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A B S T R A C T

A novel binary Ti-20W alloy with precipitate-volume gradient and grain-size gradient was developed through 
tailoring the fluctuating distribution of W. The dual-gradient structure caused a strong hetero-deformation 
induced (HDI) hardening, contributing to a good combination of ultimate tensile strength of 1463 MPa and 
ductility (~10 %). Additionally, stress-induced martensitic transformation of β→α’’ and stress/strain partitioning 
between α and β phases were detected by in-situ synchrotron X-ray diffraction, which also helped to retain a 
reasonable ductility.

1. Introduction

Heterostructured (HS) materials represent a category of materials 
designed with hard zone and soft zone, usually exhibiting superior 
strength-ductility synergy over homogeneous materials via producing 
extra hetero-deformation induced (HDI) hardening [1–3]. The succes-
sive accumulation of geometrically necessary dislocations (GNDs) near 
the hetero-interfaces between hard zone and soft zone is the primary 
mechanism for generating high HDI hardening effect [4].

Based on the mechanical continuity of interface, hetero-interfaces in 
HS materials can be categorized as sharp interface and gradient inter-
face, which exhibit different capability for GNDs accumulation. Sharp 
interface, for example, in layered Cu-bronze materials, is typically sta-
tionary during deformation [5,6], which leads to a quick saturation of 
GND accumulation, and consequently limits ductility enhancement 
[7–9]. Gradient interface in HS materials, in contrast, migrates from 
softer zones to harder zones under increasing applied stress, resulting in 
progressive accumulation of GNDs in its wake to produce more effective 
and sustained HDI hardening for higher ductility. To further enlarge the 
benefits of gradient structures, combining multiple gradient micro-
structures is expected to increase the HDI hardening effect [10–13].

To date, the design of gradient HS materials mostly focuses on the 
surface gradient structures, such as grain-size gradient and twin 
gradient, and usually produces only tens of micrometers from the sur-
face to the internal of samples [10,14]. This limits their application in 

thick and large components [15]. Previously, we proposed to prepare 
large-scale gradient Ti alloys by controlling the internal diffusion of 
metal particles [16,17]. A series of Ti-W alloys with the W content 
ranging from 5 wt% to 30 wt% were fabricated [18], where the Ti-20W 
alloy featured high-density hetero-interfaces and exhibited good me-
chanical performance [19]. Therefore, it is expected to optimize the 
microstructures of Ti-20W alloy to further enhance its mechanical 
properties.

In this study, we designed a novel gradient Ti-20W alloy by utilizing 
the diffusion of W, not only for its low diffusion rate that is conducive to 
control the Ti/W gradient interface [20], but also considering β-meta-
stable zone induced by W diffusion where multiple deformation mech-
anisms may be simultaneously activated to enhance strength-ductility 
synergy [19]. The fluctuating distribution of W in the novel Ti-20W alloy 
was developed to induce a dual-gradient structure with grain-size and 
precipitate-volume. Such dual-gradient structure was found made the 
titanium alloy strong and ductile. The effects of dual-gradient structure 
on the mechanical properties and deformation behavior of Ti-20W alloy 
were investigated.

2. Materials and methods

The processing of the gradient Ti-20W alloy (weight fraction, wt.%) 
is schematically illustrated in Fig. S1(a). Ti powders (<43 μm) and W 
powders (2–4 μm) were mixed for 6 h under an argon atmosphere. The 
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mixed Ti-W powder was then compacted by cold isostatic pressing at 
180 MPa and subsequently sintered in a vacuum furnace at 1350 ◦C for 
4 h to form a partially diffused Ti/W interface. The sintered billets were 
then extruded to elongate the W-rich structures and densify the Ti/W 
interface at an extension temperature of 950 ◦C and an extrusion ratio of 
16:1, in order to obtain the fully densified Ti-20W alloy with micro-scale 
hetero-structures. This process fabricated cylindrical rods with a diam-
eter of 30 mm, labeled as gradient-structured (GS) Ti-20W.

Details of the uniaxial tensile tests and loading-unloading-reloading 
(LUR) tests can be found in previous study [18]. Phase constituents were 
analyzed using X-ray diffraction (XRD). Microstructural characteriza-
tion was conducted via scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and electron backscatter diffraction 
(EBSD). In-situ tensile tests were performed using synchrotron X-ray 
diffraction on plate-shaped GS Ti-20W tensile specimens along the 
extrusion direction (Fig. S1(b) and S2). Details of the in-situ tensile tests 
are provided in the Supplementary Material.

