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A B S T R A C T   

A novel solution and aging (STA) heat treatment was proposed to improve the strength and ductility of Ti-6Al-4V 
alloy simultaneously. Effects of the novel heat treatment on microstructure and mechanical properties of the Ti- 
6Al-4V alloy prepared by spark plasma sintering (SPS) were studied in this work. The crystalline structure and 
microstructure of both the as-fabricated Ti-6Al-4V alloy and the STA Ti-6Al-4V alloy were observed using X-ray 
diffraction (XRD) technique, optical microscope (OM), scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM), respectively. The XRD patterns indicated that the two Ti-6Al-4V samples have the 
similar crystalline structure with α phase and β phase. However, the results of OM images suggested that the 
microstructure of Ti-6Al-4V alloy was transformed from the Widmanstätten structure to a hierarchical structure 
which included the basket-weave structure and the Widmanstätten structure after the STA heat treatment. Apart 
from the above-mentioned microstructure, the hierarchical structure also exhibited specifically some fine 
dispersed β surrounded by some equiaxed α. Moreover, the results of the room temperature tensile tests revealed 
that the STA heat treatment could improve the strength and ductility of the Ti-6Al-4V alloy simultaneously. 
Based on the observation of TEM images, the increment of the elongation of the STA Ti-6Al-4V alloy can be 
attributed to the effect of annealing twins and equiaxed α, and the total strength increments should be caused by 
the dispersion strengthening effect of the dispersed β.   

1. Introduction 

Titanium and its alloys are widely used in aerospace, medical 
implant, military, and energy industries due to their good corrosion 
resistance, high specific strength, and good biocompatibility [1,2]. 
Among these titanium alloys, the Ti-6Al-4V alloy is known as the 
workhorse of the titanium industry because it possesses a favorable 
combination of strength and ductility [3,4]. However, with the contin
uous development of the industry, the strength and ductility of the 
present Ti-6Al-4V alloy can’t gradually meet the performance re
quirements for the new special materials, resulting in the limitation of 
the application of Ti-6Al-4V alloy. Therefore, the study on improving the 
mechanical properties of Ti-6Al-4V alloy has attracted more attention. 

Ti-6Al-4V alloy is the typical (α + β) two-phase titanium alloy, which 
is composed of hexagonal close-packed (HCP) α phase and body- 
centered cubic (BCC) β phase. Generally, Ti-6Al-4V alloy has four 
kinds of typical microstructure, i.e., fully lamellar, bi-modal, equiaxed, 

and basket-weave microstructure. As it is well known, the mechanical 
properties of titanium alloy strongly depend on its microstructure which 
can be controlled by thermo-mechanical treatments [5,6]. Meanwhile, 
for Ti-6Al-4V alloy, the morphology, fraction, size, and distribution of 
various phases can significantly influence its mechanical properties [7]. 
Therefore, the improvement of the strength and ductility of the Ti-6Al- 
4V alloy can be expected to achieve by a thermo-mechanical treatment. 

