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Abstract: It is important to understand the microstructural evolution of Ti-6Al-4V alloy during water quenching under 

different processing parameters in order to obtain optimum mechanical properties of the alloy. The thermal simulation of 

Ti-6Al-4V alloy was conducted using a thermomechanical simulator. The results have shown that a fully martensitic 

microstructure was obtained after solution treatment. Water-quenching after solution resulted in hardness increase, and this 

was attributed to the presence of α′ and α″. The lamellar structure formed when the specimen was water-quenched after 

isothermal holding at 850 °C, and the hardness further increased. Colony appeared after deformation at 850 °C with subsequent 

water quenching, and the Vickers hardness HV reached the maximum value (5840 MPa) because of the grain boundary 

strengthening. The microstructure was composed of α phase, lamellar colonies α/β and colony when the specimen was 

isothermally held at 600 °C after deformation at 850 °C. Cooling and isothermal holding after deformation increased the width 

of α phase and colony, which was in the range of 324~706 nm for equiaxed grains. This caused a decrease in hardness. 
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Titanium alloys are widely used due in many fields to 

their high specific strength, fatigue resistance, corrosion re-

sistance and biocompatibility

[1-4]

. α+β alloys have the 

composition that supports a mixture of α and β phases and 

may contain β phase between 10% and 50% at room tem-

perature. The most common α+β alloy is Ti-6Al-4V, which 

is usually quenched by water to obtain a good balance of 

mechanical properties

[5-9]

.   

AS a two phase titanium alloy, Ti-6Al-4V can display a 

wide range of microstructures depending on the thermo- 

mechanical or thermal processing routes

[10-14]

. Early work on 

titanium alloys processing mainly focused on morphology 

modification of the initial α+β phase microstructure in 

Ti-6Al-4V alloy to convert the lamellar morphology to an 

equiaxed grain structure through thermomechanical process-

ing (TMP)

 [7]

. Zherebtsov et al. 

[15]

 have studied microstruc-

ture evolution during warm working of titanium alloy at 600 

and 800 °C. The properties of titanium alloys at different 

temperatures as functions of processing parameters and heat 

treatment cycle can be predicted 

[16]

. To understand and con-

trol the relationships of processing-structure-property, Ding 

et al. 

[17]

 have studied the variation of microstructure of the 

Ti-6A1-4V alloy during thermomechanical processing in a 

range of hot working conditions. It is necessary to make clear 

an appropriate control of processing parameters such as re-

heat temperature, deformation condition and isothermal 

processing in order to obtain optimum mechanical properties. 

In general, the mechanical properties of titanium alloy are 

determined by its final microstructure. In this study, thermal 

simulations were conducted in Ti-6Al-4V alloy. The Vickers 

hardness distributions of the specimens were evaluated from. 

Great attention was paid to the effect of different processing 

conditions on the microstructural characteristics of 

Ti-6Al-4V alloy. All the analyses were based on the experi-

mental results in the thermal simulation specimens.  

1  Experiment 

Cylindrical specimens with 8 mm in diameter and 15 mm 
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in height for thermal simulation tests, were cut from an 

as-received, commercially available Ti-6Al-4V alloy with 

chemical composition shown in Table 1. Thermal simula-

tion experiments were performed in a Gleeble 1500 thermo- 

mechanical simulator, and the processing schedule is shown 

in Fig. 1; P1, P2, P3 and P4 are Processing 1, 2, 3 and 4, 

respectively. 

Measurements of the Vickers hardness used a total of 5 

indentations under a load of 500 g for each specimen of the 

processing conditions. The specimens for optical micros-

copy (OM) and scanning electron microscopy (SEM, 

SSX-550) observation were etched with a solution of HF (5 

mL) + HNO

3

 (15 mL) + H

2

O (25 mL). The foils for trans-

mission electron microscopy (TEM, EM 400T) observation 

were prepared by twin jet polishing using a solution of 10% 

perchloric acid in methanol at �30 °C and the operating 

voltage of 40 V. The phase composition in the specimens 

after thermal simulations was determined using an X-ray 

diffractometer (D/max2400) with Cu Kα radiation. 

