between ductility and strength
for UFG metals and alloys [20]. Briefly, in bimodal grain sized mate-
rials, in addition to the strengthening from small grains (hard domain)
due to Hall-Petch relationship, the large grains (soft domain) can con-
tribute extra strength during deformation due to the pile-up of geo-
metrically necessary dislocations (GNDs) at their boundaries, leading to
a high global strength. Meanwhile, to accommodate the deformation,
the strain gradients between the large (soft) and small (hard) grains are

Materials Characterization 159 (2020) 110004

Fig. 2. (a) EBSD orientation map of a
normalized and tempered Fe-9Cr alloy
showing grains of a few micrometers; (b)
TEM image coupled with EDS maps and
selected-area diffraction pattern dis-
playing two types of precipitates that
exist in the Fe-9Cr alloy: M,3Ce enriched
in Cr and Mo (face-centered cubic
structure (fcc) with a lattice parameter a
of 1.08 nm) and MX enriched in Nb and
V (fce, a = 0.42nm).

generated, and the resultant back-stress work hardening can help to
prevent necking and improve ductility [19].

EDS mappings of the TEM sample, subjected to annealing for 48 h at
700 °C, Fig. S2, show the average size of M,3Ce and MX precipitates to
be 85 and 21 nm, respectively. Compared to the precipitate sizes
measured in the as-ECAP sample, it is concluded that M,3C¢ coarsened,
while MX precipitates were relatively stable during annealing.

Fig. 6 shows EBSD orientation maps of the samples annealed for
various hours at 650 °C to illustrate microstructure evolution during
discontinuous grain growth. After 3h of annealing, grains ~3-5 times
larger than surrounding grains appeared, similar to what were observed
in the sample annealed for 48h at 600 °C. As annealing proceeded,
large grains grew by invading the surrounding small (sub) grains. After
12h of annealing, abnormally large grains developed and were often
connected to other abnormal grains. The average grain size as a func-
tion of annealing time, Fig. 6d, shows a rapid increase in grain size
during the first 12h, but a much slower increase thereafter.

It is also observed that the LAB fraction increased during lower
temperature annealing. The LAB fraction was 0.41 in the as-ECAP
condition (Fig. 3a), and the value increased to 0.48 (Fig. 7a), after
annealing at 600 °C for 48 h. A decrease in the fraction of LAB was seen
when the annealing temperature was above 650 °C. After annealing for
48h at 700 °C, the LAB fraction dropped to 0.3 (Fig. 7b). During iso-
thermal annealing at 650 °C, the LAB fraction increased during the first
few hours, but decreased thereafter, as indicated in Fig. 7c—e.

3.5. Texture

Texture development during ECAP is complex due to high-strain
deformation and strain path changes. The textures in ECAP-processed
metals are often correlated to the simple shear textures because simple
shearing is considered as the deformation mode in ECAP. The ideal
ECAP textures are derived from those for simple shear by a counter-
clockwise rotation around TD by angle ®/2, where ® is the angle be-
tween the two channels [27,28]. Fig. 8 shows the (110) pole figure (PF)
map of the as-ECAP Fe-9Cr and Fe-9Cr annealed at 700 °C for 48 h. Note
that it was very difficult to determine the exact TD and ND of the ECAP
rod since the cylindrical geometry caused inaccuracies relative to the
TD and ND during processing and sample preparation. Therefore, tex-
ture information displayed on PF is approximate. Nevertheless, it is still
clear that orientation distributions were unsymmetrical and spread, and
that ideal shear textures, i.e. partial {110} and < 111 > fiber [27],
were not fully developed after six passes of ECAP with a total strain of
3.6. Although a high strain was imposed, the material displayed rela-
tively diffuse textures, which could be attributed to the strain path
changes involved in the processing [29]. However, the formation of
partial {110} and < 111 > fiber can still be verified in the PF. The
results in Fig. 8a agrees with the textures reported for interstitial-free
steel ECAP-processed to similar strains using the Bc route [26].
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Fig. 3. (a) EBSD mapping (cross section) of ECAP processed Fe-9Cr showing a heterogeneous distribution of HABs and LABs; region A consists dominantly of LABs
with clustered orientations (b), while region B consists dominantly of HABs with a large spread of orientations (c); (d) bimodal distribution of the misorientation in
ECAP processed Fe-9Cr; (e) TEM image showing UFG structure and two types of precipitates M»3Ce and MX.

