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ARTICLE INFO ABSTRACT

Article history: A commercially pure Zr sheet with a typical bimodal basal texture was rolled up to 70% reductions at room tem-
Received 10 December 2014 perature (RT) and liquid nitrogen temperature (LNT) to follow its microstructural and textural evolution. Various
Received in revised form 15 June 2015 features developed during rolling were interpreted largely based on analyses on active deformation modes by the
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Available oniine 25 June 2015 use of electron backscatter diffraction (EBSD) technique. Results show that only dislocation slip is activated dur-

ing RT rolling while both slip and twinning occur in LNT-rolled specimens. There are always some non-deforming
grains after RT rolling because their orientations with the c-axes close to the normal direction (ND) of the Zr sheet

Iz<:ywords' are unfavorable for slip. The LNT rolling allows these non-deforming grains to be deformed by {1122}<1123>
Microstructure compressive twinning and thus leads to more homogenous microstructures. The angle between basal pole
Texture peaks and the ND slightly decreases during RT rolling, which is attributed to the activity of {1011}<1123> pyra-
Deformation mode midal slip. Many twins initiated at the early stage of LNT rolling could help retard the centralization of bimodal
Rolling basal texture. In addition, calculations in light of key structural parameters measured by the EBSD reveal that
the contribution from grain refinement induced by twinning makes the LNT-rolled specimens harder than the

RT-rolled specimens.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction mechanisms is required. In a large temperature range, the easiest system

) ) ) ) o in Zr is found to be prismatic slip on {1010} planes and along <1120> di-
' ercomum and its alloys are vx{ldely used for str}Jctural apphcatlpns rections [2,3]. Other slip systems like basal slip ({0002}<1120>) and py-
in cherrpcal and nuclear mQustngs thanks to their good mecham}cal ramidal slip ({1071}<1123>) could be active in regions with high stress
propert{es, fexcellent corrosion re51§tance and low neutron absorption concentration or at elevated temperatures [4,5]. Additional importance
[1]. Rolling is freqqently employed in order to produce tubes or plates/ may be attached to the pyramidal slip thanks to its ability to accommo-
shfets, bOtlh O}lehlclh Co?plrl s¢ acttlally thte main .télpes(;)flﬁ ré‘zl, Zr It)r(];d' date strain along c-axes [6]. As an alternative to slip, twinning can readily
LICES NamEly Channe’s I bOorNg WatET reactors, grids and c:adding tubes occur in Zr alloys under specific circumstances, especially relating to the
in light water reactors. For tube reduction processes with the thickness- loading directions relative to the bulk texture. Operable twinning modes

to-diameter reduction ratio higher than one, which are prevalent in . — - [ . L.
fabricating Zircaloys as fuel cladding materials [2], the stress—strain ‘:ﬂre either {1012.}<101 1>and {11,21 }<11,26> types 1f£he Caxisis sub-
jected to a tensile stress, or {1011}<1012> and {1122}<1123> types

condition is similar to that in plate/sheet rolling processes. As a result, - h ) i
an identical texture, i.e. the typical bimodal basal texture, is generally ~ When a compressive stress is applied alo“g the C-axIs [2.7].
In recent years, there have been extensive experimental efforts try-

developed in both cases. ) e ! N
ing to further quantitatively exploit the effects of initial texture [8-10],

Textures in Zr alloys are important because first, the texture Y &8 ) ) s
developed at an intermediate step will influence the ease of subsequent ~ temperature [9,11,12], grain size [12], strain rate [9,13] and interstitial
impurities [ 10] on deformation modes of polycrystalline Zr. Experimen-

processing, and second, the texture in products has significant effects on : ! ] ‘ _
their in-service performance such as creep, stress corrosion crackingand ~ tal results in these studies provided a large amount of reliable basic data
that were well incorporated into various crystal plasticity models

hydride formation [1]. To reach a thorough understanding on the texture ' :
development of Zr alloys, thorough knowledge on their deformation [14-16] developed to accurately predict textural evolution and mechan-
ical response of Zr materials. It is to be noted that cross-rolled high-

purity Zr plates with a strong c-axis fiber texture were preferably select-
+ Corresponding author. ed in those experiments to reduce the complexity and thus facilitate
E-mail address: bfluan@cqu.edu.cn (B. Luan). theoretical analyses. Clearly, the c-axis fiber texture acquired in
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laboratory is different from the bimodal basal texture often encountered
in the commercially produced products.

