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ABSTRACT

The yield strength of metals is typically governed by the average grain size through the Hall-Petch re-
lation, and it usually follows the rule of mixture (ROM) for layered composite materials. In the present
study, an extraordinarily high yield strength, far beyond the predicted values from the Hall-Petch rela-
tion and the ROM, is achieved in a specially designed layered titanium that is characterized by alter-
nating coarse- and fine-grain layers (C/F-Ti) where the grain sizes match the layer thicknesses in both
the coarse- and fine-grained layers. The strengthening mechanism of such a layered C/F-Ti is investigated
based on detailed experimental characterizations, including nanoindentation tests of local hardness, in-
situ synchrotron Laue X-ray microdiffraction («XRD) measurement of the lattice strain distribution dur-
ing tensile testing, and transmission electron microscopy (TEM) analysis of the dislocation structure after
yielding. In the coarse-grain layers, significantly higher hardness values are observed next to the layer
interfaces compared to the layer center regions, and <c+a> dislocations and densely populated pile-ups
of <a> dislocations are exclusively observed in the interface regions after yielding. These experimen-
tal results point to an enhanced interface constraint effect on the deformation mechanism in hexagonal
close-packed (hcp) materials with a large difference in the critical resolved shear stress between <a>
slip and <c+a> slip. The C/F-Ti combines the strength of fine grains and the ductility of coarse grains,
demonstrating a new structural design strategy for property optimization of single-phase hcp materials.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

to the instability of these crystallographic defects during process-
ing and application. In recent decades, the configurational design

Metals as unique structural materials may be strengthened
by alloying, which typically depends on nonrenewable resources
and also makes recycling difficult [1,2]. Alloying, like most other
strengthening mechanisms, may also lead to loss of ductility—
referred to as strength-ductility trade-off [3-5]. Therefore, develop-
ment of new strategies for designing long-term sustainable struc-
tural materials with a good combination of strength and ductil-
ity are highly demanded. Such a development requires effective
control of the crystallographic defects including vacancies, disloca-
tions and grain/phase boundaries, and this is a grand challenge due
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of materials provides a new opportunity to attack this challenge
[1,6,7].

A layered structure as one of the configurational designs for
materials exhibits its potential in improving strength and ductil-
ity simultaneously [8-15]. However, the underlying deformation
mechanisms of layered materials have not been sufficiently under-
stood. In the previous work, the deformation mechanism of Ti/Al
layered metal composite (LMC), with a yield strength matching
the rule of mixture (ROM) [16,17] and a ductility exceeding those
of both components (Ti and Al sheets), was investigated [10,18].
The stress and deformation microstructure evolutions in that LMC
were studied by in-situ neutron diffraction and differential aper-
ture X-ray microscopy (DAXM), respectively. It was reported that
the stress partitioning and strain-transfer during the early defor-
mation stage influence the whole deformation process of the LMC
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significantly. However, the process of the early deformation stage
is influenced by many factors: the differences in thermal expan-
sion coefficient, elastic modulus and yield strength between Ti and
Al, as well as the grain size and crystal orientation. Meanwhile, the
large difference between two components leads to the nucleation
of cracks appearing at a low tensile strain, in both the interfacial
TiAl; layers and Al layers. Therefore, the constraint of the prop-
agation of cracks by the layered structure also plays a vital role
during plastic deformation. As a result, it is difficult to clarify how
each factor exerts influence on the mechanical properties of the
materials with layered structures. In this work, in order to inves-
tigate the influence of different yield strength in component lay-
ers on the mechanical properties of LMCs, excluding the influence
of other factors mentioned above, layered titanium with alternat-
ing coarse- and fine-grain layers (C/F-Ti) was fabricated. The yield
strength difference between the neighboring layers is expected to
be controlled by grain size following the Hall-Petch relationship,
while the other factors can be neglected since the layers are of
the same material (i.e. Ti). From the perspective of the material
we used, the unique deformation mechanism of Ti with hexago-
nal close-packed (hcp) crystal structure should also be taken into
consideration during the design of C/F-Ti and the investigation of
its deformation mechanism. The slip modes, the large variation of
the critical resolved shear stress (CRSS), the anisotropy of elastic
modulus and thermal expansion coefficient, and the unique texture
of titanium provide further possibilities for the configurational de-
sign.

