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a b s t r a c t 

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 ( μXRD) 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. 
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. Introduction 

Metals as unique structural materials may be strengthened 

y alloying, which typically depends on nonrenewable resources 

nd also makes recycling difficult [ 1 , 2 ]. Alloying, like most other

trengthening mechanisms, may also lead to loss of ductility—

eferred to as strength-ductility trade-off [3–5] . Therefore, develop- 

ent of new strategies for designing long-term sustainable struc- 

ural materials with a good combination of strength and ductil- 

ty are highly demanded. Such a development requires effective 

ontrol of the crystallographic defects including vacancies, disloca- 

ions and grain/phase boundaries, and this is a grand challenge due 
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E-mail addresses: ghfan@njtech.edu.cn (G. Fan), genglin@hit.edu.cn (L. Geng), 

iyu@mek.dtu.dk (T. Yu). 

T

w

t

t

m

ttps://doi.org/10.1016/j.actamat.2021.116627 
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o the instability of these crystallographic defects during process- 

ng and application. In recent decades, the configurational design 

f materials provides a new opportunity to attack this challenge 

 1 , 6 , 7 ]. 

A layered structure as one of the configurational designs for 

aterials exhibits its potential in improving strength and ductil- 

ty simultaneously [8–15] . However, the underlying deformation 

echanisms of layered materials have not been sufficiently under- 

tood. In the previous work, the deformation mechanism of Ti/Al 

ayered metal composite (LMC), with a yield strength matching 

he rule of mixture (ROM) [ 16 , 17 ] and a ductility exceeding those

f both components (Ti and Al sheets), was investigated [ 10 , 18 ].

he stress and deformation microstructure evolutions in that LMC 

ere studied by in-situ neutron diffraction and differential aper- 

ure X-ray microscopy (DAXM), respectively. It was reported that 

he stress partitioning and strain-transfer during the early defor- 

ation stage influence the whole deformation process of the LMC 

https://doi.org/10.1016/j.actamat.2021.116627
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116627&domain=pdf
mailto:ghfan@njtech.edu.cn
mailto:genglin@hit.edu.cn
mailto:tiyu@mek.dtu.dk
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Table 1 

Chemical composition of CP Ti. 

Elements Ti Fe O C H N 

Content (wt.%) Bal. 0.030 0.050 0.011 0.003 < 0.008 
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ignificantly. However, the process of the early deformation stage 

s influenced by many factors: the differences in thermal expan- 

ion coefficient, elastic modulus and yield strength between Ti and 

l, as well as the grain size and crystal orientation. Meanwhile, the 

arge difference between two components leads to the nucleation 

f cracks appearing at a low tensile strain, in both the interfacial 

iAl 3 layers and Al layers. Therefore, the constraint of the prop- 

gation of cracks by the layered structure also plays a vital role 

uring plastic deformation. As a result, it is difficult to clarify how 

ach factor exerts influence on the mechanical properties of the 

aterials with layered structures. In this work, in order to inves- 

igate the influence of different yield strength in component lay- 

rs on the mechanical properties of LMCs, excluding the influence 

f other factors mentioned above, layered titanium with alternat- 

ng coarse- and fine-grain layers (C/F-Ti) was fabricated. The yield 

trength difference between the neighboring layers is expected to 

e controlled by grain size following the Hall-Petch relationship, 

hile the other factors can be neglected since the layers are of 

he same material (i.e. Ti). From the perspective of the material 

e used, the unique deformation mechanism of Ti with hexago- 

al close-packed (hcp) crystal structure should also be taken into 

onsideration during the design of C/F-Ti and the investigation of 

ts deformation mechanism. The slip modes, the large variation of 

he critical resolved shear stress (CRSS), the anisotropy of elastic 

odulus and thermal expansion coefficient, and the unique texture 

f titanium provide further possibilities for the configurational de- 

ign. 

In titanium, < a > ( < 1-210 > ) slip on prismatic {10-10}, basal

0 0 01} and pyramidal {10-11} planes can provide a maximum of 

our independent slip systems at ambient temperature [19–23] . 

evertheless, according to the von Mises criterion, five indepen- 

ent shear systems are required to accommodate an arbitrary plas- 

ic strain [24] . Therefore, < c + a > ( < 2-1-1-3 > ) slip on pyramidal

10-11}/{2-1-12} planes (pyr1/pyr2 < c + a > slip) and/or twinning 

re also needed in the deformation of polycrystalline titanium. 

rismatic slip is the easiest slip system to be activated whereas 

yramidal < c + a > slip and twinning are the most difficult among

hem due to the significant difference of CRSS [25–30] , which 

as been measured by high energy X-ray diffraction microscopy 

HEDM) [31] . The activation of slip systems is also orientation- 

ependent [32–35] . It is reported that one or more of the three 

rismatic slip systems are easy to be activated when grains are ori- 

nted with their c-axes nearly perpendicular to the applied uniax- 

al stress (owing to the high Schmid factors), which is called “soft 

rains”. “Hard grains” which have their c-axes nearly parallel to 

he applied stress often activate pyramidal < c + a > slip and defor-

ation twinning to accommodate local strains during deformation 

ue to the very low Schmid factor of prismatic slip [ 27 , 34 , 36–38 ].

