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The effect of low-temperature pre-deformation on the microstructural evolution of a Zr-Sn—-Nb-Fe-Cu-O
alloy was investigated by optical metallography, scanning electron microscope, transmission electron mi-
croscope, and electron backscattering diffraction (EBSD). It is found that a reasonably homogeneous and
fine equiaxed grain structure with uniformly distributed second-phase particles (SPPs) can be obtained
in 40% pre-deformed samples (Group A) but not in directly hot-rolled ones (Group B) after hot rolling.
The initial SPPs diameter in Group A is also reduced. Noticeable differences in microstructural evolutions
including the distribution and size of SPPs, grain size of matrix, and texture are observed between both
groups. Reasons for such discrepancies are attributed to the defects (such as dislocations and interfaces) in-
troduced during the pre-deformation and more preferred precipitation sites formed in Group A. The aging
after the pre-deformation results in new slip systems activated during hot rolling, leading to more thor-
ough refinement of grains. In addition, the growth of SPPs is interpreted by the Lifshitz—Slyozov—Wagner
model.

Keywords: zirconium alloy; microstructure; pre-deformation; fabrication; second-phase particles; EBSD

Introduction

layer is thickened, the coarser grained SPPs presented at

Zirconium alloys are typically used in nuclear pres-
surized water reactors (PWR) as fuel cladding tubes
due to their excellent corrosion resistance and their
sufficient mechanical strength at operating tempera-
ture (553-573 K) [1-4 ]. The corrosion resistance of
zirconium alloys is one of the most important fac-
tors limiting the burn-off rate in PWRs. Apart from
the chemical composition of alloys, microstructural fea-
tures including grain size [5], crystallographic texture
[6,7], and distribution and size of second-phase parti-
cles (SPPs) [2] also play significant roles on corrosion
resistance. For instance, Zhang et al. [5] constructed a
computation model of corrosion rate versus grain size
of nanocrystalline zirconium, where the corrosion re-
sistance of zirconium can be improved by grain refine-
ment. Ly et al. [8] found that recrystallized Zircaloy-4
samples with smaller grain size have better corrosion re-
sistance. Li et al. [9] found that SPPs can provide an ex-
tra stress field in oxide film and uniformly distributed
SPPs can largely maintain the existence of t-ZrO,. Par-
allelly, Hatano et al. [10] suggested that, as the oxide

the oxide-metal interface oxidize more slowly than the
surrounding Zr matrix. These partially oxidized metal-
lic particles could then act as a hydrogen ion migra-
tion pathway (bridge) through oxide layer [10]. Thus, re-
fined grains and uniformly distributed fine SPPs in mi-
crostructure are beneficial for better corrosion resistance
of zirconium alloys.

It is commonly accepted that properly modifying
thermomechanical fabrications can effectively optimize
the microstructure of zirconium alloys, such as refining
grains and controlling the size of SPPs [1-4]. As shown
in literature, some processing technologies, such as ac-
cumulative roll bonding (ARB) [11], high-pressure tor-
sion (HPT) [12], cryorolling [13], equal channel angular
pressing (ECAP) [14], and friction stir processing (FSP)
[15], can result in ultrafine grains (even nanograins) due
to a large deformation degree. Nevertheless, these tech-
nologies are hard to achieve commercial-scale produc-
tion. In addition, Steinberg et al. [16] introduced cu-
mulative annealing parameter 4, which normalized the
annealing temperature and time for zirconium alloys
after B-quenching. In general, for a certain zirconium
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alloy, the higher the value of 4 is, the larger the size of
SPPs is [17]. Therefore, the size of SPPs could be con-
trolled by optimizing the value of 4 during the conven-
tional fabrication of fuel cladding tubes. To manipulate
the precipitation behavior of SPPs, a pre-deformation
between solution treatment and subsequent « region an-
nealing has frequently been adopted for a great number
of other alloys, such as Cu [18], Al [19], and stainless
steels [20]. Defects such as dislocations and interfaces
present during pre-deformation could offer more pre-
ferred precipitation sites and thus promote uniform dis-
tribution of the SPPs. It was reported [21] that 20%
compressive pre-deformation at room temperature after
B-quenching could considerably both accelerate recrys-
tallization and reduce the average recrystallized grain
sizes for zirconium alloys.