On the other hand, active deformation modes can also determine
microstructural homogeneity of Zr materials subjected to various plastic
processes. For example, a heterogeneous microstructure, comprising
deforming and non-deforming grains, was recently reported for room
temperature rolled Zr-2 sheets [17] and Zr-4 tubes [ 18] with the typical
bimodal basal texture. Main reasons for the heterogeneous microstruc-
ture were attributed to distinctly different slip activities inside both
deforming and non-deforming grains. More homogenous microstruc-
tures relying on grain refinement may be realized by introducing
dense twinning lamellae [9,12], which would unfortunately not occur
in such textured Zr materials rolled at room temperature [17-21].

In the present work, a comprehensive study on microstructural and
textural evolution was presented for a commercially pure (CP) Zr sheet,
which initially had the typical bimodal basal texture and was subse-
quently rolled at room temperature (RT) and liquid nitrogen tempera-
ture (LNT) to various reductions. Specific deformation modes
activated in specimens rolled at both temperatures are described
using electron backscatter diffraction (EBSD) technique, which is
capable of acquiring detailed crystallographic information on grain
orientations. Effects of active deformation modes, especially the {1122}
<1123> compressive twinning, on microstructural and textural features
are discussed. In addition, based on key structural parameters obtained
also by the EBSD, contributions to hardness of the CP-Zr material from
different strengthening mechanisms are quantitatively addressed. This
work is expected to provide more direct implications for potential
applications of cryogenic rolling to processing of typically textured Zr
plates/tubes.

2. Experimental

The as-received CP-Zr material (impurities in wt.% less than: 0.2 Sn,
0.07 Fe, 0.02 Cr, 0.005 Ni, 0.006 C, 0.003 N, 0.12 O) was fully recrystal-
lized with a thickness of 3 mm. Different rolling reductions (up to
70%) were performed for the sheet by 5% per pass at two different
temperatures, namely room temperature (RT) and liquid nitrogen
temperature (LNT). The strain rates during these rolling processes
were estimated to be between 3.9 and 7.1 s~ . The LNT rolling in the
present work was performed by immersing sheet specimens in liquid
nitrogen for more than 15 min to allow sufficient cooling before every
subsequent rolling pass. In the following, each specimen is named
after the rolling temperature and reduction. For example, the specimen
rolled at liquid nitrogen temperature to 30% reduction is hereinafter
designated as LNT-30% specimen.

Microstructural evolution of the rolled specimens was followed by
employing a field emission gun scanning electron microscope (FEI
Nova 400) equipped with a back scattered electron (BSE) detector and
an electron backscatter diffraction (EBSD) analysis system (Channel 5,
HKL Technology-Oxford Instruments). The BSE detector was used to ac-
quire electron channeling contrast (ECC) images for directly observing
grain morphologies [22,23]. The EBSD technique, however, was
expected to further reveal microstructural characteristics related to
local crystallographic orientations. For example, EBSD is able to identify
twinning types and quantitatively determine the proportion of each
type. In this work, EBSD data for each specimen were collected at a
step size of 0.5 um with a scanning area of 200 x 200 um? on the surface
determined by rolling direction (RD) and normal direction (ND). With
respect to the macroscopic texture of the specimens during rolling,
X-ray diffraction (XRD) measurements were performed on their rolling
surface using a Rigaku D/MAX-2500 X-ray diffractometer with CuK, ra-
diation. Preparation procedures of specimen surfaces for ECC, EBSD and
XRD examinations were presented in detail in our previous work
[24-26]. In addition, micro-hardness measurements were performed
for all specimens using a Vickers indentation machine (EVERONE

MH-5L) at a load of 490 mN. The micro-hardness of each specimen
was determined as the average value of 10 measurements.