rain-grain interaction also plays an important role in the activa- 

ion and transfer of dislocations, influencing mechanical properties 

 27 , 36 , 39–41 ]. Over the years, the geometric compatibility factor 

 ’ was used to assess the geometric alignment among grains for 

he activation of different slip systems [42–45] . However, the be- 

avior of slip transfer could only be rationalized partially by geo- 

etric criteria due to the neglect of the effect from the variation 

f the elastic modulus and CRSS. For instance, it is revealed that 

he plastic anisotropy of hcp materials, which is related to the var- 

ous CRSS for different slip systems, promotes twinning transmis- 

ion [36] . It is also found that the elastic and plastic anisotropy of 

ingle crystals and strong grain-grain interaction are the main fac- 

ors for the surprising phenomenon that the stress along the load- 

ng axis decreases in some grains during tensile test just beyond 

he macroscopic yield point [46] . 

In this study, an excellent combination of the strength of fine- 

rain layers and the ductility of coarse-grain layers is achieved in 

he specially designed C/F-Ti. The focus of this paper is to inves- 
2 
igate the cause of the extraordinary strengthening in C/F-Ti by 

dvanced characterization and in-depth analysis. Synchrotron Laue 

-ray microdiffraction is selected to characterize the evolution of 

attice strain distribution during in-situ tensile test due to its good 

ngular resolution (~0.01 °) and deviatoric strain revolution (~10 −4 ). 

ifferent slip systems activated at different domain areas are ana- 

yzed by transmission electron microscopy (TEM). It is found that 

he outstanding strengthening of C/F-Ti primarily relies on the tex- 

ure, the constraint of strain transfer between neighboring lay- 

rs and the large difference in the CRSS of different slip/twinning 

odes in titanium. These findings provide new opportunities to 

esign better microstructures and mechanical properties of hcp 

etals. 

. Experimental 

.1. Materials 

Commercial pure titanium (CP Ti) sheets with thicknesses of 

00 μm and 20 μm produced by cold rolling and annealing were 

sed as starting material. The chemical composition of CP Ti is 

iven in Table 1 . The Ti sheets were cut into about 100 × 100 mm 

2 

n size. Annealing was carried out for Ti sheets with a thickness of 

00 μm at 700 °C for 2 h in vacuum to obtain coarse grains. Both

he Ti sheets with a thickness of 100 μm and a thickness of 20 μm

ere eroded using 10 vol.% HF solution in order to remove the ox- 

de layers on the surfaces. Then the Ti sheets of about 92 μm and 

2 μm were stacked alternatively to form a 3 mm thick sample. Fi- 

ally, the layered titanium with alternating coarse- and fine-grain 

ayers (C/F-Ti) was fabricated by hot-pressing at 700 °C for 2 h in 

acuum under a pressure of 40 MPa to bond the sheets. For com- 

arison, layered titanium samples of only coarse-grain layers(C-Ti) 

nd only fine-grain layers (F-Ti) were also fabricated from the same 

heets in the same manner. 

The microstructures of the samples were characterized in the 

ection containing the initial rolling direction (RD) and normal di- 

ection (ND) by HKL electron backscatter diffraction (EBSD) with a 

canning electron microscope (SEM, ZEISS MERLIN COMPACT). The 

pecimens were electrochemically polished in a solution composed 

f 5 ml perchloric acid, 35 ml n-butanol and 60 ml methanol. EBSD 

apping was carried out at an acceleration voltage of 20 kV with a 

tep size of 2 μm for C-Ti and C/F-Ti, and 1.2 μm for F-Ti samples.

.2. Mechanical tests 

Tensile tests were performed for C-Ti, F-Ti and C/F-Ti samples. 

og-bone shaped tensile specimens with a gauge length of 18 mm 

nd a width of 5 mm were cut by electron discharge machining 

uch that the tensile direction was parallel to the RD. The tensile 

ests were carried out at a strain rate of 10 −3 s −1 at room temper- 

ture using an Instron-1186 Universal Testing Machine. Three spec- 

mens were tested for each condition and in total nine tests were 

one. 

The hardness distribution across the layer was determined by 

anoindentation tests using a Nano-Indenter XP machine. The 

pecimens were prepared by electrochemical polishing on the RD- 

D section. Nano-indents with a spacing of 10 μm along the ND 

ere made to a maximum depth of 1 μm. The microstructure 

f the area tested by nanoindentation was characterized by EBSD 

ith a step size of 1.5 μm in the SEM. 
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.3. Lattice strain evolution obtained by μXRD 