In general, zirconium alloy fuel cladding tubes are
fabricated by cold working followed by a subsequent
heat treatment to obtain dimensional accuracy and good
mechanical properties [22,23]. The microstructural fea-
tures, such as grain size, crystallographic texture, and
distribution and size of SPPs, are altered during conven-
tional fabrication [1-3]. In order to optimize the conven-
tional manufacturing route, pre-deformation is utilized
in this work to investigate whether these effects can be re-
tained by a subsequent heat treatment and deformation.
During this process, the precipitation behavior of alloys
would be affected via pre-deformation which might exert
a great influence on the growth kinetics of SPPs. More-
over, multiple deformations during cladding tube fabri-
cation also play an important role in microstructure con-
trolling. It is also needed to explore whether grains can
be refined further via adding pre-deformation to conven-
tional manufacturing route.

So far, very few studies have been carried out on the
influence of pre-deformation on microstructural evolu-
tion of zirconium alloys during a conventional fabricat-
ing route. This work compares the microstructural char-
acteristics of zirconium alloy prepared through both
low-temperature pre-deformation (LTP) and direct hot
rolling. Optical metallography (OM), scanning electron
microscope (SEM), transmission electron microscope
(TEM), electron backscattering diffraction (EBSD), mi-
crohardness tests, and some statistical work were jointly
carried out to study the microstructural evolution asso-
ciated with the fabricating routes.

2. Materials and methods

Zr-Sn—Nb-Fe-Cu-O alloy was manufactured by
vacuum arc re-melting for three times to obtain chem-
ical homogeneity of alloying. The chemical composi-
tion was well controlled within (balance = Zr): Sn (0.6—
0.7), Nb (0.3-0.4), Fe (0.25-0.35), Cu (0.045-0.055), O
(0.07-0.09), all in weight percentage (wt%). The ingot
was forged at ~1273 K, and then treated with -solution
at ~1323 K for 30 min before being quenched in water.
Some samples were pre-deformed at ~743 K with the re-

As B-quenched samples
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Pre-deformation (LTP)
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|
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Figure 1. Fabrication process flow of experimental alloy.

duction rate of 40% in thickness via rolling, followed by
aging at ~743 K for 3 h. Afterwards, all samples were
hot rolled to the same thickness at ~873 K, resulting in
thickness reduction of ~58% for the pre-deformed sam-
ples and of ~75% for the directly hot-rolled samples.
Hot rolling was carried out via several passes to achieve
the designed thickness of samples. Each pass achieves
about 20% reduction in thickness. The pre-deformed
samples are indicated as Group A, and the directly hot-
rolled ones as Group B, hereafter. Subsequently, both
groups were annealed at ~843 K and cold rolled with a
reduction rate of 40% in thickness for three cycles. Fi-
nally, annealing at ~773 K for 5 h was employed for
both groups. Figure 1 illustrates in detail the sequences
of the machining works and heat treatments. Since both
Group A and Group B include many processing steps,
some denotations were further clearly specified, for
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Figure 2. (a) Optical image of as-quenched sample and (b) SEM image of as-quenched sample with higher magnification.

example, using Group A-2nd CR to indicate the sam-
ples after the second cold rolling and Group B-HR to
indicate the Group B samples after hot rolling step, and
so on. The abbreviations for processing steps were also
shown in Figure 1.

The microstructural characterization of both groups
was performed by an Axio Imager Alm optical micro-
scope, a FEI QUANTA 250 field emission gun scanning
electron microscope, and a JEOL-2100F transmission
electron microscope. The obtained samples were exam-
ined by mounting them in epoxy resin and polishing
them according to standard metallographic techniques.
Then, the samples were etched in a mixed solution
(HF:HNO3:H,0 = 2:9:9). All examined planes were of
rolling direction (RD)-transverse direction (TD) type.
SEM images with a magnification of 50,000 x were be-
lieved appropriate for analyzing the SPPs [17]. Software
of Image-Pro Plus 5.0 was used to acquire the statistical
information of SPPs’ size. To guarantee the reliability
of the statistical results, at least 600—1000 particles from
each sample were counted [17]. Samples for EBSD mea-
surement were etched in the solution (HF:HNO3:H,O0 =
2:9:9), followed by colloidal silica polishing. EBSD mea-
surements were carried out in an AZtec HKL Max sys-
tem with a NOVA NanoSEM 230 scanning electron
microscope. The EBSD patterns were analyzed by the
channel 5 software. The grain boundary angle condition
used to define a grain is fixed at 10°. Samples for the
TEM observation were prepared using a twin-jet polish-
ing with a mixed solution (C;HsOH:HCIO4 = 9:1) after
mechanical thinning the samples to about 70 um at a
voltage of 20 V and a temperature of 243 K.