It is also interesting to note that the 700 °C 48h annealed sample
(Fig. 8b) shows a similar texture skeleton as that in Fig. 8a. This sug-
gests that there was no obvious change in textures after annealing,
despite significant changes in the microstructure. To ascertain whether
there was any preferred growth of grains with particular textures, the
PF of those abnormally large grains with an area larger than 20 um?*
were plotted and compared to that of the rest of the grains. 20 um? was
chosen as the threshold for grain area, as this value was between the
two peaks in the bimodal size distribution. It is observed that textures of
the large grains are similar to those of the smaller grains, suggesting no
growth advantage for any particularly orientated grains. The observa-
tion here is unique, when compared to previous annealing texture
studies of severely deformed metals. It is common to observe preferred
growth of grain in certain texture components in severely deformed
metals during annealing, leading to the strengthening of these textures

in the restored structure. For interstitial-free Fe subjected to accumu-
lative rolling, grains in {h11} < 1/h 1 2 > showed growth advantage
during restoration process and {h11} < 1/h 1 2 > texture component
was accordingly strengthened [30]. For the high-pressure torsion (HPT)
processed Fe-9Cr steel, grains in {110} < 112 > grew faster than grains
in other orientations and resultantly {110} < 112 > became the
dominant texture after restoration [31]. However, in current work, no
preferred growth of grains with particular texture is detected.

4. Discussion
4.1. Microhardness

Vickers's microhardness data are multiplied by an empirical number
of 3.3 to convert to strength. Accordingly, the strength in ECAP-
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veloped after annealing at 700 °C for 48 h.

processed condition and in 700 °C 48h annealed condition is 1033 and
617 MPa, respectively, showing a decrease of 416 MPa. A discussion is
provided below to help understand the changes in strength contribution
from each major strengthening mechanism operative in Fe-9Cr steel,
including precipitation strengthening (o), dislocation strengthening
(0y), and grain boundary strengthening (og).

As described above, M»3C¢ precipitates coarsened, while MX pre-
cipitates remained stable during annealing. Therefore, the decrease in
precipitation strengthening came from the coarsening of M3Cg calcu-

lated as [32]:
In(22
Agy = 0.4Gb ( b ) _

nx/l—v\/%—l 2% o)

where M = 2.7 is the Taylor factor, G = 75MPa, b = 0.25nm, and
v = 0.28 are the shear modulus at room temperature, magnitude of the
Burgers vector, and Poisson's ratio of the matrix, respectively. F
= 2.2% is the fraction of M,3Cs. % = 56 nm and 7 = 85nm are the
average radius of the cross-section of M»3Cg (assuming spherical) before
and after annealing. After inserting the values, Ag, = 19 MPa is calcu-
lated.

Dislocation strengthening o; for bcc metals is proportional to the
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Fig. 6. EBSD orientation maps of the ECAP processed Fe-9Cr after annealing at 650 °C for (a) 3h; (b) 12h; and (c) 24 h. The average grain size evolution after
isothermal annealing at 650 °C is given in (d). Note the scale bars are different in each map.

square root of dislocation density, and the decrease in dislocation
strengthening during annealing due to a reduction in dislocation den-

sity is
Agy = 0.5MGb(Jp, — /P) @

where p, =2.1 x 10" m™2?and p = 0.7 x 10'*m ™2 are the disloca-

tion densities before and after annealing. The dislocation density, p, is
estimated by the equation p= zd—ﬁbs , where the crystalline size d. and
C

the micro-strain ¢ are determined by analyzing the XRD peak broad-
ening with Materials Analysis Using Diffraction (MAUD) rietveld

software (XRD patterns are shown in Fig. S3). The calculated value of
Agy is 153 MPa.

The Hall-Petch relationship is employed to estimate the strength
loss from the growth of grain size:

1 1
Aoy, = k - —
(J?o ﬁ] @

where k is the Hall-Petch coefficient, and d, and d are the average grain
diameters before and after annealing, respectively. It is pertinent to
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ECAP processed

700°C 48Hrs

Fig. 8. (110) Pole figure for (a) as ECAP; and annealed at 700 °C for 48h: (b) all
grains; (c) grains larger than 20 umz; and (d) grains smaller than 20 pmz.

note that the reported k value for bcc steels varies in the literature.
First, different techniques, including optical microscopy, TEM, EBSD
and XRD, were used to measure the average grain size, which led to
discrepancies in measurements of d and the determination of k value.
Second, k value may be different in different grain size ranges.
Generally, k value is smaller for nano- grained steels than for CG
counterparts. In a closely related review [33], results from various
studies on strength of different metals, including Fe, were plotted and
fitted using the Hall-Petch relationship; for Fe, k is 310 MPa um'/2, If
this k value is taken, a decrease of 275 MPa from grain growth is ex-
pected in the ECAP-processed Fe-9Cr after annealing for 48 h at 700 °C.

The calculated overall strength loss, due to precipitate coarsening,
dislocation annihilation and grain growth, is 447 MPa, which is com-
parable to the experimental value (416 MPa). It is concluded that grain
growth is the main reason for the strength decrease in ECAP-processed
Fe-9Cr during annealing.