In titanium, <a> (<1-210>) slip on prismatic {10-10}, basal
{0001} and pyramidal {10-11} planes can provide a maximum of
four independent slip systems at ambient temperature [19-23].
Nevertheless, according to the von Mises criterion, five indepen-
dent shear systems are required to accommodate an arbitrary plas-
tic strain [24]. Therefore, <c+a> (<2-1-1-3>) slip on pyramidal
{10-11}/{2-1-12} planes (pyrl/pyr2 <c+a> slip) and/or twinning
are also needed in the deformation of polycrystalline titanium.
Prismatic slip is the easiest slip system to be activated whereas
pyramidal <c+a> slip and twinning are the most difficult among
them due to the significant difference of CRSS [25-30], which
has been measured by high energy X-ray diffraction microscopy
(HEDM) [31]. The activation of slip systems is also orientation-
dependent [32-35]. It is reported that one or more of the three
prismatic slip systems are easy to be activated when grains are ori-
ented with their c-axes nearly perpendicular to the applied uniax-
ial stress (owing to the high Schmid factors), which is called “soft
grains”. “Hard grains” which have their c-axes nearly parallel to
the applied stress often activate pyramidal <c+a> slip and defor-
mation twinning to accommodate local strains during deformation
due to the very low Schmid factor of prismatic slip [27,34,36-38].
Grain-grain interaction also plays an important role in the activa-
tion and transfer of dislocations, influencing mechanical properties
[27,36,39-41]. Over the years, the geometric compatibility factor
m’ was used to assess the geometric alignment among grains for
the activation of different slip systems [42-45]. However, the be-
havior of slip transfer could only be rationalized partially by geo-
metric criteria due to the neglect of the effect from the variation
of the elastic modulus and CRSS. For instance, it is revealed that
the plastic anisotropy of hcp materials, which is related to the var-
ious CRSS for different slip systems, promotes twinning transmis-
sion [36]. It is also found that the elastic and plastic anisotropy of
single crystals and strong grain-grain interaction are the main fac-
tors for the surprising phenomenon that the stress along the load-
ing axis decreases in some grains during tensile test just beyond
the macroscopic yield point [46].

In this study, an excellent combination of the strength of fine-
grain layers and the ductility of coarse-grain layers is achieved in
the specially designed C/F-Ti. The focus of this paper is to inves-
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Table 1
Chemical composition of CP Ti.

Elements Ti Fe 0] C H N
Content (wt.%) Bal. 0.030 0.050 0.011 0.003  <0.008

tigate the cause of the extraordinary strengthening in C/F-Ti by
advanced characterization and in-depth analysis. Synchrotron Laue
X-ray microdiffraction is selected to characterize the evolution of
lattice strain distribution during in-situ tensile test due to its good
angular resolution (~0.01°) and deviatoric strain revolution (~10~4).
Different slip systems activated at different domain areas are ana-
lyzed by transmission electron microscopy (TEM). It is found that
the outstanding strengthening of C/F-Ti primarily relies on the tex-
ture, the constraint of strain transfer between neighboring lay-
ers and the large difference in the CRSS of different slip/twinning
modes in titanium. These findings provide new opportunities to
design better microstructures and mechanical properties of hcp
metals.

2. Experimental
2.1. Materials

Commercial pure titanium (CP Ti) sheets with thicknesses of
100 um and 20 um produced by cold rolling and annealing were
used as starting material. The chemical composition of CP Ti is
given in Table 1. The Ti sheets were cut into about 100 x 100 mm?
in size. Annealing was carried out for Ti sheets with a thickness of
100 um at 700°C for 2 h in vacuum to obtain coarse grains. Both
the Ti sheets with a thickness of 100 #m and a thickness of 20 um
were eroded using 10 vol.% HF solution in order to remove the ox-
ide layers on the surfaces. Then the Ti sheets of about 92 yum and
12 um were stacked alternatively to form a 3 mm thick sample. Fi-
nally, the layered titanium with alternating coarse- and fine-grain
layers (C/F-Ti) was fabricated by hot-pressing at 700°C for 2 h in
vacuum under a pressure of 40 MPa to bond the sheets. For com-
parison, layered titanium samples of only coarse-grain layers(C-Ti)
and only fine-grain layers (F-Ti) were also fabricated from the same
sheets in the same manner.

The microstructures of the samples were characterized in the
section containing the initial rolling direction (RD) and normal di-
rection (ND) by HKL electron backscatter diffraction (EBSD) with a
scanning electron microscope (SEM, ZEISS MERLIN COMPACT). The
specimens were electrochemically polished in a solution composed
of 5 ml perchloric acid, 35 ml n-butanol and 60 ml methanol. EBSD
mapping was carried out at an acceleration voltage of 20 kV with a
step size of 2 um for C-Ti and C/F-Ti, and 1.2 um for F-Ti samples.

2.2. Mechanical tests

Tensile tests were performed for C-Ti, F-Ti and C/F-Ti samples.
Dog-bone shaped tensile specimens with a gauge length of 18 mm
and a width of 5 mm were cut by electron discharge machining
such that the tensile direction was parallel to the RD. The tensile
tests were carried out at a strain rate of 10-3 s~! at room temper-
ature using an Instron-1186 Universal Testing Machine. Three spec-
imens were tested for each condition and in total nine tests were
done.

The hardness distribution across the layer was determined by
nanoindentation tests using a Nano-Indenter XP machine. The
specimens were prepared by electrochemical polishing on the RD-
ND section. Nano-indents with a spacing of 10 um along the ND
were made to a maximum depth of 1 um. The microstructure
of the area tested by nanoindentation was characterized by EBSD
with a step size of 1.5 um in the SEM.
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2.3. Lattice strain evolution obtained by pwXRD