Vickers microhardness tests on polished samples
were performed using a CK-AH 402SCV microhardness
tester. Ten different microhardness measurements were
conducted on each sample by using a loading—unloading
test mode at a test force of 1960 mN for 15 s at each lo-
cation.

3. Results

3.1. Microstructure after low-temperature
pre-deformation

Figure 2 shows the microstructure of as-quenched
samples. As shown in Figure 2(a), prior 8-grain bound-
aries and lamellar structure are clearly observed, which
are produced during fast cooling from S-phase re-
gion [24]. The size of prior S-grains is in nearly hun-
dreds of microns. A magnified SEM image is shown in
Figure 2(b). Lamellar fingers have considerably clean
interiors and SPPs are invisible, indicating an oversat-
uration of alloying elements. The S-quenched texture
is much more random in crystallographic orientations
which can be found elsewhere [25].

Figure 3 exhibits the typical microstructure of Group
A-LTP sample. The pre-deformation step tends to pro-
vide new preferred precipitation sites due to introduced
defects such as dislocations or interfaces, which is in
good agreement with the results in [21]. As shown in
Figure 3(a), the microstructure consists of the clas-
sical Widmanstitten structure with lamellar fingers.
The SPPs with irregular shape are presented mainly
along lamellar boundaries and distribute discontinu-
ously. Apart from lamellar boundaries, precipitation
also takes place within lamellar fingers, as indicated by
the ellipses in Figure 3(b). These locations are regarded
as new preferred precipitation sites.

3.2. Microstructure after hot rolling

The microstructures of the as-hot rolled samples ob-
served by SEM and TEM are presented in Figure 4. As
shown in Figure 4(a), a homogeneous microstructure
with equiaxed grains and randomly distributed SPPs
are well observed in Group A-HR. In contrast, Group
B-HR after directly hot-rolling treatment followed by
B-quenching contains undesirably heterogeneous/linear
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Figure3. (a) SEM image of Group A-LTP after low-temperature pre-deformation; (b) magnified micrograph for the square regions

marked in (a).

distribution of SPPs (Figure 4(b)). The SPPs have a
spherical or ellipse shape in both groups, which is dif-
ferent from those after LTP. As presented in Figure 4(c)
and 4(d), both group samples have a considerably high
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recrystallization degree. The SPPs in Group A-HR are
randomly distributed within the grains and along the
grain boundaries (Figure 4(c)). The linearly distributed
SPPs are also observed in Figure 4(d) as indicated by
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Figure 4. SEM and TEM images for (a) and (c) Group A-HR, and (b) and (d) Group B-HR. The insets are the SADPs of SPPs

which are indicated by white arrows in (c) and (d).
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Table 1. Chemical composition of the second-phase particles
(Wt%).

Type Zr Nb Fe Cu

(Zr, Nb, Cu),Fe Bal. 2.0-6.9 21.6-23.7 3.5-59

white dashed line. The insets in Figure 4(c) and 4(d)
are selected area diffraction patterns (SADPs) of SPPs
and «-Zr is indicated by white arrows. The intermetal-
lic (Zr, Nb, Cu),Fe-type precipitates are found in both
groups and have face-centered cubic (FCC) structure.
The chemical composition of SPPs is summarized in
Table 1. The single type of SPPs means that all particles
have the same growth kinetics.