3. Results and discussion

The GS Ti-20W consists of α-Ti, α’’-Ti, and β-Ti phases due to the 
dissolution of W (Fig. S3). Fig. 1(a–b) show the microstructural details in 
transverse and longitudinal sections of GS Ti-20W rod, respectively. The 
bright fiber-shaped structures aligned along the extrusion direction can 
be confirmed as W-rich zones by utilizing EDS analysis. These fiber- 
shaped W-rich zones exhibit a compositional gradient with an inter- 
diffusion zone of 40 μm in width (Fig. 1(c–e)), owing to the partial 

diffusion of W particles during sintering and subsequent severe defor-
mation during hot extrusion. Meanwhile, microstructural differences 
along the compositional gradient are observed (Fig. 1(c)), which can be 
divided into three regions: region A (Ti-rich zone), region B (diffusion 
transition zone), and region C (W-rich zone), respectively. With W 
content increasing, a gradient structure in the size and volume of pre-
cipitates is observed in the three regions, changing from dense long lath- 
shaped to spare short needle-shaped morphology (Fig. 1(f–h)). Fig. 1
(i–k) show EBSD images of the GS Ti-20W, revealing a grain-size vari-
ation along the compositional gradient. Due to the high melting point of 
W and its restraining effect on recrystallization, the grains in the W-rich 
zone retained their elongated feature, while the grains away from the W- 
rich zone recrystallized, leading to a grain-size gradient. The KAM map 
shows discrepant GNDs density in W-rich and Ti-rich zones, further 
demonstrating the different recrystallization behavior [21]. Thus, the 
internal compositional gradient in the titanium alloy induced a 
dual-gradient structure of precipitate-volume and grain-size.

The gradient structure of precipitate-volume was further examined 
by TEM. In the Ti-rich zone (region A in Fig. 1(f)), the bright field (BF) 
image shows lath-shaped precipitates in the matrix (Fig. 2(a)). The 
selected area electron diffraction (SAED) pattern of the white dashed 
circle (SA-1) further reveals the existence of α’’-Ti phase, which has an 
orientation relationship (OR) of [0001]α//[001]α’’//[011]β. The α-Ti 
and α’’-Ti phases highlighted in the dark field (DF) images exhibit an 
average length of ~1.6 μm and ~0.15 μm, respectively. In the W-rich 
zone (region C in Fig. 1(h)), the same phase constitution and OR are also 
confirmed (Fig. 2(e–h)). However, the average length of α-Ti (~0.57 

Fig. 1. Microstructures of GS Ti-20W: (a–b) Low magnification micrographs of transverse section and longitudinal section; (c) High magnification micrographs in (b) 
and the corresponding EDS-line scanning pattern; (d–e) Elemental distribution of Ti and W; (f–h) Local magnified images in region A, region B, and region C of (c), 
respectively; (i) IPF map; (j) Recrystallized grain map; (k) KAM map.
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μm) and α’’-Ti phase (~10 nm) in the W-rich zone is shorter than those 
in the Ti-rich zone, which is attributed to W dissolution. W acted as the 
β-stabilizer and hindered the transformation from β-Ti to α/α’’-Ti phase 
[22], thereby reducing the size and volume fraction of precipitates. 
Fig. 2(i) shows the HRTEM image of the region D marked by the white 
rectangle in Fig. 2(e), where the zone axis is set to [1 1 1]β. The HRTEM 
and Fast Fourier Transform (FFT) results indicate that the α’’-Ti phase 
have coherent interface with the β-Ti matrix (Fig. 2(i–k)), which facili-
tates the dislocation accumulation and phase transformation during the 
deformation [23–25]. Notably, the generation of α’’-Ti phase is related 
to the presence of metastable β-Ti phase [26]. The metastable β phase 
can form in case of insufficient β-stabilizing elements (such as W, Mo, 
etc.), which may decompose into α/α’/α’’ upon cooling or subjected to 
stress [27–29]. Therefore, it can be deduced the compositional gradient 
in the GS Ti-20W could produce the β-metastable phase.

Fig. 3 presents the tensile properties and post-deformation micro-
structures of the GS Ti-20W. The GS Ti-20W exhibits a high yield 
strength (YS) of 1297 MPa and ultimate tensile strength (UTS) of 1463 
MPa, and also retains a reasonable elongation of 10.4 %. Fig. 3(b) 
summarizes the tensile properties of some high-strength titanium alloys 
and TMCs [19,30–33]. The GS Ti-20W alloy exhibits a better balance of 
strength and ductility compared to most alloys, overcoming the 
strength-ductility trade-off dilemma. After deformation, a pronounced 
difference in GNDs is observed between fiber-shaped (W-rich zone) and 
recrystallized (Ti-rich zone) grains (Fig. 3(c–d)). High-density GNDs are 
accumulated in fiber-shaped grains near the interface (as pointed out by 

the red arrows), leading to a high HDI stress to strengthen the GS Ti-20W 
alloy (Fig. S5).

