
Transmission of {332} 〈113〉 twins across grain boundaries in a metastable1

β-titanium alloy2

Fengxiang Lina, Matthieu Marteleurb, Pascal J. Jacquesb, Laurent Delannaya,∗
3

aInstitute of Mechanics, Materials and Civil Engineering (iMMC-MEMA), Université catholique de Louvain, av. G. Lemaître 4, 13484

Louvain-La-Neuve, Belgium5

bInstitute of Mechanics, Materials and Civil Engineering (iMMC-IMAP), Université catholique de Louvain, Place Sainte Barbe 2 , 13486

Louvain-La-Neuve, Belgium7

Abstract8

Plastic deformation by dislocation slip and twinning is investigated in a metastable body centered cubic9

Ti-Mo alloy. Experimental crystal orientation maps show twin lamellae connected across grain boundaries,10

especially when they host low angle misorientation angles. A three-dimensional crystal plasticity based11

finite element model (CPFEM) is used to predict internal stresses due to deformation twinning. It is found12

that twin transmission across grain boundaries relaxes the strong back-stresses at the twin tip more than13

dislocation slip does. CPFEM predictions also indicate that the forward-stresses, which promote twinning14

in the adjacent grain, depend not only on the crystal misorientation angle but also on the misorientation15

axis, and the inclination of the grain boundary plane.16

17
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1. Introduction19

On top of enviable properties, such as low density, biocompatibility and good corrosion resistance, some20

titanium (Ti) alloys demonstrate excellent mechanical strength and ductility. Among them, recently devel-21

oped metastableβ-Ti alloys present uniform elongations larger than 35% and tensile strengths of∼ 900MPa22

due to the progressive refinement of microstructure by martensite transformation and mechanical twinning23

(Marteleur et al., 2012; Sun et al., 2015). The latter microstructural changes, enhancing the work hard-24

ening ability and delaying necking, are commonly referred to as twinning-induced plasticity (TWIP) and25

transformation-induced plasticity (TRIP) (Grosdidier and Philippe, 2000; Ahmed et al., 2016; Castany et al.,26

2016). They give rise to large internal stresses which dramatically influence the elastic-plastic transients dur-27

ing cyclic or merely non-monotonic loading. The present paper addresses internal stresses due to twinning.28
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Deformation twinning plays a particular role in the body centered cubic (bcc) β-Ti alloy. Whereas twin-29

ning of hexagonal closed packed (hcp) materials is necessary due to the low crystal symmetry and the30

insufficient number of (soft) dislocation slip systems, there is a competition between twinning and disloca-31

tion glide in cubic symmetry polycrystals where any plastic strain can be achieved by dislocations alone.32

Occurrence of twinning in bcc and face centered cubic (fcc) metals then depends on various external and33

internal parameters, including strain rate, deformation temperature, grain size and chemical composition34

of the alloys (Meyers et al., 2001). The chemical composition of β-Ti alloys determines both the stability of35

the β phase and the occurrence of twinning (Ahmed et al., 2016). In stable β-Ti, dislocation slip dominates.36

In alloys with intermediate β stability, {332} 〈113〉 twinning and {112} 〈111〉 twinning coexist (Bertrand37

et al., 2011). If the β stability further decreases, as in the alloy studied here, {332} 〈113〉 twinning operates38

together with stress induced α′′ martensite transformation (Sun et al., 2013). Because it requires additional39

shuffle of atoms in addition to shear, {332} 〈113〉 twinning is energetically unfavorable and hence less com-40

mon than {112} 〈111〉 twinning (Christian and Mahajan, 1995). It is nevertheless possible to explain the41

prevalence of {332} 〈113〉 twins for metastable β-Ti alloys. Tobe et al. (2014) considered the metastable42

β phase as a modulated structure with base-centered tetragonal nanodomains, due to which {332} 〈113〉43

twinning required a smaller magnitude of shuffle than {112} 〈111〉 twinning. Lai et al. (2016) and Castany44

et al. (2016) rather suggested that {332} 〈113〉 twinning be a follow up ofα′′ martensitic transformation.45

Once they are formed, twin lamellae influence the subsequent plastic deformation and this can be inves-46

tigated by applying continuum mechanics at the microscopic scale. In crystal plasticity theory, twinning is47

triggered when the shear stress resolved on a twin habit plane reaches a threshold value. The twinned re-48

gion undergoes sudden shear as well as a crystal reorientation, which was first accounted for by introducing49

a new crystallite into the model, using the predominant twin reorientation method (Van Houtte, 1978) or a50

volume fraction transfer scheme (Tomé et al., 1991). The interaction of the twin with the parent grain was51

considered in the total Lagrangian approach (Kalidindi, 1998) whereas more recent models account also for52

the influence of the twin on the selection of slip systems in the parent grain (Salem et al., 2005; Proust et al.,53

2007; Dancette et al., 2012; Cheng and Ghosh, 2015; Wong et al., 2016). The shared idea of the latter models54

is that twin lamellae are obstacles reducing the mean free path of dislocations, i.e. a dynamic Hall-Petch55

effect (Bouaziz et al., 2008). This increases the anisotropy of individual crystals and leads to improved pre-56

dictions of the macroscopic stress-strain response and the crystallographic texture evolution (Leffers and57

Ray, 2009). However, the amplitude of internal stresses is likely to be underestimated because such models58

overlook the accommodation of the transformation shear strain by the neighborhood of the twin. Clausen59

et al. (2008), Abdolvand et al. (2011) and Mareau and Daymond (2016) addressed internal stresses due to60
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the accommodation of the twin shear by assuming that the parent grain is infinitely stiff, causing a large61

“backstress” inside the twin. More accurate predictions were obtained using spatial full-field simulations.62

Zhang et al. (2008) performed finite element simulations using an anisotropic yield function of the Hill type.63

Juan et al. (2014) introduced a double inclusion elasto-plastic self consistent model to study the effect of64

twin and parent domain interactions on slip system activation and hardening. According to Kumar et al.65

