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The formation mechanisms of {10—12} cross-boundary twin pairs (CBTPs) and the selection criteria of twin
variants were systematically investigated in the present research. Ex-situ and quasi-in-situ compression tests
along the rolling direction (RD}Y) were conducted on Zr-4 alloy, The deformaticn mechanisms were analyzed by
using the Schmid factor (SF) m and the geometric compatibility factor {GCF) m’, The results demonstrate that
CBTPs are formed by both twin-assisted nucleation {TAN) and twin-independent nucleation {TIN) modes. The
TAN mode includes twin transmission (TT) and synergistic nucleation (§N), while the TIN mode includes face-to-
face growth, homodromous growth, and reverse growth, All TIN-CBTPs and most TAN-CBTPs select variants with
high m ranks, but TAN-CBTPs alsc require high ranks of m’ values to ensure compatibility between twins.
However, certaln TAN-CBTPs with the a-axls of the parent grain paralle] to the RD exhibit twin variants with
high m' ranks and low m ranks, Furthermore, an interesting phenemenon was observed: for grains that meet the
conditiens for TAN-CBTPs, the complex stress state generated at the common grain boundary (GB) by twins from

two different parent grains fails to assist in the twinnlng of a third grain,

1, Introduction

Zirconium (Zr) alloys are characterized by their low thermal neutren
abgorption cross-sections, excellent corrosion resistance, and superior
mechanieal properties, making them the preferred materials for nuclear
fuel cladding tubes and structural compenents in the nuclear industry
[$-5]. Zr alloys have a hexagonal close-packed (HCP) crystal structure at
room temperature, which has lower symmetry compared to cubic
structures, This HCP configuration inherently provides a limited number
of slip systems that are unevenly distributed. At room temperature, the
prismatic <a > slip is the most commonly activated slip system to
accommodate strain along the a-axis [6]. Conversely, the pyramidal <c
+ a > slip is critical for accommodating strain along the c-axis but it is
challenging to activate in the initial stages of deformation [7~9]. How-
ever, twinning assists Zr alloys in accommodating strain along the c-axis
in addition to slip [9~11]. Based on the strain conditions (tensile/
compressive straln} experienced by the c-axis of the grains during
deformation, the types of twins in Zr alloys can be categorized into
tensile twins and compressive twins. Tensile twins include {10-12}

* Corresponding authors,

{~1011} and {11-21} < —1-126>, which cause the lattice fo rotate
approximately 85.2° and 34.8° around the c-axis. Compressive twins
include {11-22} {~1-123) and {1011} (—1011), which rotate the
lattice by approximately 64.2° and 57,1° around the c-axis, respectively
[9,10,12-14). Twinning significantly alters the texture of Zr alloys,
leading to a more dispersed orjentation, This change helps to reduce the
anisotropy of Zr alloys and has a notable impact on their irradiation
performance [15], mechanical properties [16,17], and corrosion resis-
tance {1#].

Many studies have been conducted to investigate the twinning in Zr
alloys. It has been found that the twinning behavior during deformation
is complex and the Schmid factor (SF) is an effective criterion for variant
selection during twinning [1%,2Q]. Since the SF represents the degree of
applied stress resolving into shear stress on the twinning system, twin
varlants with high SF are preferentially nucleated durlng twinning
[2%,22], However, twin variants with low SF may also appear as twin
pairs in HCP-structured materials, indicating that the SF alone is insuf-
ficient for predicting variant selection in twins [23,24]. It has been re-
ported that the driving force for twinning is not only the applied stress
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