Up to now, some scientists have made efforts to improve the me
chanical properties of Ti-6Al-4V alloy by some thermo-mechanical 
treatments. For example, Chong et al. [8,9] obtained the bi-lamellar 
microstructure with both high tensile strength and large ductility in 
Ti-6Al-4V alloy by the intercritical annealing treatments. They found 
that compared with that of the lamellar microstructure, the yield 
strength of the bi-lamellar microstructure could be significantly 
enhanced. Especially for the bi-lamellar microstructure with the colony 
size of 60 μm, the ultimate strength was 1100 MPa and the total elon
gation was 18.6%, which is significantly higher than that of full lamellar 
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microstructure. Cao et al. [10] fabricated Ti-6Al-4V alloy with a finer 
prior-β grain size by vacuum sintering at the β-transus (1010 ◦C) tem
perature, which showed that Ti-6Al-4V alloy can have a tensile strength 
of ~1130 MPa and elongation of ~10% by hydrogenation- 
dehydrogenation treatment. Moreover, Jia et al. [11] reported a Ti- 
6Al-4V alloy with a relatively high oxygen content of 0.52 wt%, 
which had a very high ultimate tensile strength of 1421.7 MPa and an 
elongation to fracture of 7.2%. It is worth noting that some subsequent 
hot deformations were examined during the above thermo-mechanical 
treatments, which were complicated and difficult to control, and 
needed higher costs, though the optimization of mechanical properties 
of Ti-6Al-4V alloy can be obtained. Moreover, for most of the heat 
treatments without the deformation, they generally optimized the me
chanical properties of Ti-6Al-4V alloy by adjusting the proportion, size, 
or distribution of α phase and β phase in the alloy during the annealing 
process [7]. Unfortunately, these conventional heat treatments usually 
cannot achieve the simultaneous increase of strength and ductility of Ti- 
6Al-4V alloy. Recently, some studies have found that the hierarchical 
structure can circumvent the strength-ductility trade-off for Ti alloy 
[12,13]. Kang et al. [12] had used a methodology of powder sintering 
and in-situ press forging to a novel hierarchical microstructure in Ti-6Al- 
4V alloy. The hierarchical microstructure, which contains the typical 
triangle colonies with ultrafine lamellar α and β, and their border areas 
with ultrafine equiaxed α, dispersed nano/ultrafine β, as well as α/β 
interface L layers, was called as bimorphic microstructure in their work. 
In their work, the Ti-6Al-4V alloy with the special microstructure 
exhibited a high tensile ultimate strength of 1240 ± 20 MPa and fracture 
elongation of 19.5 ± 35 MPa. Moreover, A. Devaraj et al. [13] used a 
methodology of powder sintering and hot rod-rolling followed by the 
solid solution treatment of 1450 ◦F for 1 h and 900 ◦F for 2 h to prepare 
the Ti-1Al-8V-5Fe alloy with a hierarchical nanostructure consisting of a 
homogenous distribution of micron-scale and nanoscale α-phase pre
cipitates within the β-phase matrix. The ultimate tensile strength value 
was up to 1690 MPa, which is higher than that of most Ti alloys. In this 
case, the elongation was still up to 5%. This suggested that the me
chanical properties of the Ti-1Al-8V-5Fe alloy with hierarchical nano
structure were excellent. Nevertheless, it is found that few studies are 
made to design the hierarchical structure by a simple heat treatment to 
improve the strength and ductility of Ti-6Al-4V alloy. Therefore, a novel 
hierarchical microstructure was intended to be formed by the simple 
heat treatment without hot deformation to simultaneously improve the 
strength and ductility of Ti-6Al-4V alloy in our study, which would be 
necessary and beneficial for the industrial application. Moreover, spark 
plasma sintering (SPS) has been developed to be a novel method of 
powder metallurgy, which has the advantages of a short time, low 
temperature, and high density [14]. More importantly, SPS can be used 
to fabricate the small sample, which can save the cost for studying the 
effect of the heat treatment on microstructure and mechanical properties 
of Ti alloy. 

In this work, the Ti-6Al-4V alloy was prepared by SPS. Thermal 
annealing treatment for the as-fabricated Ti-6Al-4V alloy was carried 
out to obtain a novel microstructure, which can simultaneously enhance 
the strength and ductility of the Ti-6Al-4V alloy. The crystalline struc
ture, microstructural evolution, and mechanical properties of Ti-6Al-4V 
alloy with a novel microstructure were investigated to reveal the 
detailed mechanism of performance optimization. 