2  Results and Discussion 

2.1  Hardness and stress-strain curve 

2.1.1  Vickers hardness 

The variation in Vickers hardness HV of all specimens 

with different processing parameters is shown in Fig.2. The 

lowest value of Vickers hardness (1850 MPa) was obtained 

for the specimen of the initial state. Direct water-quenching 

to room temperature after solution resulted in hardness in-

crease, and the hardness of P1 specimen increased up to  

3970 MPa. The hardness of P2 specimen further increased af-

ter isothermal holding at 850 °C. The maximum hardness 

(5840 MPa) of P3 specimen was obtained when the specimen 

was water-quenched after deformation. The hardness of P4 

 

Table 1  Chemical composition of as received Ti-6Al-4V alloy 

(wt%) 

Al V C Fe N O H Ti 

5.71 3.83 0.052 0.047 0.009 0.187 0.006 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic illustrations describing the thermal conditions 

of the simulation 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Vickers hardness of the specimens under different proc-

essing conditions 

 

specimen after isothermal holding at 600 °C decreased 

down to 5190 MPa. 

2.1.2  Stress-strain curve 

Fig. 3 shows true stress-true strain curve of P3 specimen. 

The flow curve exhibited a peak point at relatively low 

strain, and it was followed by flow softening at larger 

strains. 

2.2  Microstructures of the specimens 

2.2.1  Optical microscopy microstructure 

Initial microstructure before TMP is shown in Fig.4. The 

microstructure of Ti-6Al-4V alloy consisted of lamellar-α 

colonies and prior β grains. Primary α phase was observed. 

A fully martensitic microstructure was observed in 

Ti-6Al-4V alloy after solution treatment. The micrographs 

of this specimen are indicated in Fig.5. 

Optical micrographs of specimens under three processing 

conditions are presented in Fig. 6. The specimen which was 

water-quenched after isothermal holding at 850 °C showed 

the formation of the lamellar structure, and platelet α taken 

parallel to each other (Fig. 6a). Colony began to form after 

deformation with subsequent water quenching, and at the 

same time the metastable Widmanstatten structure became 

more stable colony (Fig.6b). The microstructure of P4 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  True stress-true strain curve of P3 specimen with isother-

mal compression at 850 °C at strain rate of 0.1 s
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Fig.4  OM micrograph of initial specimen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  OM micrographs of the specimen after solution treatment: 

(a) intercrystalline α phase; (b) the transformed β phase 

and orthogonal α′ plate 

 

specimen after isothermal holding at 600 °C were composed 

of α phase and lamellar colonies α/β. Colony increased (Fig. 

6c). 

2.2.2  SEM and TEM observation 

Fig.7 provides an overview of SEM micrographs of 

specimens under four processing conditions. P1 specimen 

exhibited orthogonal α′ plates (Fig.7a). Coarse lamellar of 

α-phases were observed, and the width of Widmanstatten 

α-phase reached 4 µm for P2 specimen (Fig.7b). α plates 

became very fine due to the deformation except for the 

colony in P3 specimen (Fig.7c). The width of α phase in-

creased and colony existed within the lamellar structure 

(Fig.7d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  OM micrographs of the specimens under different thermal 

conditions: (a) P2, (b) P3, and (c) P4 

 

Fig.8 shows TEM micrographs of P2, P3 and P4 speci-

mens. Parallel platelet α was arranged in the lamellar 

structure, and the width of the α lamellar structure reached 

approximately 300 nm for P2 specimen (Fig.8a). Subgrain 

of a spindle-shaped particle (700 nm×1000 nm) was ob-

served in some area of the β-phase matrix layer after de-

formation (Fig.8b). The microstructure of P4 specimen 

showed that equiaxed grains with sizes typically in the 

range of 324~706 nm (Fig.8c). 