(2015), who relied on crystal plasticity and a FFT solver, the resolved shear stress that promotes twinning66

becomes inhomogeneous along the twin-parent interface after the redistribution of stresses due to the ac-67

commodation of the twinning strain. Abdolvand and Wilkinson (2016) used finite elements (FE) to compare68

the residual stresses predicted in a columnar grain microstructure to those measured by high-resolution69

electron backscattered diffraction (HR-EBSD). They observed high stress concentrations at the tips of twins70

that traversed a grain and impinged its boundaries.71

A twin lamella stopped at the edge of a grain stimulates plasticity on the other side of the grain boundary,72

somewhat like a dislocation pile up. If twinning is initiated in the adjacent grain, it may look as if the de-73

formation twin would propagate across the interface. If the phenomenon leads to the formation of catalytic74

twins or twin chains, it affects mechanical properties, such as fatigue (Yin et al., 2008) and fracture (Yang75

et al., 2008). Twin transmission has mostly been reported in hcp materials (Beyerlein et al., 2010; Kumar76

et al., 2016a) where it was found that the twin transmission probability decreases with increasing misorien-77

tation angles across the boundary. Wang et al. (2010b), Barnett et al. (2012) and Xin et al. (2015) observed78

that the similitude of the incoming and transmitted shear planes and shear direction is critical with regard79

to twin transmission, following an idea initially suggested by Luster and Morris (1995) for the transmission80

of dislocation slip across grain boundaries. Kumar et al. (2016a) investigated the stress concentration at the81

tip of a twin within a hcp tri-crystal structure, showing that an increase in plastic anisotropy enhances the82

probability of twin transmission. Siska et al. (2017) considered 3 ellipsoid twins in contact with each other83

along a line, to study mutual interaction of stress fields in hcp crystals. In contrast, there is, to the authors84

knowledge, no similar study in cubic metals. Whereas twins rarely transmit across grain boundaries in fcc85

materials, e.g. Dancette et al. (2012), some micrographs show that twins may transmit across grain bound-86

aries in bcc β-Ti (Sun et al., 2013; Min et al., 2013). So far, most of the numerical analyses of hcp metals87

were performed in two dimensions, considering that the twin tip edge is perpendicular to the twin shear88

direction.89

The crystal plasticity based finite element model (CPFEM) presented here allows three dimensional mod-90

eling of the internal stresses along all edges of a twin lamella either in the presence or in the absence of a91

transmitted twin lamella. The model is used to investigate the influence of twin transmission on internal92
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stresses. We also analyze preferred conditions for twin transmission and compare model predictions to elec-93

tron back-scatter diffraction (EBSD) observations of the deformed microstructure of a crystallographically94

textured metastable β-Ti-Mo alloy (Marteleur et al., 2012).95

2. Experimental results96

2.1. Initial material97

A binary Ti-12wt.%Mo alloy was used in this investigation. A cast ingot was rolled at room temperature98

with a thickness reduction of 95%, and then annealed at 1173 K for 30 minutes followed by water quench.99

Before being further deformed, the fully recrystallized microstructure showed a single bcc phase, free of100

twins, and a mean grain size of about 50 µm.101

The recrystallized material presents a strong texture. The {110} pole figure shown in Fig. 1a was gener-102

ated using the MTEX tool box (Hielscher and Schaeben, 2008) from electron backscatter diffraction (EBSD)103

data collected on an area of 1500 ×1000 µm2. The pole figure is not perfectly orthotropic as would be ex-104

pected at the mid-thickness of a rolled sheet. This is due to an insufficient texture sampling. The large grain105

size of the as-cast sample prevents a balanced occurrence of all variants of the texture component during106

the cold rolling and the subsequent recrystallization (Lin et al., 2015). The predominant lattice orientation is107

close to {634} 〈123〉 (marked in the pole figure using open triangles), which is not far from the {111} 〈112〉108

orientation (open circles in the pole figure). A strong {111} 〈112〉 component is common in highly rolled109

and recrystallized low-carbon steel with bcc symmetry (Hölscher et al., 1991). The {111} 〈112〉 texture was110

also observed in a β-Ti alloy after 90% warm rolling and recrystallization (Sander and Raabe, 2008).111

The distribution of the misorientation angle across grain boundaries is shown in Fig. 1b. When compared112

to a random texture, the present material contains a widely scattered distribution of misorientation angles.113

About 33% of the grain boundaries have misorientations lower than 15◦.114

2.2. Twinning during a uniaxial tensile test115

The recrystallized samples underwent uniaxial tension along the rolling direction. After only 1% elon-116

gation, twinning was already observed in some grains. As the tensile strain increased, twinning occurred117

in a larger proportion of grains, and both the number of twins and their volume fraction increased inside118

individual grains. The EBSD orientation map in Fig. 2 shows the microstructure after 5% tensile strain,119
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Figure 1: {110} pole figure showing the recrystallized texture (a) and the distribution of the grain boundary misorientations in the
recrystallized material.

when twin lamellae cover about 20% of the sample area. Table 1 lists the Euler angles of individual grains120

in Fig. 2 as well as the Schmid factors (SF) of the observed twins. The latter SF is computed assuming that121

the macroscopic uniaxial tensile stress applies uniformly inside all grains. The tensile direction is horizontal122

in the figure. Inside most of the grains, the twin variant with the highest SF dominates, and a second or123

third twin variant with lower SF is observed only near the grain boundary. In grain Gr11, two variants with124

the largest and second largest SF intersect each other. The twin and matrix crystal orientations indicate that125

the active twinning system is always {332} 〈113〉. Twins have a lamellar shape, with the twin/matrix in-126

terfaces roughly parallel to a {332} crystallographic plane. Consistent with the low stability of the β phase127

(Marteleur et al., 2012), the {112} 〈111〉 twinning mode has been scarcely observed in the orientation maps128

and will hence not be accounted for in the present study.129

In the orientation maps, we observe many adjoining twin pairs (ATPs) connected across a grain bound-130

ary. In principle, such ATPs could arise in three situations:131

• Twinning occurs in a single grain which, as a result of heterogeneous plastic deformation, is subse-132

quently subdivided in two subregions with a moderate lattice misorientation.133

• Two twins nucleate simultaneously at the grain boundary, and then propagate into the bulk of the two134

grains.135

• One of the two twins forms first, and propagates across the grain until it reaches the boundary and136

triggers twinning in the adjacent grain.137
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Figure 2: EBSD maps showing the microstructure after 5% elongation. (a) and (c) Maps colored according to the crystallographic
orientation of the tensile direction. The tensile direction is horizontal. Grain numbers are marked. (b) and (d) Maps of the EBSD band
contrast. Grain boundaries are shown in color varying according to the misorientation angles. Twin boundaries are shown in red. The
white rectangle marks a region where twin lamellae are curved, and this region is enlarged in Fig. 4.

Table 1: Crystal orientations shown in Fig 2 and Schmid factor (SF) for uniaxial tension of the observed twins.