Figure 5 reveals EBSD inverse pole figure (IPF) maps
and IPFs for both groups. By comparing Figure 5(a)
and 5(b), it could be seen that Group A-HR has much
more homogenous grain size than Group B-HR. Al-
most all the grains are refined in Group A-HR (Figure
5(a)). The average grain size is 3.6 um (range: 0.4—
11.4 pm). The (1010) directions are parallel to the
RD and (0002) directions are tilted approximately 25°
from the ND in Group A-HR, as is commonly de-
tected in rolled Zr [26]. The average grain size is 5.2 um
(range: 0.5-14.6 um) for Group B-HR. Nevertheless, it
exhibits large grains in association with smaller grains
in Group B-HR (Figure 5(b)). The size of some large
grains in Group B-HR is even greater than 10 um. It
had been reported that large grains are identified as non-
fragmenting in the rolled structures [25]. In Group-B, the
RD tends to spread along the (1120) — (1010) symme-
try boundary of the stereographic triangle, and (0002)
directions are tilted approximately 15° from the ND,
respectively (Figure 5(b)). This finding is an indicative

of inhomogeneous deformation in Group B-HR, such
as the significant difference in grain size. Therefore, it
can be concluded that a reasonably homogeneous mi-
crostructure and a clear rolling texture have been ob-
tained in the samples after LTP followed by hot rolling,
which cannot be obtained in the directly hot-rolled
samples.

3.3.  SPPs growth during processing

Figure 6 shows the morphologies and distributions
of SPPs for both groups after each annealing. As shown
in Figure 6(a)—(d), the morphologies of Group A-Ist
A, Group A-2nd A, Group A-3rd A, and Group A-FA
are almost unchanged except for slight coarsening of
SPPs. The morphologies of Group B-1st A, Group B-
2nd A, Group B-3rd A, and Group B-FA are shown in
Figure 6(e)—(h). Unlike Group A, linear distribution of
SPPs could still be easily observed even after the first
annealing and the second annealing (as indicated by
white dashed lines in Figure 6(e) and 6(f)). Random dis-
tribution of SPPs becomes more and more evident af-
ter the third annealing. The difference in microstruc-
tural morphology for both groups is little after final
annealing.

A typical histogram of the SPPs size distribution is
used to characterize the evolution of the SPPs size after
each annealing, as shown in Figure 7. The obtained dis-
tributions are generally in heterotropic mode. A strik-
ing feature, as can be seen in Figure 7(a)-(d), is that
Group A-HR, Group A-1st A, Group A-2nd A, and
Group A-3rd A contain a higher fraction of small SPPs
(diameter in the range from 20 to 60 nm) than Group
B-HR, Group B-1st A, Group B-2nd A, and Group
B-3rd A. Nevertheless, the distinction of the SPPs size

. Average Grain Size : 3.6 pm (a)
) Grain Size Range: 0.4~11.4 pm

(0002) RD

(1129__)

(1010)

Average Grain Size : 5.2 pm
Grain Size Range: 0.5 ~14.6 pm (b)

Figure 5. EBSD inverse pole figure maps and inverse pole figure maps for: (a) Group A-HR and (b) Group B-HR.
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Figure 6. Microstructural evolution of samples after each annealing stage: (a) Group A-1st A, (b) Group A-2nd A, (c) Group A-
3rd A, (d) Group A-FA, (e) Group B-1st A, (f) Group B-2nd A, (g) Group B-3rd A and (h) Group B-FA. Note that the discrepancy
of microstructure between both groups is becoming little with annealing times accumulated. All the images have the same direction

and scale bar.

distribution between two groups becomes smaller with
the increase in annealing time. The SPPs size distri-
bution is extremely similar after final annealing, espe-
cially between 40 and 100 nm (Figure 7(e)). In addi-
tion, the same growing trend of SPPs is also observed
in Group A and Group B, revealing a general evolution
profile of SPPs growth for the experimental zirconium
alloy during the fabrication process. These results clearly
show that the SPPs grow with the increase in annealing
time.