In-situ synchrotron Laue X-ray microdiffraction ( μXRD) at dif- 

erent applied stress during tensile test a strain rate of 10 −3 s −1 

as carried out on Beamline 12.3.2 at the Advanced Light Source 

ALS) in Lawrence Berkeley National Laboratory (LBNL) [47] . A C/F- 

i tensile sample with gauge dimensions of 12 mm long, 1 mm 

ide and 0.5 mm thick was cut with the tensile direction parallel 

o the RD. The sample for μXRD was polished in the same way as 

hat for EBSD. In-situ collection of Laue patterns was carried out 

sing an X-ray beam with an energy bandpass of 5-24 keV paral- 

el to the layer interface approximately at the center of the RD-ND 

ection during the tensile test. The sample was mounted on an X-Y 

canning stage with a tilt angle of 45 ° relative to the incident X- 

ay beam. The X and Y scanning directions are parallel to the ND 

nd RD of the sample, respectively. A focused white beam of about 

 × 1 μm 

2 and a scanning step size of 2 μm were used. The Laue

iffraction data were analyzed through a custom-developed soft- 

are called XMAS in order to obtain information about the dis- 

ribution of crystal orientation, lattice strain, etc [48] and visual- 

zed by a software package called XtalCAMP [49] . The experimental 

etup and the data analysis provided an angular resolution up to 

.01 ° (in consequence, a deviatoric strain resolution of 10 −4 ) [50] . 

ifferent dislocation types could be suggested by various shapes of 

iffraction peaks [51–54] . 

.4. TEM observation of dislocation structures 

TEM (JEOL JEM2100 operated at 200 kV) was used to analyze 

he dislocations activated in individual grains in the tensile sam- 

les deformed to a plastic strain of 0.15%. Thin foils for TEM obser- 

ations were cut out from the uniform gauge section of the tested 

amples and then prepared by grinding and electropolishing using 

 modified window technique [55] . 

. Results 

.1. Layered microstructures 

The microstructures of the as-processed layered titanium sam- 

les before the tensile test are shown in Fig. 1 . The inverse pole

gure (IPF) coloring maps (transverse direction, TD) of C-Ti, C/F- 

i and F-Ti samples obtained by EBSD ( Fig. 1 a–c) indicate that the

ayer interfaces are general straight and continuous. Some grains 

row into the neighboring layers, indicating a good layer bonding. 

o particles or pores are observed at the layer interface. C-Ti and 

-Ti samples consist of layers with uniform coarse grains and fine 

rains, respectively, while C/F-Ti is composed of alternating coarse- 

nd fine-grain layers. 

The average grain sizes were measured by the line-intercept 

ethod, showing that the average grain size (mean chord length) 

f C-Ti (47.8 μm) is similar to that of the coarse-grain layers in 

/F-Ti (50.2 μm) while the average grain size of F-Ti (9.2 μm) is 

imilar to that of the fine-grain layers of C/F-Ti (9.8 μm). Note that 

or both the C-Ti sample and the coarse-grain layers in the C/F-Ti 

ample, many grains have their sizes matching the layer thickness 

lthough the average grain size is about half of the coarse-grain 

ayer thickness. Such a matching of the grain size with the layer 

hickness is obvious for the fine-grain layers. Such a relation be- 

ween the grain size and the layer thickness provides a circum- 

tance where the layer interfaces will impose a strong constraint 

ffect on the deformation of grains. The textures of the three sam- 

les are similar—all exhibiting a strong split basal texture with the 

ormal of the basal planes tilted away from ND towards TD with 

eaks at about ±30 ° (shown in Fig. 1 d–g, respectively), similar to 

extures of Ti reported in other work [ 32 , 33 , 56 ]. 
3 
.2. Mechanical properties 

.2.1. Tensile properties 

Tensile engineering stress-strain curves of layered titanium (C- 

i, C/F- Ti and F-Ti) are shown in Fig. 2 a. C/F-Ti exhibits a yield

trength ( σ 0.2 ) of 212 MPa, which is nearly the same as that of F-Ti

214 MPa). At the same time, the elongation to failure ( εf ) of C/F-Ti

s 53%, which is higher than that of F-Ti (42%). The uniform elonga- 

ion ( εu ) of C/F-Ti is 18%, which is between the values for C-Ti and

-Ti. The strain hardening rate ( θ= d σ /d ε) versus true strain curves 

re plotted in Fig. 2 b. To a true strain of 12%, the strain hardening

ate of C/F-Ti is lower than that of F-Ti but higher than that of C-Ti.

fterwards, the hardening rate of F-Ti becomes the lowest among 

he three samples, while the hardening rate of C-Ti and C/F-Ti are 

lose to each other. The values of mechanical properties are shown 

n Table 2 . 

C/F-Ti contains a large volume fraction (89.3%) of coarse grains, 

ut its strength is much higher than that of C-Ti, indicating ex- 

ra hardening to the coarse grains in C/F-Ti caused by the special 

ayered design. In the following, the focus is therefore on the char- 

cterization of deformation behavior of the coarse-grain layers of 

/F-Ti. 