2. Experiments 

The raw materials were the commercially gas atomized Ti-6Al-4V 
powders with the range of 53–106 μm in particle size (as shown in 
Fig. 1). These Ti-6Al-4V powders were produced by falcontech col., Ltd. 
The corresponding chemical composition was listed in Table 1. These Ti- 
6Al-4V powders (about 30 g) were put in a graphite die (outside 
diameter, 45 mm; inside diameter, 30 mm; height, 40 mm). The graphite 
die filled with Ti-6Al-4V powers was placed into the cavity of an SPS 

equipment (FTC Group, SE-607, Germany) and then were heated up to 
900 ◦C in an argon atmosphere at a heating rate of about 100 ◦C/min. 
During the sintering process, the pressure was held at 50 MPa and the 
hold time was 5 min. As Fig. 1 shows, two Ti-6Al-4V samples were 
prepared under the above same sintering condition in our work. One of 
the two Ti-6Al-4V samples was solution treated at 1050 ◦C for 30 min, 
water quenched and aged at 900 ◦C for 2 h, furnace cooled, and this 
sample is called STA Ti-6Al-4V sample. For the other Ti-6Al-4V sample 
prepared by SPS, no heat treatment was carried out, and this sample is 
called the as-fabricated Ti-6Al-4V sample. The flow diagram of detailed 
processes is shown in Fig. 2. 

The crystal structure of the as-fabricated Ti-6Al-4V sample and the 
STA Ti-6Al-4V sample was confirmed by X-ray diffraction (XRD, Philips 
X’pert PRO) with Cu Kα radiation (Wavelength: 0.15418 nm). The 
microstructural characteristics of the samples were investigated by op
tical microscope (OM, ZEISS AxioCam MRC 5), scanning electron mi
croscope (SEM, FEI Sirion 200), and transmission electron microscopy 
(TEM, Tecnai TF20 TMP). The dog-bone-shaped specimens (16 × 4 ×
0.75 mm3) were cut from the two kinds of Ti-6Al-4V samples using the 
electrical discharge machining technique and tested using an INSTRON- 
5581 universal testing machine with a rate of 0.3 mm/s at room tem
perature. To reduce the effects of the scratches and other defects on the 
tensile test results, all the tensile samples were mechanically polished 
with 80–2000 grid SiC paper before testing. For each condition, at least 

Fig. 1. The surface morphology of origin Ti-6Al-4V powders.  

Table. 1 
The chemical composition of origin Ti-6Al-4V powders.  

Element Ti Al V Fe C O N H 

wt% Bal. 6.3 4.3 0.1 0.06 0.10 0.02 0.001  

Fig. 2. A sketch of working processes.  
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three specimens were tensile tested and the typical stress-strain curve, 
which was highly reproducible, was selected to exhibit the tensile 
properties. The extensometer was used to measure the strain. 

3. Results and discussion 

3.1. Crystalline structure of as-fabricated Ti-6Al-4V sample and STA Ti- 
6Al-4V sample 

To study the effect of the heat treatment on the crystalline structure 
of Ti-6Al-4V alloy, the XRD patterns of the as-fabricated Ti-6Al-4V 
sample and the STA Ti-6Al-4V sample were shown in Fig. 3, respectively. 
The results of Fig. 3 suggest that both as-fabricated Ti-6Al-4V sample 
and STA Ti-6Al-4V sample are composed of α phase and β phase. The 
intensity of α (101) is the highest among these peaks. Meanwhile, it is 
noted that the intensity of some α phase peaks in the Ti-6Al-4V alloy 
becomes low and the intensity of β phase peak does not seem to change 
after the solution and aging treatment. As shown in Fig. 3, the intensity 
of α (100), α (110), and α (103) in the STA Ti-6Al-4V sample is lower 
than that in the as-fabricated Ti-6Al-4V sample. This is because the 
content of some α phases increased and the content of some other α 
phases decreased after the solution and aging treatment. This indicates 
that the texture of the α phase is affected during the heat treatment 
process . The intensity of the β phase was very low, which indicated that 
the volume fraction of the β phases in the two Ti-6Al-4V samples was 
very small. Although the intensity of some phases in the two Ti-6Al-4V 
samples has a little difference, the crystalline structure is still similar. 