In-situ synchrotron Laue X-ray microdiffraction (uXRD) at dif-
ferent applied stress during tensile test a strain rate of 10-3 s!
was carried out on Beamline 12.3.2 at the Advanced Light Source
(ALS) in Lawrence Berkeley National Laboratory (LBNL) [47]. A C/[F-
Ti tensile sample with gauge dimensions of 12 mm long, 1 mm
wide and 0.5 mm thick was cut with the tensile direction parallel
to the RD. The sample for £XRD was polished in the same way as
that for EBSD. In-situ collection of Laue patterns was carried out
using an X-ray beam with an energy bandpass of 5-24 keV paral-
lel to the layer interface approximately at the center of the RD-ND
section during the tensile test. The sample was mounted on an X-Y
scanning stage with a tilt angle of 45° relative to the incident X-
ray beam. The X and Y scanning directions are parallel to the ND
and RD of the sample, respectively. A focused white beam of about
1 x 1 um? and a scanning step size of 2 um were used. The Laue
diffraction data were analyzed through a custom-developed soft-
ware called XMAS in order to obtain information about the dis-
tribution of crystal orientation, lattice strain, etc [48] and visual-
ized by a software package called XtalCAMP [49]. The experimental
setup and the data analysis provided an angular resolution up to
0.01° (in consequence, a deviatoric strain resolution of 10~%) [50].
Different dislocation types could be suggested by various shapes of
diffraction peaks [51-54].

2.4. TEM observation of dislocation structures

TEM (JEOL JEM2100 operated at 200 kV) was used to analyze
the dislocations activated in individual grains in the tensile sam-
ples deformed to a plastic strain of 0.15%. Thin foils for TEM obser-
vations were cut out from the uniform gauge section of the tested
samples and then prepared by grinding and electropolishing using
a modified window technique [55].

3. Results
3.1. Layered microstructures

The microstructures of the as-processed layered titanium sam-
ples before the tensile test are shown in Fig. 1. The inverse pole
figure (IPF) coloring maps (transverse direction, TD) of C-Ti, C/F-
Ti and F-Ti samples obtained by EBSD (Fig. 1a—-c) indicate that the
layer interfaces are general straight and continuous. Some grains
grow into the neighboring layers, indicating a good layer bonding.
No particles or pores are observed at the layer interface. C-Ti and
F-Ti samples consist of layers with uniform coarse grains and fine
grains, respectively, while C/F-Ti is composed of alternating coarse-
and fine-grain layers.

The average grain sizes were measured by the line-intercept
method, showing that the average grain size (mean chord length)
of C-Ti (47.8 um) is similar to that of the coarse-grain layers in
C/F-Ti (50.2 wm) while the average grain size of F-Ti (9.2 um) is
similar to that of the fine-grain layers of C/F-Ti (9.8 «m). Note that
for both the C-Ti sample and the coarse-grain layers in the C/F-Ti
sample, many grains have their sizes matching the layer thickness
although the average grain size is about half of the coarse-grain
layer thickness. Such a matching of the grain size with the layer
thickness is obvious for the fine-grain layers. Such a relation be-
tween the grain size and the layer thickness provides a circum-
stance where the layer interfaces will impose a strong constraint
effect on the deformation of grains. The textures of the three sam-
ples are similar—all exhibiting a strong split basal texture with the
normal of the basal planes tilted away from ND towards TD with
peaks at about +£30° (shown in Fig. 1d-g, respectively), similar to
textures of Ti reported in other work [32,33,56].

Acta Materialia 206 (2021) 116627
3.2. Mechanical properties

3.2.1. Tensile properties

Tensile engineering stress-strain curves of layered titanium (C-
Ti, C/F-Ti and F-Ti) are shown in Fig. 2a. C/F-Ti exhibits a yield
strength (0g5) of 212 MPa, which is nearly the same as that of F-Ti
(214 MPa). At the same time, the elongation to failure (&¢) of C/F-Ti
is 53%, which is higher than that of F-Ti (42%). The uniform elonga-
tion (&y) of C/F-Ti is 18%, which is between the values for C-Ti and
F-Ti. The strain hardening rate (9=do [de) versus true strain curves
are plotted in Fig. 2b. To a true strain of 12%, the strain hardening
rate of C/F-Ti is lower than that of F-Ti but higher than that of C-Ti.
Afterwards, the hardening rate of F-Ti becomes the lowest among
the three samples, while the hardening rate of C-Ti and C/F-Ti are
close to each other. The values of mechanical properties are shown
in Table 2.

C/F-Ti contains a large volume fraction (89.3%) of coarse grains,
but its strength is much higher than that of C-Ti, indicating ex-
tra hardening to the coarse grains in C/F-Ti caused by the special
layered design. In the following, the focus is therefore on the char-
acterization of deformation behavior of the coarse-grain layers of
C/F-Ti.

3.2.2. The distribution of hardness

An IPF coloring map of the area after nanoindentation tests is
shown in Fig. 3a. The distribution of hardness across the layer in-
terface in C/F-Ti is displayed in Fig. 3b. The hardness near the layer
at the positions with a distance from 0 to 10 um to a layer inter-
face is much higher than that (1.81 GPa) at the positions with a
distance from 40 to 50 um to a layer interface. The farther away
from the layer interface, the lower the hardness is. No gradient of
dislocation density is seen across the interface in the starting hot-
pressed C/F-Ti, supported by the EBSD results on local misorien-
tation distribution (Fig. S1 of supplementary), indicating that the
measured hardness gradient is not caused by the initial distribu-
tion of dislocations.