.2.2. The distribution of hardness 

An IPF coloring map of the area after nanoindentation tests is 

hown in Fig. 3 a. The distribution of hardness across the layer in- 

erface in C/F-Ti is displayed in Fig. 3 b. The hardness near the layer

t the positions with a distance from 0 to 10 μm to a layer inter-

ace is much higher than that (1.81 GPa) at the positions with a 

istance from 40 to 50 μm to a layer interface. The farther away 

rom the layer interface, the lower the hardness is. No gradient of 

islocation density is seen across the interface in the starting hot- 

ressed C/F-Ti, supported by the EBSD results on local misorien- 

ation distribution (Fig. S1 of supplementary), indicating that the 

easured hardness gradient is not caused by the initial distribu- 

ion of dislocations. 

The crystal orientation has some influence on the hardness. The 

-axis of grain 3 (g3) is closer to the TD compared to that of grain

 (g4). Consequently, the hardness of grain 3 is higher than that 

f grain 4. The hardness at a position of 46 μm from the layer 

nterface in grain 3 (along line 4) is 2.04 GPa, which is 0.28 GPa 

igher 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- 

roximately 60 ° inclined to the TD caused the split basal texture, 

nd therefore the influence of orientation on the hardness is much 

maller compared to that of the layer interface. 

To compare the effect of grain boundaries and layer interfaces 

n the hardness, grain 1 and 2 (marked as g1 and g2 in Fig. 3 a) are

elected because the nanoindentation for these grains were carried 

ut both at their grain boundaries and in the interior. The hard- 

ess values of indents along the lower part of line 1 and line 2 in

rain 1 and along the lower part of line 5 in grain 2 are plotted in

ig. 3 c. The average hardness values at the grain boundary region 

nd the interior of grain 1 are 1.83 GPa and 1.75 GPa, respectively, 

hile the hardness at the position 10 μm to the layer interface is 

.25 GPa, much higher than that at the grain boundary region. The 

ame trend occurs in grain 2, where the average hardness is 1.98 

Pa and 1.88 GPa for the grain boundary region and the interior, 

espectively, much lower than 3.17 GPa measured next to the layer 

nterface. 

.3. Local strain analyses at different stress levels 

.3.1. The distribution of lattice strain 

The evolution of lattice strain in a grain (grain A) of the coarse- 

rain layer in C/F-Ti ( Fig. 4 f) 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. 

Fig. 2. (a) Tensile engineering stress-strain curves; (b) work hardening rate ( θ= d σ /d ε) and true stress verses true strain curves. 

Table 2 

Mechanical properties of C-Ti, C/F-Ti and F-Ti. 

Mechanical properties Yield strength σ 0.2 (MPa) Uniform elongation εu (%) Fracture elongation εf (%) Tensile strength σ s (MPa) 

C-Ti 161 ±4 2 4 ± 1 5 4 ± 2 29 2 ± 4 

C/F-Ti 212 ±6 18 ±1 53 ±2 354 ±4 

F-Ti 214 ±4 15 ±1 4 2 ± 6 36 5 ± 3 

4 
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Fig. 3. Nanoindentation test on C/F-Ti. (a) IPF coloring map with 8 testing lines and 6 grains indicated; (b) hardness versus distance to the layer interfaces curves; (c) 

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- 

indents of line 1, line 2 and line 5. 

Fig. 4. The evolution of the deviatoric strain tensor: (a) εxx , (b) εyy , (c) εzz , (d) εxy , (e) εyz at different tensile stress levels: 0 MPa, 100 MPa, 160 MPa, 190 MPa and 227 MPa 

in grain A; (f) Euler angle ( φ1 ) map of grain A; (g) The orientation schematic diagram of grain A. 

5 
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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 ( φ1 ) map of 

grain A. 
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btained by Synchrotron Laue X-ray microdiffraction. Due to the 

trong split basal texture and the narrow grain size distribution 

n C/F-Ti, grain A with typical size and orientation as shown in 

ig. 4 g is selected as an example to analyze the strain evolution 

f coarse grains in C/F-Ti, focusing on the differences between re- 

ions next to the layer interface and in the layer center. The dis- 

ribution of five components of lattice strain tensor at different 

ensile stress (0 MPa, 100 MPa, 160 MPa, 190 MPa and 227 MPa) 

re shown in Fig. 4 (note that lattice strain shown in this paper 

s deviatoric lattice strain different from full strain, but the rela- 
6 
ive magnitude at different tensile stress is comparable within a 

rain). The diffraction spots of grain A ( Fig. 5 ) is relatively round, 

hich indicates that the calculated deviatoric strain is quite reli- 

ble. When the applied stress increases to 160MPa, the indexing of 

iffraction spots of the area near the left grain boundary becomes 

nsuccessful, which may be due to relatively large lattice rotation 

n this area. It is found that the residual strain is distributed het- 

rogeneously inside grain A in the initial state and it is about 10 −3 

long the tensile direction ( εyy ). As the tensile strain increases to 

00 MPa, the distribution of local strain component εyy becomes 
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ore homogeneous due to the superimposition of residual stress 

nd applied stress along the tensile direction, and the εzz compo- 

ent (along the TD) and εxx component (along ND) shows an in- 

rease of compressive strain, in agreement with the Poisson effect. 