Figure 8 exhibits the variations of the average diam-
eter and the volume fractions of SPPs with respect to
each annealing. The SPPs in both groups are coarsened
with the increase in annealing time. The average SPPs

Figure 8.
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Figure 7. Distribution of the SPPs grain size in samples: (a) after hot rolling, (b) after the first annealing, (c) after the second
annealing, (d) after the third annealing, (e) after final annealing. Similar trend of SPPs growth is also evident in Group A and
Group B, suggesting a general evolution profile for the experimental Zr alloy during process of fabrication.
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Figure 9. EBSD inverse pole figure maps and inverse pole figures of (a) Group A-2nd A, (b) Group B-2nd A, (c) Group A-FA

and (d) Group B-FA.

diameter of Group A is substantially smaller than that
of Group B, and the difference in size between the SPPs
of both groups after hot rolling is about 10 nm. Then,
such difference becomes smaller with the increase in an-
nealing time, which reaches about 3 nm after final an-
nealing. Furthermore, the volume fractions of the SPPs
with respect to processes are presented as well. It can
be found that the volume fractions are almost the same
(2 £ 0.05%) for both groups after hot rolling and each
annealing, taking the inevitable statistical error into con-
sideration. This result demonstrates that the SPPs have
completely precipitated after hot rolling.

3.4. Variations of grain size and texture during
processing

Figure 9 reveals the EBSD IPF maps and IPFs for
both groups after the second annealing and the final
annealing. Both groups present a homogeneous mi-
crostructure in grain size after the second annealing and
Group A-2nd A has a finer grain size than Group B-2nd
A (Figure 9(a) and 9(b)). The average grain sizeis 1.8 um
(range: 0.4-6.1 um) for Group A-2nd A and 4.6 um
(range: 0.4-9.6 um) for Group B-2nd A. The RD tends
to spread along the (1120) — (1010) direction, and the
orientations with (0002) tilted approximately 25° from
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the ND are found in both groups. However, Group A-
2nd A has stronger orientations with (0002) close to
ND than Group B-2nd A. On the contrary, Group B-
2nd A has much more intensive orientations with (1120)
close to RD than Group A-2nd A. Figure 9(c) and 9(d)
shows the microstructural characteristics for Group A-
FA and Group B-FA, respectively. Similar microstruc-
ture is evident in both groups. The microstructures of
both groups still diverge from the equilibrium state due
to low temperature of final annealing [25]. The IPFs for
both groups are almost the same. The grain size of both
groups is substantially approximate. The distinct differ-
ence in grain size between both groups gradually dis-
appears after hot rolling. Combined with the results of
SPPs distribution, these findings hint at the point that
the effects of LTP on microstructure gradually vanish
after multiple rolling and annealing.

3.5. Microhardness test

Figure 10 shows the microhardness values for the
samples of both groups during fabrication. The hard-
ness values are 168.4 and 160.9 HV for Group A-HR
and Group B-HR, respectively. They decrease after the
first annealing. As the process continues, the hardness
for both groups has slightly increased. The hardening ef-
fect in fuel cladding zirconium alloy tubes caused by pre-
cipitation is often minimal [27]. By correlating the hard-
ness of samples with their microstructures (Figures 5
and 9), the increase in hardness may due to grain refine-
ment during fabrication. It should be noted that Group
A always has the greater hardness than Group B during
the whole fabrication process. This result also demon-
strates that the grains in Group A are finer than those in
Group B.

180
175} $
170}
2 165} I
@ 160
ac) 3
S 155
]
I 150F
145_ m Group A
® GroupB
140 L— : :

HR 1stA 2nd A 3rdA FA
Processing steps

Figure 10. Values of hardness for both groups during fabri-
cation.

4. Discussion

4.1. Effect of low-temperature pre-deformation
on the precipitation of SPPs

In general, SPPs prefer to precipitate at the sites
of defects such as dislocations and vacancies [21,28].
Therefore, the purpose of pre-deformation is to intro-
duce a large amount of defects which could provide
much more preferred precipitation sites, thus facilitat-
ing uniform distribution of the SPPs. By using X-ray
peak broadening analysis, Kumar et al. [29] found that,
in Zircaloy-2, the relative lattice strain (0.22) of the start-
ing lamellar structure drastically increased to 0.86 after
a 20% deformation by cold working. This variation in
value means that the enhanced number of defects could
be brought in via plastic deformation.