The crystal orientation has some influence on the hardness. The
c-axis of grain 3 (g3) is closer to the TD compared to that of grain
4 (g4). Consequently, the hardness of grain 3 is higher than that
of grain 4. The hardness at a position of 46 um from the layer
interface in grain 3 (along line 4) is 2.04 GPa, which is 0.28 GPa
higher than that at the same distance to the interface in grain 4
(along line 6). However, most of the grains have their c-axes ap-
proximately 60° inclined to the TD caused the split basal texture,
and therefore the influence of orientation on the hardness is much
smaller compared to that of the layer interface.

To compare the effect of grain boundaries and layer interfaces
on the hardness, grain 1 and 2 (marked as g1 and g2 in Fig. 3a) are
selected because the nanoindentation for these grains were carried
out both at their grain boundaries and in the interior. The hard-
ness values of indents along the lower part of line 1 and line 2 in
grain 1 and along the lower part of line 5 in grain 2 are plotted in
Fig. 3c. The average hardness values at the grain boundary region
and the interior of grain 1 are 1.83 GPa and 1.75 GPa, respectively,
while the hardness at the position 10 wm to the layer interface is
2.25 GPa, much higher than that at the grain boundary region. The
same trend occurs in grain 2, where the average hardness is 1.98
GPa and 1.88 GPa for the grain boundary region and the interior,
respectively, much lower than 3.17 GPa measured next to the layer
interface.

3.3. Local strain analyses at different stress levels
3.3.1. The distribution of lattice strain

The evolution of lattice strain in a grain (grain A) of the coarse-
grain layer in C/F-Ti (Fig. 4f) during the in-situ tensile test is
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Fig. 1. Microstructure of layered titanium: IPF coloring maps (TD) in the RD-ND section of (a) C-Ti; (b) C/F-Ti; (c) F-Ti; the pole figures of C-Ti, coarse-grain layers of C/F-Ti,

fine-grain layers of C/F-Ti and F-Ti are shown in (d); (e); (f); (g), respectively.
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Table 2
Mechanical properties of C-Ti, C/F-Ti and F-Ti.

Mechanical properties  Yield strength og, (MPa)  Uniform elongation ¢, (%)  Fracture elongation & (%)

C-Ti 161+4 24+1 54+2
C/F-Ti 212+6 18+1 53+2
F-Ti 214+4 15+1 42+6

Tensile strength o (MPa)
292+4
354+4
365+3




D. Li, G. Fan, X. Huang et al. Acta Materialia 206 (2021) 116627

0001 2110

ND

RD

Layer interface

/

L~

. —=— line1 <— Layer interface
’53'5 'b)Coarse ing Coarse——Iline2 A3-5 y _ C)
o ey —+—line3 D(? —=—line 5
O 3.0t ! ——line4 | ( 3.0t ——line 2
e —e—line5 | < line 1
g 2.5} :::23 g 2.5} Grain boundaries
S ——lines

rd
N
o

RN
(@)

40 20 0 20 40 60 0 20 40 60
Distance (um) Distance (um)
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comparison among the hardness values of grain boundary region, grain interior and layer interface region in grain 1 and grain 2, corresponding to the lower part of nano-
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Fig. 4. The evolution of the deviatoric strain tensor: (a) &xx, (b) &y, (€) &2z, (d) xy, (e) €y, at different tensile stress levels: 0 MPa, 100 MPa, 160 MPa, 190 MPa and 227 MPa
in grain A; (f) Euler angle (¢,) map of grain A; (g) The orientation schematic diagram of grain A.
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Fig. 5. The evolution of peak shapes at various positions along the orange lines in grain A during tensile test. (a) Line 1, (b) line 2, (c) line 3, (d) Euler angle (¢;) map of

grain A.

obtained by Synchrotron Laue X-ray microdiffraction. Due to the
strong split basal texture and the narrow grain size distribution
in C/F-Ti, grain A with typical size and orientation as shown in
Fig. 4g is selected as an example to analyze the strain evolution
of coarse grains in C/F-Ti, focusing on the differences between re-
gions next to the layer interface and in the layer center. The dis-
tribution of five components of lattice strain tensor at different
tensile stress (0 MPa, 100 MPa, 160 MPa, 190 MPa and 227 MPa)
are shown in Fig. 4 (note that lattice strain shown in this paper
is deviatoric lattice strain different from full strain, but the rela-