Grain No Euler angle SF
Gr1 [156, 130, 215] 0.49/0.36/0.12
Gr2 [152, 142, 213] 0.48
Gr3 [161, 146, 207] 0.47
Gr4 [156, 133, 215] 0.49/0.14
Gr5 [157, 133, 223] 0.47
Gr6 [156, 134, 221] 0.48/0.38
Gr7 [192, 153, 221] 0.41/0.30
Gr8 [179, 139, 215] 0.37/0.38
Gr9 [189, 149, 224] 0.42

Gr10 [343, 147, 240] –
Gr11 [50, 41, 19] 0.47/0.44/0.26
Gr12 [208, 46, 33] 0.49
Gr13 [198, 43, 44] 0.46
Gr14 [150, 35, 63] 0.49/0.35
Gr15 [163, 30, 45] 0.43
Gr16 [151, 36, 62] 0.49
Gr17 [188, 40, 33] 0.43/0.32/0.12
Gr18 [140, 32, 72] 0.49
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The first situation is excluded here, considering that twins were absent in the recrystallized sample and that138

the 5% elongation of the tensile test is insufficient to induce such sharp subgrain boundaries. The second139

situation is difficult to assess as the EBSD map offers only a snapshot of the deformation process. The140

third situation, twin transmission, is more probable at least in those cases where we observe twin lamellae141

chained to go across more than two grains. In the sequel, we consider for simplicity that all ATPs are the142

result of twin transmission but the conclusions of the analysis remain valid if the two twin lamellae would143

rather have originated simultaneously at a stress concentration along the grain boundary.144

Table 2 describes the twin transmission situations observed in Fig. 2 using several parameters. The first145

five grain boundaries are easily transmitted through. Almost every impinging twin lamella propagates into146

the entire adjacent grain without obvious change of the twin thickness. Such boundaries tend to present147

low misorientation angles. In Table 2, the next four grain boundaries are not systematically traversed.148

Only a few of the incoming twins are transmitted and they do not propagate much inside the adjacent149

grain. Another twin variant dominates in the central part of the latter grain. These occasionally transmitted150

twins are marked in Fig. 2 by arrows. The next two lines in the table correspond to two grains boundaries151

where the transmission is unclear, since it is difficult to determine whether or not the two set of twins are152

connected with each other at the grain boundary. Finally, transmission was never observed across the last153

eight boundaries listed in Table 2. The general trend is that the larger the misorientation angle is, the lower154

the chances for twin transmission. However, the grain boundaries Gr1/Gr3, Gr16/Gr17 and Gr8/Gr4 all155

have misorientation angles around 20◦, but twin transmission is different for each one of them.156

In the literature (Wang et al., 2010b; Barnett et al., 2012; Xin et al., 2015), it has been suggested that twin157

transmission occurs when there is a small misalignment of the two twin plane normals and the two twin158

shear directions. Callingθn andθb the two misalignment angles, the geometrical compatibility factor, which159

measures the similitude of the two twinning systems, has been defined as:160

m′ = (~btw · ~b′tw)(~ntw · ~n′tw) = cos(θb) cos(θn) (1)

where ~b′tw and ~n′tw refer to a twin system in the grain adjacent to the incoming twin lamella. In Table 2, all161

boundaries across which twins are systematically transmitted have m′ > 0.9 and both twins in those ATP,162

have a SF larger than 0.47. This indicates that both grains are equally likely to undergo twinning and it is163

difficult to identify which one is the incoming twin. For the boundaries which impinging twins occasionally164

traverse, the incoming twin has high SF but the transmitted twin has a lower SF, and sometimes is only the165

second or third most favorable twin variant. However, the transmitted twin systematically is the variant166
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Table 2: Misorientations and twin transmission situations across grain boundaries in Fig. 2. The Schmid fator of the incoming and
transmitted twins (SF), the geometrical compatibility factor (m′) and the angles θb and θn of misalignment of two twinning systems are
also listed. For grain boundaries where the incoming twin is constrained, twin variants in the neighboring grain with the highest SF
and with the highest m′ are listed, and marked with underlines.

GB Misorientation Transmission SF m′ θn θb
Gr1/Gr4 3◦ Systematic 0.49/0.49 1.00 2◦ 3◦

Gr1/Gr6 6◦ Systematic 0.49/0.48 0.99 3◦ 6◦

Gr4/Gr5 7◦ Systematic 0.49/0.47 0.99 6◦ 3◦

Gr1/Gr2 12◦ Systematic 0.49/0.48 0.98 5◦ 11◦

Gr1/Gr3 21◦ Systematic 0.49/0.47 0.93 19◦ 11◦

Gr16/Gr17 22◦ Occasional 0.49/0.32 0.86 22◦ 19◦

Gr8/Gr4 24◦ Occasional 0.37/0.14 0.87 22◦ 19◦

Gr9/Gr1 33◦ Occasional 0.42/0.12 0.77 24◦ 32◦

Gr1/Gr7 39◦ Occasional 0.47/0.30 0.71 38◦ 26◦

Gr11/Gr17 47◦ Unclear 0.47/0.12 0.58 31◦ 47◦

Gr11/Gr15 49◦ Unclear 0.44/0.43 0.3 69◦ 35◦

Gr18/Gr17 28◦ No 0.49/0.43 −0.06
0.49/0.33 0.80

Gr13/Gr14 36◦ No 0.47/0.49 −0.03
0.47/0.44 0.71

Gr11/Gr12 39◦ No 0.43/0.49 0.16
0.43/0.25 0.74

Gr11/Gr13 45◦ No 0.44/0.46 0.11
0.43/0.12 0.64

Gr11/Gr16 46◦ No 0.43/0.49 0.35
0.43/0.35 0.70

Gr11/Gr14 47◦ No 0.47/0.49 0.70
Gr11/Gr18 52◦ No 0.44/0.49 0.35

0.44/0.35 0.70
Gr1/Gr10 54◦ No 0.49/0.37 0.04

0.49/0.08 0.53
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Figure 3: Influence of the lattice misorientation on the line of contact of the incoming and transmitted twin lamellae. The thick
yellow lines highlight twin edges that allow transmission along a line within the grain boundary. Three lattice misorientation axes are
considered: (a)~btw ×~ntw, (b)~btw, and (c)~ntw.

that holds the highest m′ value (> 0.7 for the present four grain boundaries). The twin variants with the167

largest SF dominate in the central part of the adjacent grains. For the boundaries impinged by an incoming168

twin lamella that is not transmitted, all twelve twin variants of the adjacent grain have either a low m′169

value or a low SF value. For these boundaries, Table 2 provides the m′ and SF values for the two most170

likely (and yet unobserved) ATPs. A third orientation map covering a larger number of grains is analyzed171

in the Appendix. The latter EBSD measurements were performed at a larger strain (about 8% elongation),172

impeding the indexation of lattice orientations inside the twins. Twin variants were hence identified based173

on the traces of habit planes and the trends observed in Fig. 2 were confirmed.174

The previous analysis might overlook an important supplementary condition for twin transmission: the175

two twin lamellae are adjoining in 3D only if the line of intersection of the twin planes lies inside the grain176

boundary. This is illustrated in Fig. 3 where three idealized cases are considered: the incoming twin lies177

inside a cubic grain and the lattice misorientation with regard to adjacent grains is around, respectively,~btw,178