he different increments of the components εxx and εzz are related 

o the elastic anisotropy of Ti [ 26 , 57 ]. The shear strain components

o not exhibit significant change during this period of elastic de- 

ormation. When the applied stress reaches 160 MPa, there are sig- 

ificant changes in the shear strain components εxy and εyz near 

he layer interface, indicating local yielding through dislocation ac- 

ivities. However, εyy still increases nearly homogeneously in the 

rain. This tendency remains at the applied stress of 190 MPa, 

hich approaches the yield stress of C/F-Ti. At the applied stress of 

27 MPa, which is higher than the yield stress of C/F-Ti, the lattice 

train component εyy along the tensile direction becomes hetero- 

eneous in the grain. The component εyy decreases in the interior 

f the grain while increases continuously near the layer interface. 

he obtained maximum value of εyy is 2.73 × 10 −3 (corresponding 

o 245 MPa), which is slightly larger than the global yield stress of 

/F-Ti (212 MPa), giving further confidence to the calculated devi- 

toric strain results. 

.3.2. Analysis of activated slip systems 

The diffraction peaks of (41 ̄5 4) are extracted from the Laue pat- 

erns in order to analyze the evolution of the peak at different po- 

itions in grain A during the tensile test. The peaks along the three 

range lines ( Fig. 5 d) at different tensile stress: 0 MPa, 190 MPa 

nd 227 MPa are displayed in Fig. 5 a–c. For each position in line 1,

he distances to the top layer interface ( Fig. 5 d) are shown on the

eft of Fig. 5 a. From peaks of line 1 at a tensile stress of 227 MPa

 Fig. 5 a), it is found that the peaks extracted from positions near

he layer interface (i.e. at the top three and bottom two positions) 

treak towards a different direction (along red dotted lines) com- 

ared to that from the interior of the layer. This is related to the 

ifferent slip systems activated at different positions of the grain. 

arious streaking directions of the diffraction peaks in Laue pat- 

erns are related to the activation of different slip systems. To con- 

rm this phenomenon, peaks from line 2 extracted every 4 μm 

long the layer interface and from line 3 extracted every 16 μm 

long the middle of the layer were also analyzed and are shown in 

ig. 5 b and c. The peaks from the interface region streak towards 

he same direction which is different from that of peaks from the 

iddle of the layer. 

.4. Dislocation structure (0.15% plastic strain) 

Dislocation structures were observed and analyzed under dif- 

erent diffraction conditions by TEM. In the two areas shown in 

ig. 6 a and c, which are extracted from the larger area along a 

ayer interface shown in Fig. S2 of Supplementary, many disloca- 

ions appear in the coarse-grain layer along the layer interface at a 

lastic strain of 0.15%. Most of these dislocations are visible when 

maged nearly along the [1 ̄2 10] zone axis ( Fig. 6 a and c) and in-

isible when imaged with g = [0 0 02] near the [1 ̄2 10] zone axis

 Fig. 6 b and d). Therefore, these dislocations have a Burgers vec- 

or b = < a > ( b = 1/3 < 1 ̄2 10 > ) based on the invisible criterion

f g ·b = 0. Pile-ups of dislocations with b = ±1 / 3[11 ̄2 0] (sup- 

orted by Fig. S3a and b of supplementary) and b = ±1 / 3[ ̄2 110]

supported by Fig. S3c and d of Supplementary) can be observed 

ear the layer interface in Fig. 6 a and c (along the orange dotted

ines), respectively. Dislocations which are visible in both condi- 

ions are considered as < c + a > dislocations with b = < 2 ̄1 ̄1 ̄3 > . A

ew < c + a > dislocations with b = ±1 / 3[ ̄2 113] (pointed by a red

rrow) and with b = ±1 / 3[ ̄2 11 ̄3 ] or b = ±1 / 3[ ̄2 11 ̄3 ] (pointed by 

 green arrow) are observed along the layer interface in Fig. 6 b. 
7 
eanwhile, twins also appear near the interface (pointed by or- 

nge arrows in Fig. 6 c and d). In contrast, the TEM images cap- 

ured towards the interior of the layer show no < c + a > dislocations

hrough imaging with g = [0 0 02] (shown in Fig. S5 of Supplemen-

ary), indicating that < c + a > dislocations mostly appear near the 

ayer interfaces. In order to investigate the effect of grain bound- 

ries within the coarse-grain layer, an area near a grain boundary 

long the ND is extracted from the same grain, shown in Fig. 7 .

owever, only one short pile-up with a few < a > dislocations with 

 = ±1 / 3[11 ̄2 0] (supported by Fig. S4 of Supplementary) is ob- 

erved and no < c + a > dislocations are observed. 

In the fine-grain layers, there are also pile-ups of < a > disloca- 

ions (along orange dotted lines) with b = ±1 / 3[ ̄2 110] (supported 

y Fig. S6 of Supplementary) near the layer interface as shown in 

ig. 8 a. In this example, one pile-up of < c + a > dislocations (along

ed dotted lines) with b = ±1 / 3[11 ̄2 ̄3 ] or b = ±1 / 3[ ̄1 2 ̄1 ̄3 ] (sup- 

orted by Fig. S6 of Supplementary) near the layer interface is also 

bserved in the fine grain—both visible when imaged nearly along 

he [11 ̄2 0] zone axis and with g = [0 0 02] near the [11 ̄2 0] zone 

xis. 