In view of the fact that zirconium has a very low
thermal conductivity (about 17 W m K~!) compared
with other metals such as Al (210 W m K1) [11], adia-
batic heating during deformation might contribute par-
ticularly to enhanced diffusion, promoting the super-
saturated alloying elements to precipitate. To calculate
the temperature increase of Group A-LTP, the following
equation is used [11]:

poe = pC,AT, (1)

where ¢ and o are the strain and stress at the mid-
thickness, respectively; p is the density of the alloy; C,
is specific heat capacity of alloy; AT is the absolute tem-
perature increase during rolling; 8 is a constant. In this
work,e =04, =09, p=6.53gcm >, 0 = 610 MPa,
and C, = 302 J K~! kg™! [30]. Since the concentra-
tion of zirconium in the alloy is nearly 99%, data of
pure zirconium are used in this calculation as an ap-
proximate approach. The calculated AT closes to 115 K.
After pre-deformation, the temperature of Group A
could be higher than ~843 K (the intermediate anneal-
ing temperature). As shown from the experimental re-
sult, the precipitation of SPPs occurs during this course.
Meanwhile, the enhanced amount of defects is intro-
duced and more preferred precipitation and nucleation
sites are provided in Group A-LTP. Therefore, fine and
uniformly distributed SPPs could be obtained.

4.2. Influence of pre-deformation on growth
kinetic of SPPs

In general, cumulative annealing parameter 4 can
compare the size of SPPs for a certain zirconium alloy
after aging [31]. 4 is expressed as

A=) 4 =) tiexp(—Q/RT), @)

where the ¢ and T are the annealing temperature and
time, respectively. The subscript i refers to the thermal
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Table2. The value of 4 for both groups at various processing
steps.

Processing
steps Value of 4 (h)
Group A Group B

HR 6.25887 x 1072 6.2138 x 107
Ist A 1.24727 x 1072 1.24276 x 10720
2nd A 1.86865 x 10720 1.86414 x 10720
3rd A 2.49003 x 10720 2.48552 x 10720
FA 5.59692 x 10720 5.59242 x 10720

treatment steps involved in the production schedule af-
ter B-quenching; Q is the activation energy to precipi-
tate SPPs; R is the gas constant. The value of 4 for both
groups at various processing steps is listed in Table 2.

According to Equation (2), the value of 4 of Group
A should be higher than that of Group B at the same
processing step, since Group A is subjected to more ag-
ing/annealing time. As shown in Figures 7 and 8, the av-
erage size of SPPs for both groups increases with the in-
crease in A. However, the average size of SPPs of Group
A is consistently smaller than that of Group B. This re-
sult conflicts with the statement of “the higher the value
of A is, the larger the SPPs are” [16]. Therefore, it demon-
strates that the kinetic growth of SPPs is altered by LTP.

According to Kahlweit’s study [31], the growth equa-
tion for the second order kinetics is

d* =kt + dj, (3)

where dj is the average diameter of SPPs at the onset of
growing; d is the average diameter of SPPs during the
growing; ¢ is the aging time; and k is the coarsening rate
constant which is a function of temperature 7.

The initial average diameter of SPPs (dp) is quite
different in both groups, as shown in Figure 7. As is
known, the SPPs prefer to precipitate at the site of de-
fects [28]. For instance, the linear distribution of SPPs af-
ter hot rolling is an evidence of the precipitation of SPPs
at the lamellar boundaries (Figure 4(b)). Nevertheless,
the quantity of alloying elements addition is fixed. The
dy precipitated at the nucleation sites can be estimated
semi-quantitatively. dy could be defined as

M
do o —. “4)

where M is the total mass of the formed SPPs of
zirconium alloy (ideal concept), N is the amount of
intrinsic nucleation sites (such as grain boundaries, sub-
grains boundaries, and dislocations). In this study, vol-
ume fractions of SPPs are almost the same (2 4 0.05%)
for both groups (Figure 9(b)). In other words, only in
this condition that SPPs have precipitated completely,
Equation (4) would be able to work well.

When samples are pre-deformed, more defects are
introduced and more preferred precipitation sites are

provided. Thus, Equation (4) can be expressed as

M

dy X ———,
N+ Nin

©)

where NV;, is the increment in preferred precipitation sites
induced by pre-deformation. Obviously, dy would de-
crease when more defects are introduced as M is fixed.