tive magnitude at different tensile stress is comparable within a
grain). The diffraction spots of grain A (Fig. 5) is relatively round,
which indicates that the calculated deviatoric strain is quite reli-
able. When the applied stress increases to 160MPa, the indexing of
diffraction spots of the area near the left grain boundary becomes
unsuccessful, which may be due to relatively large lattice rotation
in this area. It is found that the residual strain is distributed het-
erogeneously inside grain A in the initial state and it is about 10—3
along the tensile direction (eyy). As the tensile strain increases to
100 MPa, the distribution of local strain component &yy becomes
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more homogeneous due to the superimposition of residual stress
and applied stress along the tensile direction, and the &;; compo-
nent (along the TD) and exx component (along ND) shows an in-
crease of compressive strain, in agreement with the Poisson effect.
The different increments of the components exx and &, are related
to the elastic anisotropy of Ti [26,57]. The shear strain components
do not exhibit significant change during this period of elastic de-
formation. When the applied stress reaches 160 MPa, there are sig-
nificant changes in the shear strain components €xy and &y, near
the layer interface, indicating local yielding through dislocation ac-
tivities. However, gyy still increases nearly homogeneously in the
grain. This tendency remains at the applied stress of 190 MPa,
which approaches the yield stress of C/F-Ti. At the applied stress of
227 MPa, which is higher than the yield stress of C/F-Ti, the lattice
strain component &yy along the tensile direction becomes hetero-
geneous in the grain. The component eyy decreases in the interior
of the grain while increases continuously near the layer interface.
The obtained maximum value of yy is 2.73 x 10~3 (corresponding
to 245 MPa), which is slightly larger than the global yield stress of
C/F-Ti (212 MPa), giving further confidence to the calculated devi-
atoric strain results.

3.3.2. Analysis of activated slip systems

The diffraction peaks of (4154) are extracted from the Laue pat-
terns in order to analyze the evolution of the peak at different po-
sitions in grain A during the tensile test. The peaks along the three
orange lines (Fig. 5d) at different tensile stress: 0 MPa, 190 MPa
and 227 MPa are displayed in Fig. 5a-c. For each position in line 1,
the distances to the top layer interface (Fig. 5d) are shown on the
left of Fig. 5a. From peaks of line 1 at a tensile stress of 227 MPa
(Fig. 5a), it is found that the peaks extracted from positions near
the layer interface (i.e. at the top three and bottom two positions)
streak towards a different direction (along red dotted lines) com-
pared to that from the interior of the layer. This is related to the
different slip systems activated at different positions of the grain.
Various streaking directions of the diffraction peaks in Laue pat-
terns are related to the activation of different slip systems. To con-
firm this phenomenon, peaks from line 2 extracted every 4 um
along the layer interface and from line 3 extracted every 16 pum
along the middle of the layer were also analyzed and are shown in
Fig. 5b and c. The peaks from the interface region streak towards
the same direction which is different from that of peaks from the
middle of the layer.

3.4. Dislocation structure (0.15% plastic strain)

Dislocation structures were observed and analyzed under dif-
ferent diffraction conditions by TEM. In the two areas shown in
Fig. 6a and c, which are extracted from the larger area along a
layer interface shown in Fig. S2 of Supplementary, many disloca-
tions appear in the coarse-grain layer along the layer interface at a
plastic strain of 0.15%. Most of these dislocations are visible when
imaged nearly along the [1210] zone axis (Fig. 6a and c) and in-
visible when imaged with g = [0002] near the [1210] zone axis
(Fig. 6b and d). Therefore, these dislocations have a Burgers vec-
tor b = <a> (b = 1/3<1210>) based on the invisible criterion
of gb = 0. Pile-ups of dislocations with b = +1/3[1120] (sup-
ported by Fig. S3a and b of supplementary) and b = +1/3[2110]
(supported by Fig. S3c and d of Supplementary) can be observed
near the layer interface in Fig. 6a and c (along the orange dotted
lines), respectively. Dislocations which are visible in both condi-
tions are considered as <c+a> dislocations with b = <2113>. A
few <c+a> dislocations with b = +1/3[2113] (pointed by a red
arrow) and with b = £1/3[2113] or b = +1/3[2113] (pointed by
a green arrow) are observed along the layer interface in Fig. 6b.
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Meanwhile, twins also appear near the interface (pointed by or-
ange arrows in Fig. 6¢ and d). In contrast, the TEM images cap-
tured towards the interior of the layer show no <c+a> dislocations
through imaging with g = [0002] (shown in Fig. S5 of Supplemen-
tary), indicating that <c+a> dislocations mostly appear near the
layer interfaces. In order to investigate the effect of grain bound-
aries within the coarse-grain layer, an area near a grain boundary
along the ND is extracted from the same grain, shown in Fig. 7.
However, only one short pile-up with a few <a> dislocations with
b = +1/3[1120] (supported by Fig. S4 of Supplementary) is ob-
served and no <c+a> dislocations are observed.

In the fine-grain layers, there are also pile-ups of <a> disloca-
tions (along orange dotted lines) with b = +1,3[2110] (supported
by Fig. S6 of Supplementary) near the layer interface as shown in
Fig. 8a. In this example, one pile-up of <c+a> dislocations (along
red dotted lines) with b =+1/3[1123] or b = +1/3[1213] (sup-
ported by Fig. S6 of Supplementary) near the layer interface is also
observed in the fine grain—both visible when imaged nearly along
the [1120] zone axis and with g = [0002] near the [1120] zone
axis.