3. Results
3.1. Microstructure and texture of the as-received materials

Fig. 1a is an ECC image of the specimen cut from the as-received
CP-Zr sheet. One can see that the initial microstructure of the experi-
mental material is composed of equiaxed grains with relatively uniform
size, indicating complete recrystallization. Also, the contrast for each
grain is found to be clear and uniform, evidencing their crystal integrity.
Using these ECC images, the recrystallized grain size is measured by the
linear intercept method to be 9.6 um on average. To reveal more
features of the initial microstructure, an EBSD measurement is per-
formed and the results are shown in Figs. 1b-d. Fig. 1b is an orientation
imaging map according to a reference inverse pole figure (IPF) shown as
the standard triangle (the inset in Fig. 2b). From the IPF map, it can be
noticed that the majority of the initial grains are colored red, suggesting
that many of their c-axes are close to the ND. The misorientation angle
distribution (MAD) histogram corresponding to Fig. 1b is displayed in
Fig. 1c. To facilitate discussion in the following text, grain boundaries
with misorientations lower and higher than 15° are separated into
low angle grain boundaries (LAGBs) and high angle grain boundaries
(HAGBs), respectively. The lower bound for LAGBs is selected to be 2°
according to the angular resolution limit of the EBSD technique. Clearly,
the fraction of HAGBs (81.3%) is overwhelmingly larger than that of
LAGBs (18.7%) in the as-received CP-Zr specimen (see Fig. 1c). This
can be well rationalized by the fact that sluggish LAGBs are annexed
by HAGBs with high mobility during recrystallization. Compared with
the MAD for the ideal random case (dashed line in Fig. 1c), the MAD
of the as-received CP-Zr specimen shows a considerable concentration
ataround 20-40° along with a reduced fraction for misorientations larg-
er than 40°. Indeed, such a MAD characteristic is very common in rolled
and recrystallized Zr sheet materials and relates to their specific texture
component [27,28]. Fig. 1d is a grain boundary (GB) map in which
LAGBs, HAGBs and some special boundaries are separated by different
colors. 64 +2°/<1010>, 85 +2°/<1120> and 34 =+ 2°/<1010> corre-
spond to boundaries of three types of most common twins in Zr, namely
{1122}<1123>s compressive twinning, {1012}<1011> tensile twinning
and {1121}<1126> tensile twinning, respectively. None of the twin
boundaries are clearly evident in Fig. 1d indicating the absence of
these twins in the as-received specimen. Fig. 1d is also able to clearly
present the predominance of HAGBs over LAGBs, consistent with that
revealed in Fig. 1c.

Texture measured by XRD for the as-received CP-Zr sheet is pre-
sented in Fig. 2. A bimodal basal texture can be seen in the {0002}
pole figure with each maximum density tilted around 30° from the
ND toward the transverse direction (TD). Another textural feature
revealed by the {1010} and {1120} pole figures is that the <1120> di-
rections of most grains are parallel to the RD. These textural features
suggest a typical texture which is widely reported in rolled and fully
recrystallized Zr and Zr alloys [1,2].

3.2. Microstructural evolution during rolling

Microstructural evolution of the CP-Zr sheet during rolling at room
temperature is shown in Fig. 3. The contrasts inside some grains are
not uniform as noted in the ECC image of RT-5% which is different
from the initial microstructure (Fig. 1a). This implies that the 5% rolling
may have initiated the change of local orientations in these grain inte-
riors. Since no twins are found, the change of local orientations should
be attributed to grain subdivision caused by dislocation slip. As the
rolling reduction increases, deformation occurs in more grains and
when the reduction reaches 30%, it appears that grains begin to be
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