As discussed above, a qualitative schematic explana-
tion is given in Figure 11. It is defined that transformed
a grain with a lamellar structure which produced via
B-quenching as an initial state. Figure 11(a) shows the
manner in which SPPs are precipitated in the directly
hot-rolled samples. Upon aging before hot rolling, SPPs
generally precipitate at prior 8-grain boundaries and/or
at lamellar boundaries. As presented in Figure 11(b),
pre-deformation introduces more defects, some of which
are inside lamellar fingers. Therefore, the average diam-
eter of SPPs at the onset of growing d decreases as in-
terpreted in Equation (5). The discrepancy average size
of SPPs resulted from different d is in good agreement
with those experimental statistical data.

4.3. Microstructural homogeneity

A remarkable difference in microstructure is ob-
served between both groups after hot rolling. Although
both groups have considerably recrystallized microstruc-
ture, the distribution of SPPs and grain size in Group A-
HR are more homogenous than those in Group B-HR
(Figures 4 and 5). Due to the high plastic anisotropy
of zirconium alloys, highly heterogeneous deformation
is inevitable during thermomechanical work [25,32].
This is believed to be responsible for heterogeneous mi-
crostructure of Group B-HR obtained after hot rolling.
It should be noted that Group A-HR samples were
aged at ~743 K for 3 h between pre-deformation and
hot rolling. The recovery would take place during this
stage and result in grain boundary movement, disloca-
tion movement, and lattice rotation [33]. New slip sys-
tems are activated when hot rolled. Thus, the grains in
Group A-HR are flattened more thoroughly than those
in Group B-HR under identical strain from the quench-
ing step.

Various studies have investigated the texture of
zirconium alloys, which describe the characterization of
texture in detail [11,25,26,29,34]. Such as the (1010) di-
rections paralleling to the RD and the (0002) directions
tilting approximately 25° from the ND in Group A-HR
had been observed in rolled zirconium alloys [11,26].
This finding indicates that the preferred orientations
in Group A-HR have been obtained from a quenched
texture by LTP and hot rolling [25]. The strong texture
of (1120) directions along RD and (0002) directions
tilted approximately 15° from the ND in Group B-HR
are always found in annealed zirconium alloys [26,29].
It can be calculated from Equation (1) that the tempera-
ture increase in Group A-HR and Group B-HR during
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Schematic interpretation of the precipitation of SPPs in: (a) directly hot rolled samples, and (b) in pre-deformed ones.

The amount of SPPs and precipitation sites is only a schematic, not a quantitative representation.

hot rolling is 165 and 209 K, respectively. Hence, it is
understandable that such a high temperature increasing
during hot rolling is likely to render some crystallites
rotate around the c-axis to form bimodal texture along
RD and the c-axis gradual rotates toward the ND.
The orientations with (1120) close to RD are much
weaker in Group A-HR, which could attribute to the
relatively low temperature increase when hot rolled.
In addition, non-fragmenting grains in Group B-HR
may maintain the texture of as-quenched state. This
might be a possible explanation for the strong (0002)
directions tilted from ND in Group B-HR.

With the processing ongoing, the textures in both
groups become similar (Figure 9). A pronounced basal
texture, with (1120) directions parallel to the RD and
(0002) directions tilt from the ND, develops after the
second annealing. Compared with the texture after hot
rolling, it is obviously observed that (1120) directions
are strengthened by annealing. It has been reported that
the large grains are more textured than the smaller ones
[25]. This could explain why the (1120) directions in
Group A-2nd A are weaker than those in Group B-2nd
A whose grain size is relatively larger (Figure 9(a) and
9(b)). It demonstrates that the effect of LTP on grain
refinement is overwhelmingly stronger than that of di-
rect hot-rolling treatment, as the discrepant grain size or
hardness in both groups has been observed (Figures 5, 9
and 10).