~ntw, and~btw ×~ntw. We observe that twin transmission is theoretically possible only along those edges of179

the twin lamella that are parallel to the axis of the lattice misorientation. The only exception is if the incom-180

ing and transmitted twins are co-planar, i.e. if the lattice misorientation axis is ~ntw. In a three dimensional181

microstructure with irregular and equi-axed grain shapes, chances are scarce that the incoming and trans-182

mitted twins meet exactly along a line inside the grain boundary. Indeed, in bcc crystals, the adjacent grains183

each have only twelve twinning planes and only few have a large SF.184

The rather large number of ATPs observed experimentally is explained by the large proportion of low185

angle misorientation boundaries (Fig. 1b) and also by the fact that some twin lamellae deviate from the co-186

herent {332} plane. The topology of ATPs was not probed in 3D. This would have required serial sectioning187

of the sample and multiple EBSD maps (Rohrer et al., 2010). However, as a single EBSD map provides a188

random sampling of the 3D microstructure, ATPs observed in a 2D section are likely to remain adjoining189
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Figure 4: (a) Close up on curved twin lamellae (region in the white rectangle in Fig. 2). The two parallel twin lamellae are white regions
surrounded by red boundaries, and the matrix is colored to show the orientation spread in the {332} pole figure presented in (b). The
dashed lines highlight the curvatures of the twin lamellae and of the crystal lattice. The {332} crystal plane is represented by its trace
in (a) and by its normal in (b).

within a 3D volume outside the section. The region inside the white rectangle in Fig. 2b is enlarged in190

Fig. 4a, showing twinned regions in white whereas the parent grain is colored in the same way as the {332}191

pole figure presented in Fig. 4b. As a result of heterogeneous dislocation slip, the parent grain hosts a lattice192

orientation spread of about 5◦, developing from the bottom left corner to the top right corner of Fig. 4a. The193

trace of the {332} plane in the parent grain is easily derived from the pole figure: it is perpendicular to the194

line connecting the center of the pole figure to the local {332} pole. When travelling from the bottom-left195

to the top right-corner of Gr1, the trace of {332} rotates clockwise (from the green dashed line to the blue196

dashed line). Interestingly, the interface with the twin lamellae conforms to the curvature of the {332} plane197

in the bulk of Gr1 but it rotates anti-clockwise when approaching the grain boundary, so as to connect to198

the adjoining twin lamellae in Gr3. Inside the bulk of Gr1, the twin/matrix interface hosts a misorientation199

which is within 2◦ from the ideal {332} 〈113〉 relationship. Such misorientation is represented by a red line200

in Fig. 4a. Nearby the Gr1/Gr3 boundary, the twin/matrix interfaces deviates by about 10◦ relative to the201

{332} crystal plane (marked by a blue dashed line). Without the latter deviation, the twin lamellae in Gr1202

would not connect to those in Gr3.203
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3. Crystal plasticity simulations204

The numerical modeling is conducted on a 3D polycrystalline aggregate. It is aimed at estimating the205

internal stresses developed inside and around a newly formed twin lamella as well as the partial stress206

relaxation when twinning is initiated in an adjacent grain, creating an adjoining twin pair (ATP).207

3.1. Model description208

The geometry of the two lamellae forming the ATP under investigation is determined a priori and it209

is presented in Fig. 5. The ATP is placed at the center of a polycrystal in which the 64 constitutive grains210

form a periodic Voronoi tessellation. The twin lamellae of the ATP extend through the entire hosting grains211

(Fig. 5b). Their thickness leads to an aspect ratio of about 13 and it represents about 5% of the volume in212

the hosting grains. The two twin planes are inclined by 13◦ relative to each other. They intersect along a213

straight segment which is inside the planar boundary between the two adjacent grains. The contact area214

of the two twin lamellae is a thin rectangular facet in this boundary. The polycrystal is embedded inside a215

uniform matrix forming a cube with edges ten times larger than the size of the polycrystal. The uniform216

matrix acts as a buffer layer that minimizes the influence of boundary conditions on the stress field nearby217

the twin lamellae, which is the focus of interest. The uniform matrix deforms according to isotropic J2218

elasto-plasticity and its stiffness, strength and linear hardening, σy = σy0(1 + ε/ε0), mimic the response of219

the polycrystal so that deformation is evenly distributed between the matrix and the polycrystal.220

The lattice orientations of the two grains hosting twins are prescribed in such a way that the lamellae221

are parallel to {332} crystal planes whereas the twin shear directions 〈113〉 are in both grains either parallel222

or perpendicular to the grain boundary. With such orientations, no misalignment needs to be compensated223

by forming incoherent twin boundaries. The situation that both~btw and ~b′tw are perpendicular to the grain224

boundary corresponds to a misorientation between the two grains around the axis of~btw ×~ntw, similar to225

that shown in Fig. 3a. The situation that both~btw and ~b′tw are parallel to the grain boundary corresponds226

to a misorientation between the two grains around the axis of~btw, similar to that shown in Fig. 3b. These227

two situations are later referred to as~btw ×~ntw and~btw types. The lattice orientations of the 62 other grains228

are selected randomly while it has been verified that the results presented next do not vary much when a229

simulation is repeated using different random orientations samplings, or when assigning grain orientations230

representative of the texture measured experimentally.231

A finite element mesh conforming to the microstructure is generated using the gmsh library (Kowalski232
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Figure 5: Representation of the grain geometry used for the FE simulation. (a) The uniform matrix and the 3D polycrystal structure.
(b) The two grains with a prescribed adjoint twin pair (ATP).

12



et al., 2016). Each grain is discretized into about 400 second-order tetrahedral elements (C3D10 in ABAQUS)233

and the mesh is further selectively refined at the edges of the twin lamellae, i.e. where we expect the devel-234

opment of large internal stresses during twinning. Displacements are prescribed incrementally at all nodes235

of the cube faces. The boundary conditions enforce that the cube faces remain flat and they warrant that the236

volume average of the stress tensor is uniaxial. However, the tensile axis does not correspond to an edge of237

the cube. In order to ensure that twinning of the ATP is likely to occur, the tensile axis is tilted at about 45◦238

relative to the twin lamellae, which maximizes the resolved shear stress τtw on the twinning system in each239

grain, i.e. the Schmid factor for twinning is large in both lamellae.240

A user-defined material law (UMAT routine) implements crystal plasticity theory in the ABAQUS finite241

element code (Delannay et al., 2009; Dancette et al., 2012; Amodeo et al., 2016). The constitutive law is in-242

tegrated fully implicitly within a reference frame rotating with the crystal lattice. For this, the deformation243

gradient tensor, F = R?U elF p, is multiplicatively decomposed into a lattice rotation R?, an infinitesimal244

elastic stretch such that
∥∥U el − I

∥∥ � 1, and a transformation F p resulting from dislocation slip and twin-245

ning. Using a dot to represent time derivatives, the velocity gradient tensor is approximated as follows:246

L =
.
FF−1 = R?