. Discussion 

A combination of high yield strength and high elongation has 

een observed in the layered C/F-Ti, where the layer interface 

hows a strong influence on the local hardness and deformation 

echanisms. The yield strength of layered titanium (C-Ti, C/F-Ti 

nd F-Ti) from this work and non-layered pure titanium with sim- 

lar chemical compositions from other work [58–60] are compared 

n Fig. 9 . The relationship between yield strength and grain size for 

he C-Ti, F-Ti and pure titanium largely follow the Hall-Petch rela- 

ion [ 61 , 62 ], although the slope varies slightly possibly due to the

nfluence of texture. Therefore, layer interfaces in C-Ti and F-Ti do 

ot exert a significant effect on the yield strength. However, the 

ield strength of C/F-Ti deviates from the Hall-Petch relation dra- 

atically and it is also much higher than that calculated by ROM 

 16 , 17 ]. The underlying mechanism for the enhanced yield strength 

f C/F-Ti is analyzed with respect to the effects of texture, grain 

ize distribution and layered structure on the deformation mecha- 

ism. 

.1. The effect of texture on deformation mechanism 

The TEM investigations reveal that < a > slip is the dominant 

eformation mechanism during tensile deformation of the C/F-Ti 

ample. Such a deformation pattern is related to the texture of the 

aterial. The C/F-Ti has a strong split basal texture with the basal 

lane normal tilted about ±30 ° towards the TD as shown in Fig. 1 .

RSS and Schmid factors of different slip systems are the main 

actors influencing the yielding of grains. The average Schmid fac- 

ors for different slip systems of coarse-grain layers are calculated 

ased on the highest factor for each type of slip systems for each 

ixel from the EBSD data, shown in Table 3 , while the CRSS val-

es of different slip and twinning modes of pure Ti determined by 

rystal plasticity modeling [ 25 , 26 , 63–65 ] and measured by experi- 

ent [31] are shown in Table 4 . The prismatic < a > slip with the

owest CRSS has the highest average Schmid factor among differ- 

nt slip modes. Therefore, prismatic < a > slip is expected to be ac- 

ivated first as in a number of previous studies in a similar loading 

ondition [ 27 , 31 , 35 , 65 ]. 

In polycrystalline materials, the interaction between neighbor- 

ng grains may also play an important role in determining the de- 

ormation mechanism. The geometric compatibility factor m’ can 

e used to assess the possibility of activating dislocation sources 

n adjacent grains through stress concentration at grain bound- 

ries. 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 [1 ̄2 10] zone axis ( B ≈ [1 ̄2 10]); (b) and (d): two-beam BF images using diffraction vector of g = [0 0 02] near the [1 ̄2 10] zone axis. 

Positions 1 © and 2 © are also marked in Fig. S2 of Supplementary. 

Table 3 

Average Schmid factors of different slip modes under uniaxial tensile test. 

Slip modes Prismatic < a > Basal < a > Pyr < a > Pyr1 < c + a > Pyr2 < c + a > 

Schmid factor 0.469 0.099 0.390 0.468 0.430 
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s to be activated. The m’ value is calculated through the formula: 

’ = cos αcos β , where α/ β represents the angle between the slip 

lanes/directions of two neighboring grains. The factor m’ for pris- 

atic slip (m’ P-P ) of the neighboring grains along RD and ND in 

/F-Ti are calculated. It is found that m’ of neighboring grains along 

D and ND are similar, being 0.749 and 0.729, respectively. Ac- 

ording to literature [41] , a high Schmid factor and a good align- 

ent (m’ > 0.7) lead to full slip transfer without stress concentra- 

ion at the grain boundary between two neighboring grains. From 

his perspective, slip transfer (prismatic slip) without stress con- 

entration is expected in C/F-Ti, in an agreement with other studies 

n a similar loading condition [ 65 , 66 ]. In other words, the interac-

ion between grains in C/F-Ti due to its texture does not contribute 

ignificantly to the enhancement of the yield strength. 
8 
.2. The effect of grain size distribution on deformation mechanism 

The C/F-Ti consists of a large volume fraction (88.5%) of coarse 

rains and a small fraction (11.5%) of fine grains. The grain sizes 

nd their distributions have a strong effect on the yield strength of 

 material. The yield strength ( σ s ) is commonly related to the aver- 

ge grain size (d) by the Hall-Petch relation: σ s = σ 0 + kd 

−1/2 , where 

0 is the stress required to initiate dislocation movement (incorpo- 

ating all strengthening effects except the grain size effect) and k 

s the Hall-Petch slope [ 42 , 61 , 62 ]. The value of 0.26 MPa • m 

1/2 for k

s calculated based on the yield strength and grain size of C-Ti and 

-Ti from this work. This value is similar to those reported in the 

iterature [58–60] , as shown in Fig. 9 . However, the calculated yield 

trength 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 ≈
[1 ̄2 10]; (b): two-beam BF images using diffraction vector of g = [0 0 02] near the [1 ̄2 10] zone axis. Position 3 © 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 > Pyr < c + a > Ti twin O (wt%) Grain size ( μm) 