3.2. Microstructure characterization of as-fabricated Ti-6Al-4V sample 
and STA Ti-6Al-4V sample 

The representative optical micrographs (OMs) and SEM images of 
the as-fabricated Ti-6Al-4V sample and the STA Ti-6Al-4V sample are 
presented in Fig. 4, respectively. As shown in Fig. 4(a), the as-fabricated 
Ti-6Al-4V alloy has a typical Widmanstätten structure, consisting of 
grain boundary α (called as αGB) located at β grain boundaries and α 
colonies within β matrix. For the Widmanstätten structure, it was formed 
during the sintering process. As is reported, the Widmanstätten structure 
can be formed in the β → α + β transformation process upon the slow 
cooling at the specific temperature [15–17]. Besides, the β grain size of 
the as-fabricated Ti-6Al-4V sample was calculated to be 117 ± 40 μm by 
counting more than about 300 β grains in many OMs (more than tens of 
OMs). For the STA Ti-6Al-4V sample, as shown in Fig. 4(b), the size of β 

grains was 126 ± 20 μm, which have almost no significant increase 
compared with that of the as-fabricated Ti-6Al-4V sample. This indicates 
that the influences of the STA heat treatment on the grain size of β grain 
are negligible. Meanwhile, it is easily seen that the microstructure of the 
STA Ti-6Al-4V sample had made a great change after the heating 
treatment process. As shown in Fig. 4(b), it is noted that apart from the 
Widmanstätten microstructure and basket-weave microstructure, some 
fine β phases surrounded by many equiaxed phases were also found in 
the STA Ti-6Al-4V sample, which is consistent with the results of A. 
Safdar et al. [18]. The formation process of the special structure (called 
as the hierarchical structure) can be divided into two stages. During the 
solution and water quenching treatment, the rapid cooling in β phase 
region (1050 ◦C, WQ) resulted in the formation of basket-weave 
microstructure with α’ martensite. Moreover, some residual β phases 
might also exist alongside α’ martensite. Then, during the following 
aging stage (900 ◦C, FC), α’ martensite would transform to α + β 
microstructure. Meanwhile, the residual β phase also transformed to α +
β phase [19,20]. After the above two transformations, the fine β phases 
and equiaxed α phases would be formed. The size range of these fine β 
phases was from several microns to hundreds of nanometers. Further
more, there was still the basket-weave microstructure in the STA Ti-6Al- 
4V sample. It is because some of the basket-weave microstructure 
formed after 1050 ◦C WQ was retained during the aging treatment. 
Moreover, the αGB in the Ti-6Al-4V alloy became fine but didn’t disap
pear after the 1050 ◦C WQ treatment. Thus, some α colonies would be 
reproduced from the αGB/β interfaces to form the Widmanstätten struc
ture marked by the red arrow in Fig. 4(b). To further distinguish the 
difference of microstructure between the as-fabricated Ti-6Al-4V sample 
and the STA Ti-6Al-4V sample, the typical SEM image of higher 
magnification was shown in Fig. 4(c) and Fig. 4(d). Based on the above 
discussion, the forming reasons of the mixed morphology in the STA Ti- 
6Al-4V sample could be obtained. Specifically, the formation schematic 
of the Ti-6Al-4V sample with a hierarchical structure was shown in 
Fig. 5. As for the effects of the microstructural characteristic on the 
mechanical properties of the Ti-6Al-4V sample, it will be discussed in a 
subsequent section. 