(
R?T .

R? +
.
U elU el−1

+U el
.
F pF p−1U el−1)

R?T

' R?
(
R?T .

R? +
.
U el +

.
F pF p−1

)
R?T

(2)

Hence, the velocity gradient is the sum of three tensors rotating with the crystal lattice. In the sequel, a tilde247

is adjoined above all such co-rotational vectors and tensors, which includes the (anisotropic) elastic stiffness248

tensor C̃, and the plastic velocity gradient L̃p =
.
F pF p−1. At any given time step, the crystal is assumed to249

undergo either dislocation slip or twinning, not both, i.e. dislocation slip is switched off inside the lamellae250

when they are twinning. This is justified if we consider that twinning occurs suddenly.251

In regions where dislocation glide operates, the slip rates γ̇k are computed using the conventional vis-252

coplastic power-law proposed by Hutchinson (1977):253

L̃p = ∑
k
M̃kγ̇k = ∑

k
M̃kγ̇0

∣∣∣∣∣M̃k : σ̃
τc

∣∣∣∣∣
1/m

sign
(
M̃k : σ̃

)
(3)

γ̇0 is the reference slip rate, m is a very low rate sensitivity exponent and the Schmid tensor M̃k = b̃k ⊗ ñk254

is the diadic product of the slip plane normal ñk and the normalized Burgers’ vector b̃k. It is assumed that255

dislocation slip occurs along 24 slip systems of the {110} 〈111〉 and {112} 〈111〉 types. The common critical256
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resolved shear stress τc evolves proportionally to the accumulated dislocation slip:257

τc = τc0

(
1 +

Γ

Γ0

)
where Γ =

∫ t

0
∑
k

∣∣∣γ̇k
∣∣∣ dt (4)

During twinning of the ATP, the plastic velocity gradient is adapted (only inside the finite elements258

forming the lamellae): equation (3) is replaced by:259

L̃p =
(
b̃tw ⊗ ñtw +Ωtw

)
γ̇tw (5)

Here ñtw is the twin plane normal, b̃tw is the twin shear direction, Ωtw is a skew-symmetric tensor represent-260

ing a rotation around ñtw, and γ̇tw is a twinning rate, which is prescribed long enough to achieve the shear261

strain (0.3536 for {332} 〈113〉 twinning) and the lattice reorientation expected after complete twinning. The262

finite element simulation is decomposed in two stages. The material is first preloaded while allowing only263

dislocation slip throughout the polycrystal. Then, twinning of one or both lamella(e) of the ATP is enforced264

while maintaining the macroscopic stress state constant, i.e. while preserving uniaxial tension on average265

over the mesh.266

The six components of σ̃ and the three components of the lattice spin
.

Ω̃? = R?T
.
R? are computed by267

integrating the following tensorial equation in which L is the latest estimate of the local velocity gradient268

computed by Abaqus:269

C̃−1 :
.
σ̃ +

.

Ω̃? + L̃p −R?T LR? = 0 (6)

The fully-implicit time integration adopts a Newton-Raphson iterative solution. Then, a consistent tangent270

operator is provided to the finite element solver, while accounting for the following relationship linking the271

co-rotational stress σ̃ to the Cauchy stress σ expressed in a fixed frame common to all crystals:272

.
σ̃ =

.
σ −

.

Ω̃?σ +σ
.

Ω̃? (7)

The material parameters are listed in Table 3. The elastic constants for the investigated Ti-Mo alloy are273

extrapolated from the values reported in (Welsch et al., 1993). The parameters τc0, Γ0, σy0 and ε0 fit the274

initially constant hardening rate of the tensile curve reported in (Marteleur et al., 2012).275
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Table 3: Material parameters used in FE simulations

polycrystal C11 (GPa) C12 (GPa) C44 (GPa) τc (MPa) Γ0 γ̇0 (s−1) m
125 100 41 170 1.32 0.001 0.02

buffer E (GPa) ν σy (MPa) ε0
78 0.37 481 0.64

3.2. Predictions of the evolution of internal stresses with and without twin transmission276

The ATP and the 2D cuts of the two neighboring grains with the prescribed ATP are presented in Fig. 6.277

One of the grains is termed grain N0, and is assigned to have the highest Schmid factor for twinning, i.e. it278

is the grain that is selected to host the first twin lamella. The other grain is termed grain N1. The internal279

stresses due to twinning are largest in the close vicinity of the twin edges. Their average value is probed280

inside a tubular region that contains all material points located at a short distance from the linear intersection281

of the twin plane and the grain boundaries. It is computed by accounting for the distance dout of each point282

to its projection on the twin plane as well as the distance din of the projection to the nearest twin edge. A283

material point is considered sufficiently close to the twin edge if d2
in + (dout/2)2 ≤ (t/2)2 where t is the284

thickness of the twin lamella. With this definition, the twin tip regions tend to match the regions with high285

stress concentration. The twin tip region in grain N0 near the twin edge between the prescribed two twins286

is termed Ω0, and the twin tip in grain N1 is termed Ω1. Each one is a half tubular region, as indicated in287

Fig. 6. Fig. 6b shows grain N0 and N1 viewed in the section perpendicular to the twin edge (termed twin288

edge view). The twin edge view is similar to the geometry used in most of the published 2D or quasi-2D289

simulations (Kumar et al., 2016b). Fig. 6c shows the two twin lamellae cut at the mid-thickness of the twin290

(termed twin plane view). It should be noted that the cutting sections through the twins in grain N0 and N1291

are not the same, because the twin planes of the two twins are inclined from each other by 13◦.292

Simulations proceeded in two steps. The preloading step in uniaxial tension occurred without twinning293

until a true elongation of 2% (corresponding to a tensile stress of around 490 MPa). During the subsequent294

step, the macroscopic stress was held constant and twinning was enforced (by applying Eq. (5)) either only295

inside the lamella of grain N0 or inside both twin lamellae. The former corresponds to the situation where296

twinning is constrained by the grain boundary, whereas the latter corresponds to the situation where twin297

transmission occurs. The total amount of shear prescribed inside each lamella was 0.3536 as expected from298

mechanical twinning in this material.299

The simulation was carried out twice while changing the twin shear direction. The macroscopic tensile300

direction was adapted to warrant the same high resolved shear stress for twinning (τtw) in both simulations.301

In the first simulation (~btw ×~ntw type), the twin shear direction~btw in both grains was perpendicular to the302
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Ω" Ω1 
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Twin tip
regions

N0 tw N1 tw

Figure 6: Definition of twin tip regions. (a) 3D structure showing the ATP and the twin tip region. The twin tip regions at the boundary
of grains N0 and N1 are contoured by dashed lines in the twin edge view (b) and twin planes view (c). .