The distribution of SPPs in Group A become uni-
form after hot rolling, which is exceedingly earlier than
that of Group B. Explaining this phenomenon is difficult

as hot rolling is a complex process involving deformation
and recrystallization (static and dynamic). Many studies
had reported that as the aging temperature and/or time
increase, not only the coarsening of SPPs is remarkable,
but also the distribution of SPPs becomes more ran-
dom [17]. As is known, the classical Lifshitz—Slyozov—
Wagner (LSW) model suggests that the SPPs’ growth
is controlled by matrix diffusion and interface trans-
fer [35,36]. One could notice that the SPPs in Group
A-LTP have precipitated are much fine as discussed in
Section 4.2. The pre-deformation also induces detects
and leads to refined grains after hot rolling. These find-
ings provide the evidence to interpret that a large num-
ber of diffusion paths exist in Group A-LTP before hot
rolling. Furthermore, the SPPs in Group A-HR grow
at the holding time at 873 K. In contrast, the SPPs in
Group B-HR nucleate and precipitate at the lath bound-
aries first. Therefore, uniform distribution of SPPs is fa-
cilitated during hot rolling. The narrowing gap of the
size of SPPs with the increase in annealing time can
also be explained by the LSW model. As the grain size
of Group A is always smaller than that of Group B,
the amount of interface in Group A is more than that
in Group B. Consequently, the growth rate of SPPs of
Group A is slightly faster than that of Group B.

4.4. Related to corrosion resistance

The difference in microstructural features between
both groups, including grain size, texture, and distri-
bution of SPPs, is inconspicuous after final annealing
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(Figures 6(d), 6(h), 9(c) and 9(d)). Nevertheless, it is
noted that, in the present work, a homogeneous mi-
crostructure obtained in Group A is much earlier than
in Group B. The homogeneous microstructure is a rel-
evant factor to acquire excellent performance of zirco-
nium alloys in service [1,37]. As mentioned in Section 1,
uniformly distributed and fine SPPs can delay the degra-
dation of oxide and may reduce the hydrogen pick up
[9,10]. Meanwhile, Ly et al. [8] found that even decreas-
ing the mean grain size of Zircaloy from 10 to 6 um can
extend the period from pre- to post-transition from 100
to 170 days in primary water condition.

Therefore, such a homogeneous microstructure ob-
tained at an early stage of fabrication is beneficial for op-
timizing the conventional manufacturing route for im-
proving the corrosion resistance and other properties of
zirconium alloys. In order to be compatible with the di-
rectly hot-rolled ones, the degree of deformation of hot
rolling in Group A is limited in the current work. In fact,
larger deformation of hot rolling could be applied af-
ter LTP to meet the acquirement of dimensional accu-
racy during fabrication. Then, similar or even more opti-
mum microstructure would be obtained with fewer times
“cold rolling and intermediate annealing” imposed on.
Therefore, adding LTP into fabrication route could en-
hance the controllability of microstructure of zirconium
alloys and greatly reduce the cost of production.

5. Conclusions

The effect of LTP on microstructural evolution of
a Zr-Sn—Nb-Fe—Cu-O alloy during fabrication process
has been investigated. Some key conclusions can be
drawn as follows:

(1) Refined grains and uniform distribution SPPs
are obtained after hot rolling in Group A,
whereas a homogeneous microstructure is de-
tected in Group B after two cycles of cold rolling
and annealing. The grain size of Group A is
consistently smaller than that of Group B dur-
ing processing. These observations elucidate that
LTP has a remarkable effect on the formation of
refined grains and uniform distribution SPPs.

(2) Although Group A samples have a slight higher
value of the cumulative annealing parameter, the
SPPs in Group A are consistently smaller than
that of Group B after each annealing. The reason
is that pre-deformation could introduce defects
and thus reduce the initial SPPs diameter.

(3) Typical rolling and annealing textures develop in
Group A with (0002) directions rotating slightly
away from the ND and (1010) directions align-
ing with the RD after rolling or (1120) direc-
tions aligning with the RD after annealing. In
Group B, due to the highly heterogeneous defor-
mation during hot rolling, a discrepant texture

develops. The textures of both groups become
similar after the second annealing.

(4) Albeit the different microstructural features
between both groups, including grain size,
texture, and distribution of SPPs, are inconspic-
uous after final annealing, the homogeneous mi-
crostructure obtained in Group A at an early
stage of fabrication is beneficial for optimizing
the conventional manufacturing route for im-
proving the properties of zirconium alloys.
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