4. Discussion

A combination of high yield strength and high elongation has
been observed in the layered C/F-Ti, where the layer interface
shows a strong influence on the local hardness and deformation
mechanisms. The yield strength of layered titanium (C-Ti, C/F-Ti
and F-Ti) from this work and non-layered pure titanium with sim-
ilar chemical compositions from other work [58-60]| are compared
in Fig. 9. The relationship between yield strength and grain size for
the C-Ti, F-Ti and pure titanium largely follow the Hall-Petch rela-
tion [61,62], although the slope varies slightly possibly due to the
influence of texture. Therefore, layer interfaces in C-Ti and F-Ti do
not exert a significant effect on the yield strength. However, the
yield strength of C/F-Ti deviates from the Hall-Petch relation dra-
matically and it is also much higher than that calculated by ROM
[16,17]. The underlying mechanism for the enhanced yield strength
of C/F-Ti is analyzed with respect to the effects of texture, grain
size distribution and layered structure on the deformation mecha-
nism.

4.1. The effect of texture on deformation mechanism

The TEM investigations reveal that <a> slip is the dominant
deformation mechanism during tensile deformation of the C/F-Ti
sample. Such a deformation pattern is related to the texture of the
material. The C/F-Ti has a strong split basal texture with the basal
plane normal tilted about 4+30° towards the TD as shown in Fig. 1.
CRSS and Schmid factors of different slip systems are the main
factors influencing the yielding of grains. The average Schmid fac-
tors for different slip systems of coarse-grain layers are calculated
based on the highest factor for each type of slip systems for each
pixel from the EBSD data, shown in Table 3, while the CRSS val-
ues of different slip and twinning modes of pure Ti determined by
crystal plasticity modeling [25,26,63-65] and measured by experi-
ment [31] are shown in Table 4. The prismatic <a> slip with the
lowest CRSS has the highest average Schmid factor among differ-
ent slip modes. Therefore, prismatic <a> slip is expected to be ac-
tivated first as in a number of previous studies in a similar loading
condition [27,31,35,65].

In polycrystalline materials, the interaction between neighbor-
ing grains may also play an important role in determining the de-
formation mechanism. The geometric compatibility factor m’ can
be used to assess the possibility of activating dislocation sources
in adjacent grains through stress concentration at grain bound-
aries. The larger the factor m’ is, the easier the dislocation source
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Fig. 6. Bright field (BF) TEM images of two positions in the coarse-grain layer of C/F-Ti near a layer interface at a plastic strain of 0.15%. (a) and (c): the _electron beam
direction approximately parallel to the [1210] zone axis (B ~ [1210]); (b) and (d): two-beam BF images using diffraction vector of g = [0002] near the [1210] zone axis.

Positions (D) and (2) are also marked in Fig. S2 of Supplementary.

Pyr <a>  Pyrl <c+a>  Pyr2 <c+a>

Table 3

Average Schmid factors of different slip modes under uniaxial tensile test.
Slip modes Prismatic <a>  Basal <a>
Schmid factor  0.469 0.099

0.390 0.468 0.430

is to be activated. The m’ value is calculated through the formula:
m’ = cosxcosf, where o/ represents the angle between the slip
planes/directions of two neighboring grains. The factor m’ for pris-
matic slip (m’p_p) of the neighboring grains along RD and ND in
C/F-Ti are calculated. It is found that m’ of neighboring grains along
RD and ND are similar, being 0.749 and 0.729, respectively. Ac-
cording to literature [41], a high Schmid factor and a good align-
ment (m’'>0.7) lead to full slip transfer without stress concentra-
tion at the grain boundary between two neighboring grains. From
this perspective, slip transfer (prismatic slip) without stress con-
centration is expected in C/F-Ti, in an agreement with other studies
in a similar loading condition [65,66]. In other words, the interac-
tion between grains in C/F-Ti due to its texture does not contribute
significantly to the enhancement of the yield strength.

4.2. The effect of grain size distribution on deformation mechanism

The C/F-Ti consists of a large volume fraction (88.5%) of coarse
grains and a small fraction (11.5%) of fine grains. The grain sizes
and their distributions have a strong effect on the yield strength of
a material. The yield strength (o) is commonly related to the aver-
age grain size (d) by the Hall-Petch relation: os=0y+kd~1/2, where
0 is the stress required to initiate dislocation movement (incorpo-
rating all strengthening effects except the grain size effect) and k
is the Hall-Petch slope [42,61,62]. The value of 0.26 MPa-m'/2 for k
is calculated based on the yield strength and grain size of C-Ti and
F-Ti from this work. This value is similar to those reported in the
literature [58-60], as shown in Fig. 9. However, the calculated yield
strength of C/F-Ti (175 MPa), based on this k value and the average
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Fig. 7. BF TEM images of an area near a grain boundary, which is perpendicular to the layer interface, in the coarse-grain layer of C/F-Ti at a plastic strain of 0.15%. (a): B ~
[1210]; (b): two-beam BF images using diffraction vector of g = [0002] near the [1210] zone axis. Position @) is also marked in Fig. S5 of Supplementary.

Table 4

CRSS (MPa) values of different slip and twinning modes in pure Ti from references. The oxygen concentration and

average grain size are also shown.

Ref. Prismatic <a>  Basal <a>  Pyr <a>
[64] 90 180 140
[26] 80 90 110
[25] 68 175 120
[63,65] 60 120 N/A
[31] 96+18 127 £33 N/A

Pyr <c+a> Titwin O (wt%) Grain size (um)
210 N/A 0.11 9

260 220 0.06 25

250 230 0.12 50

180 125 0.17 80

> 240 225 0.17 100

grain size directly measured by the line-intercept method includ-
ing both the coarse- and fine-grain layers (d=30.4 um), is much
lower than the measured yield strength (Fig. 9). The low estimate
from the Hall-Petch relation may be partially due to the neglect
of the grain size distribution since only the average grain size is
considered in the Hall-Petch equation.