4.2. Continuous vs. discontinuous grain growth

The analytical mean field theory of annealing by Humphrey [13,34]
has been widely used for understanding the annealing behavior (con-
tinuous or discontinuous grain growth) of single-phase and particle-
containing metals. The theory predicts the minimum size ratio (lower
bound of X, X,;,) required for the grain in radius R to grow in an as-
sembly of (sub)grains in radius R, as well as the maximum size ratio
(higher bound of X, X,,,) that can be achieved:

2 1/2
My M My My
zﬁ(;z - 1) + 2[(ﬁ - ﬁij) + 4z - 1)5;]

R
X Ei—
R 47 — 1 ()]
where
4
MZMI:l _e—S( eo) :|
15 (4.1)
] 0
7 = 1-1
r 715"( t 15°) (4.2)
3FR
Z==
d 4.3)
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Fig. 9. Theoretical predictions of the size ratio a grain can achieve as a function
of the mean boundary misorientation of the assembly grains. Here the influence
of secondary precipitates is considered with Zener pinning = 0.13.

M and y are the mobility and energy of HABs, respectively, and M and
y are the mean values for the (sub)grains assembly. Energy and mo-
bility of LABs are functions of boundary misorientation 6 while those of
HABs are considered independent of 6. Z is the Zener pinning as a
function of particle fraction F and particle size. Based on this model, a
larger X, value means grains would grow in a more discontinuous
manner. It is reasonable to define that discontinuous grain growth oc-
curs when X, is larger than 4 [14]. The model is applied here to
provide a guideline for understanding the annealing behavior of ECAP-
processed Fe-9Cr, which is characterized by a heterogeneous UFG mi-
crostructure generated by ECAP. Zener pinning, associated with the
effect of M3Ce and MX precipitates on annealing behavior, is taken into
consideration in this analysis.

In the current case, the total Zener pinning from M»3Ce (F = 2.1%,
d =116nm) , Zyy,c,, and MX (F = 0.3%, d = 40nm), Zyx, is esti-
mated to be Zyy,c, + Zux = 0.13 with R =155nm. The X, as a
function of the mean boundary misorientation of the assembly (8), is
plotted with Z = 0.13 (Fig. 9). This plot shows that X, is large at low
6 and decreases as 6 increases, suggesting discontinuous grain growth
is favored at lower 8. In addition, as annealing leads to a considerable
increase in R, Zener pinning increases accordingly (4.3), which makes
discontinuous grain growth more favorable.

It is noteworthy that the mean field model assumes the random
spatial distribution of HABs and LABs, and that discontinuous grain
growth occurs in a random manner. However, attention should be given
to a microstructure that consists of two distinct types of regions with a
heterogeneous distribution of HABs and LABs. Therefore, the annealing
behavior would be different between those two regions. Since the HABs
in B-type regions (Fig. 3), where HABs are dominant, possess higher
driving force (higher stored energy) and higher mobility (equation
(4.1)-(2)), grain growth in these regions is much faster than that in A-
type regions. Based on the aforementioned model, grains in a B-type
region, where 8 ~13.5°, would remain in a narrow size range during
their growth, Fig. 9. After large grains eventually form from B-type
regions, they will expand into A-type regions (with mainly LABs). EBSD
results show & ~8° in A-type regions and, therefore, those large grains
are expected to enjoy un-restrained discontinuous growth until they are
pinned by other abnormally large grains.

4.3. Microstructure and grain boundary evolution

From results presented in Section 3.4 (Fig. 7), in isochronous an-
nealing, LAB fraction increased at lower temperatures (e.g., 600 °C), but
decreased at higher temperatures (e.g., 650-700 °C). In higher-tem-
perature (e.g., 650 °C) isothermal annealing, LAB fraction increased
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during the first few hours, followed by a gradual decrease as the an-
nealing time was extended. These findings, combined with the micro-
structure observations, Figs. 4&6, suggest that the LAB fraction in-
creases until discontinuous grain growth becomes evident. Therefore,
the evolution of the grain boundary character was related to the mi-
crostructural changes during annealing.