[64] 90 180 140 210 N/A 0.11 9 

[26] 80 90 110 260 220 0.06 25 

[25] 68 175 120 250 230 0.12 50 

[ 63 , 65 ] 60 120 N/A 180 125 0.17 80 

[31] 96 ±18 127 ± 33 N/A ≥ 240 225 0.17 100 
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rain size directly measured by the line-intercept method includ- 

ng both the coarse- and fine-grain layers (d = 30.4 μm), is much 

ower than the measured yield strength ( Fig. 9 ). The low estimate 

rom the Hall-Petch relation may be partially due to the neglect 

f the grain size distribution since only the average grain size is 

onsidered in the Hall-Petch equation. 

For composite materials with two components, the yield 

trength may be calculated based on the ROM, which is given as 

 = f A X A + f B X B , where X, X A and X B are the yield strength of the

omposite and the two components, respectively, and f A and f B are 

he volume fractions of each component [ 16 , 17 ]. If we consider the

ayered configuration in C/F-Ti and add the strength contributions 

rom the coarse- and fine-grained layers which are 142 MPa and 25 
9 
Pa, respectively, (based on the volume fraction and yield strength 

f C-Ti and F-Ti), the ROM estimated yield strength becomes 167 

Pa—even lower than that calculated from the Hall-Petch rela- 

ion. This is because the average grain size of C/F-Ti measured 

y the line-intercept method is grain boundary area weighted, 

hereas the strengthening contribution in the ROM is grain vol- 

me weighted. In other words, the Hall-Petch relation relies more 

n small grains while the ROM relies more on big grains. The ROM 

s widely used to predict the mechanical properties of sandwich 

heet materials. The yield strength of layered materials, such as: 

u/Cu-10Zn [ 11 , 67 ] and Ti/Al layered composites [ 8 , 10 ], agree well

ith the ROM. For these layered composites, the deformation is di- 

ided into three stages: elastic stage, elastic-plastic stage and plas- 
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Fig. 8. BF TEM images of the fine-grain layer in C/F-Ti at a plastic strain of 0.15%. (a): B ≈ [1 ̄2 10]; (b): Two-beam BF images using diffraction vector of g = [0 0 02] near the 

[1 ̄2 10] zone axis. 

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. 
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ic stage. The first two stages are of importance to the macro yield- 

ng of the material. Stress partitioning appears at these stages due 

o the different elastic modulus and yield strength between adja- 

ent layers. Therefore, the yield strength of the composite exhibits 

 combination of soft layers and hard layers, which obeys the ROM. 

evertheless, the yield strength in the present C/F-Ti does not fol- 

ow this trend ( Fig. 9 ), indicating a strong interface effect of the

ayered structure on the deformation mechanism. 
10 
.3. The effect of layered structure on deformation mechanism 

In addition to the dominant < a > dislocations, < c + a > dislo-

ations have also been observed near the layer interface in the 

oarse-grain layers of C/F-Ti at a plastic strain of 0.15%, but not in 

he interior or the grain boundary areas of the coarse-grain lay- 

rs ( Fig. 7 ). Moreover, the evolution of the Laue diffraction peak 

atterns at different strain levels also indicates that different slip 

ystems are activated near the layer interface compared to the in- 

erior of the coarse-grain layer ( Fig. 5 ). These microstructural ob- 

ervations are further supported by the nano-indentation results, 

hich show higher hardness next to the layer interfaces ( Fig. 3 ). 

ll these experimental results point to the important role of the 

nterfaces separating coarse- and fine-grain layers in determining 

he deformation mechanisms and yield strength of C/F-Ti. 

It should be mentioned that local residual strain exists in the 

nitial state of C/F-Ti ( Fig. 4 ) probably due to the anisotropy of ther-

al contraction, resulted from the difference in the thermal expan- 

ion coefficient along the < a > and < c > axes of the grains, during

ooling after hot pressing. The texture and spatial distribution of 

rains are similar in C/F-Ti, C-Ti and F-Ti, and therefore the local 

esidual stress is not likely to be a key reason for enhancing the 

ield strength of C/F-Ti, and will not be discussed further. Hence, 

he strengthening mechanism of C/F-Ti will be discussed from the 

erspective of the constraint from the layer interface and the spe- 

ific deformation behavior of hcp crystalline structure. 