For composite materials with two components, the yield
strength may be calculated based on the ROM, which is given as
X = faXy + fpXp, where X, X, and Xp are the yield strength of the
composite and the two components, respectively, and f4 and fp are
the volume fractions of each component [16,17]. If we consider the
layered configuration in C/F-Ti and add the strength contributions
from the coarse- and fine-grained layers which are 142 MPa and 25

MPa, respectively, (based on the volume fraction and yield strength
of C-Ti and F-Ti), the ROM estimated yield strength becomes 167
MPa—even lower than that calculated from the Hall-Petch rela-
tion. This is because the average grain size of C/F-Ti measured
by the line-intercept method is grain boundary area weighted,
whereas the strengthening contribution in the ROM is grain vol-
ume weighted. In other words, the Hall-Petch relation relies more
on small grains while the ROM relies more on big grains. The ROM
is widely used to predict the mechanical properties of sandwich
sheet materials. The yield strength of layered materials, such as:
Cu/Cu-10Zn [11,67] and Ti/Al layered composites [8,10], agree well
with the ROM. For these layered composites, the deformation is di-
vided into three stages: elastic stage, elastic-plastic stage and plas-
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/ g =[0002]

Layered interface

Fig. 8. BF TEM images of the fine-grain layer in C/F-Ti at a plastic strain of 0.15%. (a): B ~ [1210]; (b): Two-beam BF images using diffraction vector of g = [0002] near the

[1210] zone axis.
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Fig. 9. The relationship of yield strength and grain size (linear intercept values) for
the present samples. The data for pure Ti taken from literature [58-60] are also
included for comparison.

tic stage. The first two stages are of importance to the macro yield-
ing of the material. Stress partitioning appears at these stages due
to the different elastic modulus and yield strength between adja-
cent layers. Therefore, the yield strength of the composite exhibits
a combination of soft layers and hard layers, which obeys the ROM.
Nevertheless, the yield strength in the present C/F-Ti does not fol-
low this trend (Fig. 9), indicating a strong interface effect of the
layered structure on the deformation mechanism.
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4.3. The effect of layered structure on deformation mechanism

In addition to the dominant <a> dislocations, <c+a> dislo-
cations have also been observed near the layer interface in the
coarse-grain layers of C/F-Ti at a plastic strain of 0.15%, but not in
the interior or the grain boundary areas of the coarse-grain lay-
ers (Fig. 7). Moreover, the evolution of the Laue diffraction peak
patterns at different strain levels also indicates that different slip
systems are activated near the layer interface compared to the in-
terior of the coarse-grain layer (Fig. 5). These microstructural ob-
servations are further supported by the nano-indentation results,
which show higher hardness next to the layer interfaces (Fig. 3).
All these experimental results point to the important role of the
interfaces separating coarse- and fine-grain layers in determining
the deformation mechanisms and yield strength of C/F-Ti.

It should be mentioned that local residual strain exists in the
initial state of C/F-Ti (Fig. 4) probably due to the anisotropy of ther-
mal contraction, resulted from the difference in the thermal expan-
sion coefficient along the <a> and <c> axes of the grains, during
cooling after hot pressing. The texture and spatial distribution of
grains are similar in C/F-Ti, C-Ti and F-Ti, and therefore the local
residual stress is not likely to be a key reason for enhancing the
yield strength of C/F-Ti, and will not be discussed further. Hence,
the strengthening mechanism of C/F-Ti will be discussed from the
perspective of the constraint from the layer interface and the spe-
cific deformation behavior of hcp crystalline structure.

4.3.1. The constraint on strain transfer

In order to investigate the strengthening mechanism of C/F-
Ti, it is essential to analyze the early stage of deformation. Dur-
ing elastic deformation, both the coarse- and fine-grain layers de-
form elastically. The stress partitioning, which usually exists in lay-
ered composites, is not expected in C/F-Ti due to the same elastic
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modulus of the two adjacent layers. When the stress increases to
160 MPa during in-situ tensile test, heterogeneous shear strain ap-
pears in grain A (Fig. 4d and e), indicating local yielding through
activation of dislocations. Given the texture of the coarse grains
(Fig. 1) and the possible prismatic <a> slip, the coarse grains can-
not deform freely due to the constraint of fine-grained layers as
many of the coarse grains are directly constrained on two sides
(at least one side) by the neighboring fine-grained layers. No mat-
ter which <a> slip is activated, the Burgers vector is constricted
on the basal plane, which also produces a strain component along
the ND due to the split basal texture. To maintain the interface,
the strain component along the ND needs to be accommodated by
other deformation modes in coarse grains or deformation of fine
grains. However, when <a> slip is activated in some coarse grains,
strain transfer to the fine grains is difficult because of the high
yield strength of the fine-grain layers. Pile-up of <a> dislocations
occurs near the layer interface in the coarse-grain layer of C/F-Ti
(Fig. 6) and thus to some extent, produces forward stress to fa-
cilitate the activation of dislocation sources in fine-grain layers, as
well as other deformation modes in the coarse grains. Back stress
is also generated to impede the emission of dislocations from the
original <a> slip. When the coarse-grain layers start to yield, the
significant changes in the distribution of exy and ey, lattice strain
components near the interface and the continuous increase of the
normal strain eyy indicate that the stress state near the layer in-
terface changes from uniaxial stress to multiaxial stress due to the
constraint of the layered structure, which directly influences the
activation of different slip systems and the applied stress needed
to emit dislocations from the original <a> slip. If the disloca-
tion sources of fine grains are not activated when the dislocation
sources in coarse grains stop to emit dislocations from the <a>
slip, the coarse grains have to activate dislocations from other slip
systems to ensure the continuity of the material. However, from
the result of in-situ wXRD, the lattice normal strain along the ten-
sile direction increases uniformly in grain A up to an applied stress
of 190 MPa (Fig. 4a). In other words, macroscopic yielding does not
occur at this stage and the grain primarily deforms through elas-
tic strain even though the applied stress reaches the yield stress of
the coarse grains.