3.3. Comparison of tensile properties of Ti-6Al-4V sample and STA Ti- 
6Al-4V sample 

Tensile stress-strain curves of the as-fabricated Ti-6Al-4V sample and 
the STA Ti-6Al-4V sample at room temperature are shown in Fig. 6 to 
indicate the effect of the STA heat treatment on the tensile properties of 
Ti-6Al-4V alloy. As shown in Fig. 6, the yield strength (YS) and the ul
timate tensile strength (UTS) of the STA Ti-6Al-4V sample are 790 MPa 
and ultimate tensile strength (UTS) of 893 MPa, respectively, which is 
80 MPa and 49 MPa more than that of the as-fabricated Ti-6Al-4V 
sample. Meanwhile, the elongation value of the Ti-6Al-4V alloy 
increased from 12% to 16.8% through the STA heat treatment process. 
The above results suggest that the strength and ductility of the Ti-6Al-4V 
were enhanced simultaneously by the STA heat treatment. The results of 
tensile properties should be closely related to the microstructure of the 
Ti-6Al-4V alloy. To illustrate the effect of the STA heat treatment on the 
tensile properties of the Ti-6Al-4V alloy, fracture surface morphologies, 
and TEM observations of the Ti-6Al-4V alloy will be discussed next. 

3.4. Fracture surface morphologies 

Fig. 7 shows the tensile fractography of the as-fabricated Ti-6Al-4V 
sample and the STA Ti-6Al-4V sample. As shown in Fig. 7(a), the as- 
fabricated Ti-6Al-4V sample mainly had a mixed fracture morphology 
of both brittle cleavage fracture with cleavage surface and ductile 
fracture with shallow dimples. The river patterns marked by the red 
arrow with numerous shallow and parallel tearing ridges were also 
observed in the fracture surface of the as-fabricated Ti-6Al-4V sample. 
Berg et al. [21] and Cao et al. [22] claimed that these cleavage surfaces 

Fig. 3. XRD patterns of as-fabricated Ti-6Al-4V sample and STA Ti-6Al- 
4V sample. 
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should be caused by the fracture of the continuous αGB layers which were 
also observed by the optical microscope and SEM. Though some dimples 
also existed in the fracture surface of the as-fabricated Ti-6Al-4V sample, 
these dimples were very shallow and the number of these dimples was 
not great. On the contrary, the fracture morphology of the STA Ti-6Al- 
4V sample with a ductile fracture mode is shown in Fig. 7(b). There 
were a large number of dimples (marked by blue arrows) in the fracture 
surface of the STA Ti-6Al-4V sample. These dimples were deeper than 
that of the as-fabricated Ti-6Al-4V sample. This also demonstrates that 
the Ti-6Al-4V sample by the STA heat treatment has higher ductility, 

which was in agreement with the results of the tensile tests. 

3.5. TEM analysis 

To confirm the cause of the simultaneous improvement of strength 
and ductility of the Ti-6Al-4V alloy, TEM images of the STA Ti-6Al-4V 
sample are presented in Fig. 8. As shown in Fig. 8(a), some twins were 
found at the α/β interface, which can be formed during the STA heat 
treatment. The formation of annealing twins could result from the low 
stacking fault energy of the Ti-6Al-4V alloy. As claimed by Deng et al. 
[23], the existence of these annealing twins can provide adequate strain 
hardening to delay necking and ensure a combination of high strength 
and reasonable plasticity. Therefore, these annealing twins present in 
the STA Ti-6Al-4V sample can be beneficial for increasing ductility. 
Meanwhile, as shown in Fig. 8(b), surprisingly, there are some fine 
particles in the grain interiors, which is in accord with the results of 
Fig. 4(b) and Fig. 4(d). The selected area electron diffraction patterns 
shown in Fig. 8(c-d) confirmed that these finely dispersed phases and the 
ambient equiaxed phases were corresponding to the diffraction spots of 
the β phase and the α phase, respectively. These equiaxed α phases 
should be formed during the furnace cooling process. Fig. 8(e) exhibits 
the region of energy dispersive spectroscopy (EDS), in which the β phase 
were embedded in the equiaxed α phase. As shown in Fig. 8(f) and Fig. 8 
(g), large amounts of V element (β stabilizer) are detected in the β 
phases, and the composition of V is higher than that in the equiaxed α 
phases. While Al as the α stabilizer was enriched in the α phase, and the 
composition of Al is higher than that in the β phase. The phenomenon 
was found by Safdar et al. [18]. The results of element distribution (Al 
and V) indicated that the formation of the α + β structure should be 
caused by the diffusion-controlled transformation in which large 
numbers of V diffused to the β phase while Al diffused to the α phase. As 
reported by Kang et al. [12], the equiaxed structure can also contribute 