It is interesting to note that the initial increase in the LAB fraction
during annealing contradicts the anticipation that grain growth normally
leads to its decrease. However, annealing induced an increase in the LAB
fraction in some metals. Zahid et al. [16] reported the microstructure and
texture of an Al with ultra-fine lamellar grains, a high fraction of HABs, and
strong conventional deformation textures. In their study, upon annealing,
because of the limited number of texture components, the growing grain
had a high probability of encountering grains of a similar orientation,
forming LABs. The fraction of LABs continued to increase throughout the
whole annealing process, from coarsening and spheroidization of the la-
mellar grains to the growth of equiaxed grains. In the work of isothermal
annealing of a high-strain cold-rolled Al by Mishin et al. [24], the LAB
fraction increased during the early coarsening of the lamellar grains.
However, a significant decrease of LAB fraction was accompanied by the
growth of abnormal grains, mainly in P or Cube textures, which were ex-
tremely weak in a deformed condition. Because P and Cube grains shared
HABs with surrounding structures in deformation textures (e.g., S, Cu, and
Bs), their growth resulted in an increase in the HAB fraction. In light of the
discussion, it is proposed that two conditions are required for the con-
tinuous increment in the LAB fraction during the grain growth process
based on the aforementioned mechanism: (1) a limited number of strong
deformation texture components; and (2) no development of so-called re-
crystallization texture components, such as Cube in fcc metals.

However, the aforementioned mechanism is not applicable to the
increase in the LAB fraction in the current ECAP-processed Fe-9Cr
during annealing. First, deformation textures are relatively weak in the
ECAP-processed condition. It is known that significant strain-path
changes are involved in ECAP processing when using Bc route, and
strain-path change is counterproductive in developing strong textures.
Therefore, during annealing, grains are less likely to encounter grains of
similar orientation to form LABs. For example, Fig. 10 shows a grain
(marked “a”) that initiates abnormal growth and shares HABs with
surrounding structural units. It appears that grain “a” is about to con-
sume the surrounding grains that contain LABs. Meanwhile, those LABs
in Fig. 10 are more likely to be the ones generated during deformation,
instead of being formed during grain growth. For example, two grains
(marked “b” and “c” in Fig. 10) that are sharing a LAB exhibit interior
build-up of misorientation, indicating that they are deformed grains
without having completed recovery yet. Therefore, the shared LAB was
generated by deformation not by grain growth. Second, the absence of

Accumulated misorientation (°)
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recrystallization textures in current case cannot explain the increase in
LAB fraction during annealing. The retention of deformation textures
during annealing is conducive to LABs formation only if deformation
textures are strong for orientation impingement to occur. However, the
deformation textures are considered relatively weak in the current case.

In our study, the evolution of grain boundary characteristics is corre-
lated to heterogeneous grain growth. As aforementioned, grain growth
proceeds faster in clusters of grains of HABs as compared to that in those
subgrains of LABs. Therefore, grains of HABs will first be consumed during
grain growth in B-type regions, as schematically illustrated in Fig. 11 a-b.
Note that this process is less likely to generate LABs due to relatively weak
textures (Fig. 10a). Meanwhile, LABs of lower mobility and lower energy
are relatively stable. As a result, there is a net increase in the LABs fraction.
This mechanism, which is responsible for the increase of the LAB fraction
during annealing in the current case, is totally different from what was
previously proposed. In the later stage, as shown in Fig. 11c, abnormal
grains grow out of B-type regions and invade the A-type regions which are
dominated by LABs. Resultantly, LABs from A-type regions are consumed,
and the fraction of HABs increases.

5. Conclusions

Thermal stability of a Fe-9Cr steel subjected to six passes of ECAP
was systematically studied. The main conclusions are:

1) ECAP generated near-equiaxed UFG microstructure with hetero-
geneous distributions of LABs and HABs. Two types of precipitates,
i.e., My3Cg and MX, were identified.

2) The microstructure was relatively stable at lower annealing tem-
peratures (500-600 °C). Above 650 °C, discontinuous grain growth
took place, resulting in a bimodal grain size distribution.
Simultaneously, hardness dropped.

3) Partial {110} and < 111 > fibers were formed in the ECAP-pro-
cessed condition. No significant change in texture was found in the
annealed condition. Abnormally large grains showed textures si-
milar to those identified in the deformed microstructures.

4) A mean field theory was used to explain the annealing behavior of
the particle-containing microstructure. The theoretical predication
agreed with the observed discontinuous grain growth in the ECAP-
processed Fe-9Cr during annealing.

5) For the heterogeneous microstructure, grain growth started at re-
gions of dominantly HABs, leading to a decrease in the HABs frac-
tion (or an increase in LABs fraction). Subsequently, the grains grew
into relatively stable regions of LABs, leading to a decrease in the
LAB fraction (or an increase in the HAB fraction).

1?0 175 2?0
Distance (um)

25 3.0

Fig. 10. (a) A typical microstructure that initiates discontinuous grain growth (after annealing at 650 °C for 3h) ; (b) accumulated misorientation profile along lines

within grains marked “a”, “b” and “c” in (a).
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Fig. 11. Schematic diagram of discontinuous grain growth in the ECAP Fe-9Cr steel during annealing: (a-b) grain growth starts from the cluster of HABs, leading to a
reduction in HABs; (c) the new grain consumes the thermally stable regions of LABs.
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