.3.1. The constraint on strain transfer 

In order to investigate the strengthening mechanism of C/F- 

i, it is essential to analyze the early stage of deformation. Dur- 

ng elastic deformation, both the coarse- and fine-grain layers de- 

orm elastically. The stress partitioning, which usually exists in lay- 

red composites, is not expected in C/F-Ti due to the same elastic 
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odulus of the two adjacent layers. When the stress increases to 

60 MPa during in-situ tensile test, heterogeneous shear strain ap- 

ears in grain A ( Fig. 4 d and e), indicating local yielding through

ctivation of dislocations. Given the texture of the coarse grains 

 Fig. 1 ) and the possible prismatic < a > slip, the coarse grains can-

ot deform freely due to the constraint of fine-grained layers as 

any of the coarse grains are directly constrained on two sides 

at least one side) by the neighboring fine-grained layers. No mat- 

er which < a > slip is activated, the Burgers vector is constricted 

n the basal plane, which also produces a strain component along 

he ND due to the split basal texture. To maintain the interface, 

he strain component along the ND needs to be accommodated by 

ther deformation modes in coarse grains or deformation of fine 

rains. However, when < a > slip is activated in some coarse grains, 

train transfer to the fine grains is difficult because of the high 

ield strength of the fine-grain layers. Pile-up of < a > dislocations 

ccurs 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- 

ilitate the activation of dislocation sources in fine-grain layers, as 

ell as other deformation modes in the coarse grains. Back stress 

s also generated to impede the emission of dislocations from the 

riginal < a > slip. When the coarse-grain layers start to yield, the 

ignificant changes in the distribution of εxy and εyz lattice strain 

omponents near the interface and the continuous increase of the 

ormal strain εyy indicate that the stress state near the layer in- 

erface changes from uniaxial stress to multiaxial stress due to the 

onstraint of the layered structure, which directly influences the 

ctivation of different slip systems and the applied stress needed 

o emit dislocations from the original < a > slip. If the disloca- 

ion sources of fine grains are not activated when the dislocation 

ources in coarse grains stop to emit dislocations from the < a > 

lip, the coarse grains have to activate dislocations from other slip 

ystems to ensure the continuity of the material. However, from 

he result of in-situ μXRD, the lattice normal strain along the ten- 

ile direction increases uniformly in grain A up to an applied stress 

f 190 MPa ( Fig. 4 a). In other words, macroscopic yielding does not

ccur at this stage and the grain primarily deforms through elas- 

ic strain even though the applied stress reaches the yield stress of 

he coarse grains. 

.3.2. Specific deformation behavior of hcp lattice structure 

Besides the constraint on strain transfer, the specific deforma- 

ion mechanisms of the hcp crystal structure also play an impor- 

ant role in enhancing the yield strength of C/F-Ti. For the coarse- 

rain layers to further deform plastically without strain transfer to 

he fine-grain layers, more dislocations satisfying the requirement 

f continuity must be activated to accommodate the strain near 

he layer interfaces in the coarse-grain layers. For the current C/F- 

i, only < c + a > slip and deformation twinning are able to satisfy

he requirement of continuity. The CRSS values of < a + c > slip and

winning are both much higher than that of < a > slip, as shown

n Table 4 [31] . As a consequence, the < a + c > slip and twinning

an only be activated after a large stress concentration at the layer 

nterface. Since F-Ti and C/F-Ti have a similar yield strength and 

oth < c + a > dislocations and twins are present near the layer in-

erfaces just beyond the yield stress of C/F-Ti, it follows that a sim- 

lar stress concentration may be required for activation of < c + a >

lip and twinning in the coarse-grain layers compared to the acti- 

ation of < a > slip in fine-grain layers. In short, the necessity of ac-

ivation of < c + a > slip and/or twinning for strain accommodation 

nd their much higher CRSS values compared to < a > slip signifi- 

antly increase the yield strength of the coarse-grain layers. 

From the perspective of the fine-grain layers, the forward stress 

rom the pile-up of dislocations in coarse grain-layers may only 

ave a limited effect on the yielding of fine grains. The forward 

tress from the pile-up of < a > dislocations in the coarse-grain lay- 
11 
rs is primarily along the ND, as the plastic strain in the coarse- 

rain layers along the tensile direction is compatible with the extra 

lastic strain in the fine-grain layers with the increase of the ex- 

ernal load. Therefore the forward stress from the pile-up of < a > 

islocations in the coarse-grain layers may facilitate activation of 

 c + a > dislocations in the fine-grain layers (a pile-up of < c + a >

islocations is found near the layer interface in the fine-grain layer 

t the plastic strain of 0.15%, see Fig. 8 ), but has little effect on

he activation of < a > dislocations in the fine-grain layers. In other 

ords, the forward stress has little effect on enhancing the yield- 

ng of the fine-grain layers. 

. Conclusions 

Layered titanium with alternating coarse- and fine-grain layers 

C/F-Ti) was fabricated where most of the grains in individual lay- 

rs have their sizes matching the layer thicknesses. The mechanical 

roperties were characterized by tensile tests. The yielding behav- 

or in individual layers of C/F-Ti was analyzed based on in-situ lat- 

ice strain measurement by Laue X-ray microdiffraction during the 

arly stage of the tensile test (before yielding and just after yield- 

ng) and the dislocation structure was characterized by TEM at a 

lastic 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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