The precipitation of submicron α/α’’ phases and dissolution of W 
atoms produced the well-known precipitation strengthening and solid 
solution strengthening, but resulted in a limited work hardening capa-
bility. The dual-gradient structure also plays a significant role in 
contributing to the ultra-high strength in GS Ti-20W alloy through two 
aspects. Firstly, the grain-size gradient between the W-rich zone (coarse 
grains) and Ti-rich zone (fine grains) caused the mechanical in-
compatibility, which induced the generation and accumulation of GNDs 
in W-rich zone, and consequently strengthened the W-rich zone. Sec-
ondly, the precipitate-volume gradient between the W-rich zone (sparse 
and short α phases) and Ti-rich (dense and long α phases) further 
increased the mechanical incompatibility. The W-rich zone appeared as 
the soft zone, which was attributed to the increased mean free path for 
dislocation motion. The Ti-rich zone, on the other hand, served as hard 
zone. Thus, the precipitate-volume gradient also could strengthen the 
W-rich zone through HDI hardening. Consequently, a strong HDI 
strengthening effect was produced to enhance the strength of the GS Ti- 
20W.

In-situ synchrotron diffraction was utilized to make in-depth inves-
tigation of the deformation behavior of the GS Ti-20W sample (Fig. 4). 
The peak intensity of β (110) and (220) planes decrease sharply at high- 
stress level, together with the increase in the peak intensity of α’’ (002), 
(221), and (004) planes (Fig. 4(a–b)). The variation for the volume 
fraction of β and α’’ phases is quantitatively evaluated in Fig. 4(c), 

Fig. 2. TEM images of region A and region C in GS Ti-20W (Fig. 1(c)): (a)(e) Low and high magnification BF images; (b)(f) DF images of β-Ti matrix; (c)(g) DF images 
of α phase; (d)(h) DF images of α’’ phase; and (i–k) HRTEM images of region D, E and F, respectively.
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indicating that the stress-induced martensitic (SIM) α’’ phase trans-
formation occurred during plastic deformation. A slight fraction in-
crease of α’’-Ti at elastic stage may be induced by the fitting deviation 
and phase transformation [34,35]. Generally, the continuous SIM-α’’ 
phase transformation can divide the β grain into several regions, causing 
dynamic Hall-Patch effect [22,36]. The SIM-α’’ phases, as the defor-
mation products, can increase the density of grain boundaries, hindering 
the dislocation motion. Meanwhile, the activation of SIM-α’’ phase can 
help to relieve the local concentrated stress and coordinate the plastic 
strain, especially in the interface zone, thus helping to increase ductility 
[37].

The lattice strain and dislocation evolution of α/β phases were 
further investigated. The lattice strain of α and β phases along the LD and 
TDis calculated [38] and displayed in Fig. S7. Accordingly, the von 
Mises stress for α and β phase was calculated during the loading process 
[39], with details summarized in Supplementary Materials. As shown in 
Fig. 4(d), the slope of phase stress in the β-Ti phase, particularly for the β 
(200) and (211) families, increases after the applied stress reaching 
approximately 1200 MPa (near the yielding point). In the plastic 
deformation region, the phase stress in the β-Ti phase gradually becomes 
dominant, especially in the later stages of deformation. These observa-
tions confirm the existence of stress redistribution. Furthermore, the full 
width at half maximum (FWHM) related to the dislocation density of the 
α and β phase is calculated and plotted in Fig. 4(e). The FWHMs of α 
(100) and (201) grain families gradually decrease at the stress of ~1000 
MPa, while the β (200) and β(220) families fluctuate and significantly 
increase after yielding. This indicates that the β phase undergoes more 
dislocation proliferation than the α phase after yielding [40], which is 
attributed to the hardening effect induced by nanoscale pre-exist and 
SIM-α’’ phases in β phase [24]. Thus, such stress and strain partitioning 
can coordinate the plastic deformation, achieving a good combination of 
strength and ductility for the GS Ti-20W [41].

4. Conclusions

In summary, a novel Ti-20W alloy with internal compositional 
gradient was prepared by tailoring the W diffusion. The internal 
compositional gradient induced a dual-gradient structure with grain- 
size and precipitate-volume. The dual-gradient structure produced 
strong HDI hardening effect by successively accumulating GNDs in W- 
rich zones, empowering the GS Ti-20W alloy with an ultra-high strength 
of 1463 MPa and a good ductility. Meanwhile, the SIM-α’’ trans-
formation behavior along with stress and strain partitioning between 
α/β phase further contributed to the strength-ductility synergy of the GS 
Ti-20W alloy.
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