Table 4: Lattice orientations of the central grains, and tensile loading directions (in the macroscopic coordinate system) used for the FE
simulations. The Schmid factors of the prescribed twin variant are computed using the macroscopic stress.

Euler angles N0 Euler angles N1 Tensile axis SFN0 SFN1

~btw ×~ntw type [277.7 87.0 271.4] [278.3 77.3 261.6] [0.73 -0.58 -0.36] 0.5 0.44
~btw type [212.5 68.4 352.3] [209.1 55.7 358.1] [0.10 -0.94 0.33] 0.5 0.49

linear intersection of the two twin planes. Grains N0 and N1 thus had a lattice misorientation around303

~btw ×~ntw. In the second simulation (~btw type), ~btw was parallel to the linear intersection of the two twin304

planes, i.e. grains N0 and N1 thus had a misorientation around~btw. The Euler angles (Bunge convention)305

defining the lattice orientations are listed in Table 4, which provides also the macroscopic tensile direction306

and the Schmid factor for twinning. In both grains, the active twin variant is (2̄33̄) [311̄].307

The simulation results for the ATP of~btw ×~ntw type are shown in Fig. 7. In this figure, the scalar value308

measuring the amplitude of internal stresses is the resolved shear stress on the active twin variant, which309

we denote τtw. For grains N0 and N1, τtw is expressed in their local coordinate systems, which have an310

inclination of 13◦ between each other. τtw in grain N0 is positive before the onset of twinning and equal311

to about one half of the macroscopic tensile stress (since the Schmid factor is maximum). The stress field312

represented in Fig. 7 shows the difference of τtw before and after imposing the local shear strain inside the313

twin lamella, noted as ∆τtw. Negative values are predicted mostly inside the twin lamella of grain N0,314

corresponding to so-called back-stresses. In the absence of twin transmission, very large back-stresses are315
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Table 5: Variation of the internal stresses as a result of twinning. 〈∆τtw〉TwN0 means average resolved shear stress for twinning com-
puted inside the whole incoming twin, whereas 〈∆τtw〉Ω0

and 〈∆τtw〉Ω1
refer to the two twin tip regions on either sides of the grain

boundary.

〈∆τtw〉TwN0 〈∆τtw〉Ω0
〈∆τtw〉Ω1

Transmission: no yes no yes no yes
~btw ×~ntw type −3.5τc −3.2τc −4.1τc −3.6τc 0.24τc −1.9τc

~btw type −3.4τc −3.2τc −4.7τc −2.8τc 0.25τc −2.8τc

observed near the twin tip region in grain N0. If twin transmission occurs, i.e. if the twinning shear strain316

is enforced also within the lamella of grain N1, the stress concentration at the adjoining twin tip is reduced.317

The average values of ∆τtw for the entire incoming twin lamella and for the twin tip region Ω0 are listed318

in Table 5. For~btw ×~ntw type, the average value of ∆τtw at the twin tip region Ω0 after twin transmission319

is still lower than that of the entire twin because of a very thin stress concentration layer near the twin320

edge (see Fig. 7d) due to the difference of the twin shear strain tensors of the incoming and transmitted321

twins. For grain N1, ∆τtw is positive before twin transmission, corresponding to forward-stresses that are322

likely to promote twinning in this adjacent grain. With twin transmission, back-stresses are observed in the323

transmitted twin, but no large stress concentration is observed at the twin tip region Ω1.324

The simulation results for~btw type are shown in Fig. 8. They are qualitatively similar to the prediction325

of internal stresses for the~btw ×~ntw type. For~btw type, without twin transmission, the stress concentration326

at the twin tip region Ω0 is even larger than the one for~btw ×~ntw type. However, with twin transmission,327

∆τtw at twin tip region becomes similar to the level at the central part of the twin. In other words, the stress328

concentration at the adjoining twin tip is more significantly reduced via twin transmission for the~btw type.329

It is noteworthy that, in the twin edge view, the twin shear direction is now out of the plane.330

4. Discussion331

4.1. Favorable conditions for twin transmission332

The analysis of crystal orientation maps allows identifying favorable conditions for the transmission333

of mechanical twins across grain boundaries. ATPs were formed systematically whenever the following334

two conditions were met simultaneously: both twins have a large Schmid factor for twinning and the two335

twins have a high geometrical compatibility factor m′ = (~btw · ~b′tw)(~ntw · ~n′tw). Whereas previous works336

on this question considered hcp metals (Wang et al., 2010b; Barnett et al., 2012; Xin et al., 2015), the present337

experimental observations tend to indicate that the m′ parameter is relevant also in bcc crystals. ATP were338
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𝑏"#

No twin transmission With twin transmission

(a) (b)

(c) (d)
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Figure 7: Internal stresses induced by twinning when the misorientation of adjacent grains is around~btw ×~ntw. The resolved shear
stress τtw accounts for the local orientation of the twin. The coloring is according to the variation ∆τtw that occurs as a result of the
twinning transformation strain. The twin lamella is considered to be transmitted in (b) and (d), but not in (a) and (c). The twin edge
view (a,b) and the twin planes view (c,d) are defined in Fig. 6.
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Figure 8: Internal stresses induced by twinning when the misorientation of adjacent grains is around~btw. The resolved shear stress τtw
accounts for the local orientation of the twin. The coloring is according to the variation ∆τtw that occurs as a result of the twinning
transformation strain. The twin lamella is considered to be transmitted in (b) and (d), but not in (a) and (c). The twin edge view (a,b)
and the twin planes view (c,d) are defined in Fig. 6.
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formed whenever m′ > 0.9, on the condition that the adjacent grains also have large Schmid factors for339

twinning. As reported in Table 2, occasional transmission was observed across those grain boundaries340

where the m′ parameter and the Schmid factor had lower values.341

The present study also emphasizes another condition for the transmission of a thin twin lamella: the342

linear intersection of the incoming and transmitted twin planes must lie inside the grain boundary. This343

condition cannot be assessed directly on a 2D section of the microstructure. However, when all twin lamel-344

lae impinging a grain boundary are observed to be transmitted into the adjacent grain, it is most likely that345

ATP extend in 3D outside the section that has been probed by EBSD. In practice, the intersection of the two346

twin planes does not lie exactly within the grain boundary if it is computed based on the average orien-347

tations of the two grains. In case of misalignment, line contact (point contact in 2D) may still be fulfilled348

owing to a curvature of the transmitted twin lamella in the vicinity of the grain boundary as demonstrated349

in Fig. 4. The twin lamella adopts the {332} habit plane at a small distance away from the grain boundary.350