Fig. 4. Optical micrographs and SEM images of (a) and (c) as-fabricated Ti-6Al-4V sample, and (b) and (d) STA Ti-6Al-4V sample.  

Fig. 5. Formation schematic of Ti-6Al-4V sample with a hierarchical structure.  

Fig. 6. Engineering stress-strain curves of as-fabricated Ti-6Al-4V sample and 
STA Ti-6Al-4V sample. 
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to the ductility due to the mutual sliding of high-angle equiaxed grain 
boundaries. For these β dispersed phases with the size of several mi
crometers or even hundreds of nanometers, they can inhibit the move
ment of the dislocation, which will contribute to the increasing of the 
strength of the Ti-6Al-4V alloy. The strengthening effect is similar to the 
dispersion strengthening effect. Though the increasing grain size of the β 
matrix may cause the reduction of the strength, the strengthening effect 
of the fine β phases in grain interiors can make up the loss of strength 
and make strength larger than that of the as-fabricated Ti-6Al-4V. 
Therefore, the combination of the above effects can result in the higher 
strength and better ductility of the Ti-6Al-4V alloy. 

For the formation of the special structure with the dispersed β phase 
surrounded by the equiaxed α phase, though it was mentioned in section 
3.2, an underlying mechanism would still be described based on the 
results of the TEM observation. That is to say that the combined effects 
of the phase transformation and the element diffusion of V and Al 
resulted in the formation of the special microstructure. It is worth noting 
that the temperature and the time of STA heat treatment of the sample 
should be very important, which might be quite different for the as- 
fabricated Ti-6Al-4V samples with the various sizes and microstructures. 

4. Conclusion 

A novel STA heat treatment, which can simultaneously enhance the 
strength and ductility of the Ti-6Al-4V alloy prepared by SPS, was ob
tained. The effect of the heat treatment on the microstructure and me
chanical properties of the Ti-6Al-4V alloy was investigated in this work. 
XRD, OM, SEM, and TEM were used to study the evolution of crystalline 
structure and microstructure of the Ti-6Al-4V alloy. The above results 
demonstrated that the crystalline structure of the Ti-6Al-4V alloy has no 
significant change by the STA heat treatment. However, after the STA 
heat treatment, the microstructure of Ti-6Al-4V alloy can be trans
formed from the Widmanstätten structure to a hierarchical structure 
including the basket-weave structure, the Widmanstätten structure, as 
well as the special microstructure, in which some fine β phases were 
surrounded by some equiaxed α phases. The improvement of the 
strength and elongation of the STA Ti-6Al-4V sample can be attributed to 
the comprehensive effects of annealing twins, equiaxed α, and the 
dispersion strengthening effect of fine β phase, respectively. This study 
provides a promising way to improve the overall properties of the (α + β) 
Ti alloy by tailoring the Widmanstätten structure with a special hier
archical structure characteristic. 

Fig. 7. Fracture surfaces of (a) as-fabricated Ti-6Al-4V sample and (b) STA Ti-6Al-4V sample.  

Fig. 8. TEM micrograph of the STA Ti-6Al-4V alloy: (a) Twins distributing in the matrix; (b) Fine particles β surrounded by the equiaxed α grains; (c) and (d) The 
corresponding selected area electron diffraction patterns of (b); (e) The EDS regions of the STA Ti-6Al-4V alloy; The corresponding EDS mapping images of (f) V 
element and (g) Al element. 
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