4.3.2. Specific deformation behavior of hcp lattice structure

Besides the constraint on strain transfer, the specific deforma-
tion mechanisms of the hcp crystal structure also play an impor-
tant role in enhancing the yield strength of C/F-Ti. For the coarse-
grain layers to further deform plastically without strain transfer to
the fine-grain layers, more dislocations satisfying the requirement
of continuity must be activated to accommodate the strain near
the layer interfaces in the coarse-grain layers. For the current C/F-
Ti, only <c+a> slip and deformation twinning are able to satisfy
the requirement of continuity. The CRSS values of <a+c> slip and
twinning are both much higher than that of <a> slip, as shown
in Table 4 [31]. As a consequence, the <a+c> slip and twinning
can only be activated after a large stress concentration at the layer
interface. Since F-Ti and C/F-Ti have a similar yield strength and
both <c+a> dislocations and twins are present near the layer in-
terfaces just beyond the yield stress of C/F-Ti, it follows that a sim-
ilar stress concentration may be required for activation of <c+a>
slip and twinning in the coarse-grain layers compared to the acti-
vation of <a> slip in fine-grain layers. In short, the necessity of ac-
tivation of <c+a> slip and/or twinning for strain accommodation
and their much higher CRSS values compared to <a> slip signifi-
cantly increase the yield strength of the coarse-grain layers.

From the perspective of the fine-grain layers, the forward stress
from the pile-up of dislocations in coarse grain-layers may only
have a limited effect on the yielding of fine grains. The forward
stress from the pile-up of <a> dislocations in the coarse-grain lay-
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ers is primarily along the ND, as the plastic strain in the coarse-
grain layers along the tensile direction is compatible with the extra
elastic strain in the fine-grain layers with the increase of the ex-
ternal load. Therefore the forward stress from the pile-up of <a>
dislocations in the coarse-grain layers may facilitate activation of
<c+a> dislocations in the fine-grain layers (a pile-up of <c+a>
dislocations is found near the layer interface in the fine-grain layer
at the plastic strain of 0.15%, see Fig. 8), but has little effect on
the activation of <a> dislocations in the fine-grain layers. In other
words, the forward stress has little effect on enhancing the yield-
ing of the fine-grain layers.

5. Conclusions

Layered titanium with alternating coarse- and fine-grain layers
(C/F-Ti) was fabricated where most of the grains in individual lay-
ers have their sizes matching the layer thicknesses. The mechanical
properties were characterized by tensile tests. The yielding behav-
ior in individual layers of C/F-Ti was analyzed based on in-situ lat-
tice strain measurement by Laue X-ray microdiffraction during the
early stage of the tensile test (before yielding and just after yield-
ing) and the dislocation structure was characterized by TEM at a
plastic strain of 0.15%. The following conclusions are reached:

1) The C/F-Ti combines the strength of fine grains and the ductil-
ity of coarse grains. The yield strength of C/F-Ti containing only
11.5% volume fraction of fine grains is 212 MPa, nearly the same
as that of fine-grained Ti (214 MPa), and it does not follow ei-
ther the Hall-Petch relation or the rule of mixture.

2) In the coarse-grain layers, the hardness next to the interface is
much higher than that in the layer center. This is related to the
different slip systems activated at different positions along the
thickness during yielding. At the plastic strain of 0.15%, <c+a>
slip and twinning only appear near the layer interface.

3) The high yield strength of the layered C/F-Ti originates from
the strong effect of layer interfaces on the deformation mech-
anism. The initial split basal texture enables activation of <a>
slip in the coarse grain layer, but the strong constraint by the
hard fine-grain layers inhibits strain transfer from the coarse
grain layers to fine grain layers. The pile-ups of <a> disloca-
tions eventually stimulate the <c+a> slip, which has a much
higher CRSS than <a> slip, leading to a macro yielding at high
stress.

4) The current design of layered coarse- and fine-grain struc-
ture to enhance yield strength of Ti is considered to be a
general strategy for improving the yield strength of hcp met-
als with significant differences in the CRSS among different
slip/twinning systems.
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