The difference between the energies of coherent and incoherent twin boundaries determines the likeliness351

of such deviations and hence the chances to form adjoining twin pairs. For fcc material, the coherent {111}352

twin boundary energy is very low. Wolf et al. (1990) calculated twin boundary energy for copper using the353

embedded atom method, and reported that the boundary energy increased from 9 mJ/m2 for a coherent354

twin boundary to 186 mJ/m2 when the boundary plane deviates from the coherent twin plane by a 13.3◦355

rotation around [011̄]. Such a significant increase of boundary energy makes it energetically unfavorable356

to deviate from a coherent twin boundary, which may explain why twin transmission seldom occurs in357

fcc materials. In contrast, the difference between coherent and incoherent twin boundaries is less signifi-358

cant for hcp materials (Wang and Beyerlein, 2012), in which more frequent twin transmission across grain359

boundaries has been reported. The present experimental data obtained on a bcc material show that 10◦360

misalignment can be compensated. However, the energy of {332} twin boundaries in this Ti alloy is yet361

unknown.362

Most of the previously published numerical investigations of twin transmission were performed in 2D363

or quasi-2D conditions. In such cases, the two twin planes and the grain boundary are all perpendicular to364

the 2D microstructure section, whereas the direction of the twin shear (in both grains) lies within the section.365

The misorientation of the two grains is hence around~btw×~ntw in all 2D simulations. Only recently, Liu et al.366

(2016) simulated the lateral propagation of a {101̄2} twin in Mg using molecular dynamics simulations, and367

suggested that such propagation may also contribute to the increase of the twin volume.368

For different reasons, we believe that misorientation around~btw×~ntw is not the most common condition369

20



of twin transmission, certainly not in the present bcc material.370

• First, we note that the value of m′ is not maximized when the misorientation axis is~btw ×~ntw. Indeed,371

the latter situation implies that the two twin planes and the two twin shear directions have the same372

misalignment, i.e. θn = θb, and hence m′ = cos(θn)2 = cos(θb)
2 = cos(θ)2. The same lattice misori-373

entation around~btw or around~ntw rather leads to m′ = cos(θ) which is larger and hence more in favor374

of twin transmission.375

• Finite element modeling of the internal stresses developed at the edge of a twin lamella provides a sec-376

ond reason why twin transmission is more likely across boundaries hosting misorientations around377

~ntw or~btw. The simulation results reported in Fig. 9 were obtained by impeding plastic relaxation so378

that the localized shear inside the twin lamella was accommodated elastically by the surrounding.379

The simulation was repeated while progressively increasing the misorientation of the adjacent grain.380

Twinning induces a back-stress 〈δτtw〉Ω0
at the tip of the twin lamella which is to some extent balanced381

by a forward-stress 〈δτtw〉Ω1
in the adjacent grain. The forward stress, which is likely to promote twin-382

ning in the adjacent grain, is found to decrease when the lattice misorientation increases. The latter383

decrease is much faster when the misorientation is around~btw×~ntw than in the other two simulations.384

• The inclination of the grain boundary with regard to the twin planes also influences the forward- and385

back-stresses. Supplementary FE simulations were carried out assuming a disk shaped twin lamella386

embedded in an elastically isotropic medium. In Fig. 10,α1 is the angle between~btw and the projection387

of the normal of the grain boundary on the twin plane, andα2 is the angle between ~ntw and the grain388

boundary plane. The tubular twin tip regions, denoted Ω0 and Ω1 inside and outside the disk, are389

defined similarly to those presented in Fig. 6. When α1 ' 0◦, i.e. when the misorientation with the390

adjacent grain is around~btw ×~ntw (Fig. 3), the grain boundary inclination has hardly any influence on391

〈δτtw〉Ω0
and 〈δτtw〉Ω1

. The predictions vary much more when α1 ' 90◦, i.e. when the lattice misori-392

entation is around~btw or ~ntw. Large internal stresses are then developed especially if the boundary393

plane is perpendicular to the disk plane (α2 = 0). We may thus expect that, when α2 is less than394

about 45◦, the forward stresses are large enough to trigger twinning in the adjacent grain only if the395

misalignment of incoming and transmitted twins is around~btw or ~ntw. Predictions are qualitatively396

similar when elasticity is anisotropic.397

• In the analysis of the microstructure of the β titanium deformed under tension, there is up to now one398

experimental observation indicating that misorientations around~btw may favor twin transmission. In399

Table 2, the three grain boundaries Gr1/Gr3, Gr16/Gr17 and Gr8/Gr4 all host rather large misorien-400
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Figure 9: Normalized forward-stresses as a function of the misorientation angle occurring around (a)~btw ×~ntw, (b)~btw, (c)~ntw. For each
type of misorientation axis, 〈δτtw〉Ω1

is normalized by its value when the misorientation angle is zero. The m′ value of the incoming
and transmitted twins is also plotted.

tation angles∼ 20◦. However, the misorientation axis at grain boundary Gr1/Gr3 is close to~btw (since401

θb � θn) and twin transmission is systematic. The misorientation axes at grain boundaries Gr16/Gr17402

and Gr8/Gr4 are close to~btw ×~ntw (since θb ' θn) and twin transmission is occasional. When the mis-403

orientation angle is lower than about 10◦, twin transmission is observed whatever the misorientation404

axis. The orientation map analyzed in the Appendix confirms this trend: when the grain misorienta-405

tion angle is in the range 10◦ − 20◦, twin transmission is more probable if the misorientation axis is406

around either~btw or~ntw.407

The latter analysis is based on the internal stresses computed from continuum mechanics simulations and408

on experimental observations having insufficient spatial resolution to reveal the fine scale topology of the409

ATP. At lower scales, other important parameters are expected to influence twin transmission across grain410

boundaries. Wang et al. (2010a) performed molecular dynamics simulations of the nucleation of twins at411

a grain boundary in Mg, demonstrating that low angle, symmetric tilt boundaries are favorable for twin412

transmission. Twin nucleation clearly is beyond the scope of the present study relying on CPFEM and (2D)413

orientation maps.414

4.2. Effect of twin transmission on internal stresses415

Elaborate CPFEM simulations of the development of internal stresses in a 3D polycrystalline microstruc-416

ture were presented in Section 3.2. ATPs corresponding to misorientations around either~btw ×~ntw or~btw417

were considered and the internal stresses, especially nearby the twin tip, were significantly reduced when418

twin transmission occurred. This phenomenon is likely to influence the macroscopic mechanical response.419

Indeed, the macroscopic stress is raised when back-stresses develop at the edges of twin lamellae. The420

present numerical simulations indicate that twin transmission contributes more effectively to the relaxation421

of such back-stresses than dislocation slip in the adjacent grain.422
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Figure 10: Normalized forward- and back-stresses at the twin tip regions as a function of the inclination of grain boundary. The
forward stresses 〈δτtw〉Ω1

are presented as solid lines, and the back-stresses 〈δτtw〉Ω0
as dashed lines. Both are normalized by the

value of 〈δτtw〉Ω1
whenα1 = α2 = 0. The definition ofα1 andα2 are shown in the disk.

This trend is consistent with experimental observations. It has been suggested by Zhang et al. (2008) and423

Kumar et al. (2015) that the strong back-stress at a twin tip is partly responsible for the lenticular shape of424

twin lamellae. The RSS for twinning (τtw) is reduced due to the back-stress and this impedes thickening of425

the lamella at the twin tips. Glide of twinning dislocations is inhibited at the tip more than in the center of the426

twin lamella. In the present work, the thickness of twins was observed to decrease close to boundaries when427

the twins were constrained by the grain boundaries, whereas the thickness of twins was almost unchanged428

when the twins were transmitted across the grain boundaries. This tends to support the idea that twin429

transmission can largely reduce the back-stress at the twin tip.430

In metallic alloys subject to twinning induced plasticity (TWIP) or transformation induced plasticity431

(TRIP), back-stresses are expected to represent a significant fraction of the observed strengthening during432

monotonic loading, also leading to a strong Baushinger effect under cyclic loading (Bouaziz et al., 2008). It433

is noteworthy that back-stresses of various origins contribute to such kinematic hardening of the material.434

The back-stress of a twin lamella arrested by a grain boundary is one contribution, which is investigated in435

the present study. Other important sources of back-stresses are the piling up of dislocations against the twin436

boundaries and the bowing of dislocation loops inside very thin twin lamellae (Gil Sevillano, 2009). The437

latter back-stresses have no reason to decrease in case of twin transmission across grain boundaries.438
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5. Conclusion439

Experimental observations and 3D finite element simulations of twin transmission across grain bound-440

aries in a metastable β-Ti lead to the following conclusions:441

1. Experimentally, twins are systematically transmitted across grains boundaries whenever there is low442

misalignment of the incoming and transmitted twins, as characterized by a high geometrical compati-443

bility factor m′, combined with large Schmid factors for twinning in both grains. When one of the two444

factors has a lower value, twin transmission is either occasional or absent.445

2. Whereas the transmission of thin twin lamellae in theory requires that the two twin planes intersect446

along a line within the grain boundary, experimental orientation maps show that misalignments of447

about 10◦ can be compensated by a deviation of the twin/matrix interface from the coherent {332}448

crystal plane.449

3. Twin transmission across grain boundaries relaxes the back-stress at the edge of the twin more than450

dislocation slip in the adjacent grain does. Experimentally, twin lamellae have lenticular shape when451

they are arrested at a grain boundary, whereas the twin thickness of transmitted twins is constant. FE452

simulations of adjoining twin pairs confirm the reduction of back-stresses at the twin edges.453

4. 3D FE simulations of adjoining twin pairs allow us to consider adjacent grains with various lattice454

misorientations. Results show that internal stresses due to twinning are larger when the adjacent455

grains share a common twinning shear direction (~btw) than when the lattice misorientation is around456

~btw ×~ntw, which is the situation treated in most of the earlier numerical studies.457
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Appendix462

The experimental investigation has been pursued on another sample of the same material which un-463

derwent somewhat larger elongation (about 8%). After such larger strain, most grains contain twins (and464

martensite laths), which improves the statistics. Unfortunately, the distorted crystal lattice complicated the465
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EBSD analysis: the lattice orientation within twin lamellae were seldom indexed. The twin variants were466

thus deduced manually from the tilt angle of the traces of twin planes, which are best seen in the EBSD band467

contrast map Fig. A1. The identification of the correct variant was assessed each time the lattice orientation468

inside the twin could be measured.469

According to the analysis of Fig. 2, twin transmission across grain boundaries is almost systematic when470

the misorientation is less than 10◦ and it is rare when the misorientation exceeds 20◦. This trend is confirmed471

here. Therefore, the more detailed analysis is performed only on those grain boundaries with misorienta-472

tions in the range 10 − 20◦. Such grain boundaries are highlighted in the map: boundaries are shown in473

white when every impinging twin lamella propagates into the adjacent grain, otherwise they are shown in474

red.475

The results are summarized in Table A1, following the same approach as in Section 2.2. Twin transmis-476

sion occurs systematically through eight boundaries, which hold an m′ larger than 0.95. In contrast, most477

grain boundaries impeding twin transmission have an m′ smaller than 0.93. It is noted that among grain478

boundaries which allow twin transmission, eitherθn orθb tend to have small values, whereas the other grain479

boundaries have similar θn and θb. This means that the former boundaries host misorientations around~btw480

or~ntw whereas the grain misorientation is around~btw ×~ntw in the non-transmitting grain boundaries.481

Table A1: Misorientations and twin transmission situations across grain boundaries with a misorientation angle between 10◦ and 20◦.
The Schmid fator of the incoming and transmitted twins (SF), the geometrical compatibility factor (m′) and the angles θb and θn of
misalignment of two twinning systems are also listed. For grain boundaries where the incoming twin is constrained, twin variants in
the neighboring grain with the highest m′ are listed.

GB Misorientation Transmission SF m′ θn θb
A37/A36 11◦ Systematic 0.43/0.39 0.98 2◦ 11◦

A33/A32 11◦ Systematic 0.48/0.45 0.97 10◦ 10◦

A13/A14 12◦ Systematic 0.47/0.42 0.98 6◦ 10◦

A25/A26 12◦ Systematic 0.48/0.46 0.96 11◦ 11◦

A35/A34 13◦ Systematic 0.49/0.48 0.97 3◦ 13◦

A10/A12 15◦ Systematic 0.48/0.45 0.96 13◦ 9◦

A6/A7 18◦ Systematic 0.30/0.12 0.95 5◦ 18◦

A22/A23 19◦ Systematic 0.25/0.33 0.95 18◦ 4◦

A24/A23 14◦ No 0.48/0.38 0.96 11◦ 12◦

A8/A9 15◦ No 0.36/0.31 0.97 14◦ 4◦

A2/A1 17◦ No 0.31/0.31 0.92 16◦ 17◦

A20/A9 17◦ No 0.31/0.31 0.93 12◦ 17◦

A31/A32 17◦ No 0.44/0.27 0.92 17◦ 16◦

A3/A5 18◦ No 0.46/0.37 0.93 16◦ 15◦

A10/A11 19◦ No 0.46/0.31 0.91 18◦ 17◦

A3/A4 20◦ No 0.46/0.23 0.88 20◦ 20◦
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Figure A1: Map of the EBSD band contrast after about 8% elongation of the β-Ti alloy. The tensile direction is horizontal. Grain
boundaries with systematic twin transmission are shown in white, and those without systematic twin transmission are shown in red.
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