2.2.3  XRD analysis 

XRD patterns of specimens showed α peak being the 

major peak, α′ and α″ peak being the minor peak (Fig. 9). 

The presence of α′ and α″ was attributed to water quenching 

from elevated temperature. The appearance of (110)β peak 

at 75.5

○

 verified the presence of β phase in the specimens. 

2.3 Microstructural evolution under different proc-

essing conditions 

The microstructure of initial material was a α+β mixture 

(Fig.4). It came from annealing processing. The Ti-6Al-4V 

alloy would have good formability due to a lower hardness  
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Fig.7  SEM micrographs of the specimens under different processing conditions: (a) P1, (b) P2, (c) P3, and (d) P4 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  TEM micrographs of the specimens under different processing conditions: (a) P2, (b) P3, and (c) P4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  XRD patterns of specimens under different processing 

conditions 

 

(Fig.2), and at the same, high yield and ultimate tensile 

strengths would be lost. The microstructural evolution un-

der different processing conditions is schematically shown 

in Fig.10. 

Initial microstructure was changed by TMP. The mor-

phology of the α lamellar structure transformed to a series 

of coarse parallel platelet α and colonies during four kinds 

of processing. Fine α′-lamellae having various orientations 

(variants) within coarse prior β grains was obtained by so-

lution treatment in P1 specimen, and this is 100% α′ mart-

ensite microstructure (Fig. 5, 7a). The hardness of the 

specimen after solution treatment increased (Fig. 2), that is 

P1 specimen would possess higher strength and ductility 

comparable to the bimodal microstructures of initial mate-

rial. Substantial benefits in yield, tensile and fatigue 

strengths can be achieved when the Ti-6Al-4V alloy is so-

lution treated

[18]

. 

Clarifications of the phase transformations occurring 

during thermal processing, particularly during cooling 

from elevated temperature, were necessary to obtain op-

timal mechanical performance of α + β titanium alloys. 

Widmanstatten α-phase started to grow in the course of 

cooling and isothermal holding, which resulted in further 

growth of the grain boundary Widmanstatten α plates into 

the centre of grains (Fig. 6a, 7b). The time was enough to 

form a width of 300 nm of Widmanstatten α-phase imme-

diately upon cooling in the lamellar structure (Fig. 8a). 

The β phase was found not only in P2 specimen, but also 

in all other processed specimens (Fig. 9). The appearance 

of even a small amount of β-phase in a Ti-6Al-4V alloy 

will make a contribution to superplasticity by inhibiting 

significant grain growth and thereby promoting grain 

boundary sliding

[19]

. 

Water quenching resulted in the appearance of α′ and α″ 

phases in these specimens (Fig. 9). The microstructure con-

sisted of intercrystalline α phase and transformed β  
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Fig.10  Schematic illustration of the microstructural evolution: (a) initial state, (b) P1, (c) P2, (d) P3, and (e) P4 

 

phase, and orthogonal α′ plates were obtained by water 

quenching for P1. The hardness of P2 specimen further in-

creased (Fig.2). This means that it is possible to obtain ex-

cellent properties for this specimen. 

The deformation at 850 °C can change the morphology of 

α grains, and the globularization of α platelets appeared in 

the deformed specimen (Figs. 6b, 7c). The α lamellar struc-

ture was changed by the globularization mechanism. The 

break-up of the prior α lamella occurred, and the metastable 

Widmanstatten structure converted to a more stable, colony 

during the thermal simulation process

[20]

. The dynamic 

globularization mechanism involves two steps: formation of 

sub-boundaries across α lamellae and separation of the 

sub-grains

[21]

. Two possible processes may lead to formation 

of sub-boundaries

[21]

. It is noted that the grain refining oc-

curred in processing of deformation at 850 °C with subse-

quent water cooling (P3). The deformation resulted in the 

fragmentation of existing crystals. The thermo-mechanical 

processing increased the density of intragranular defects 

(deformation bands and twin boundaries)

[22]

. The deforma-

tion bends can act as nucleation sites for new phases forma-

tion and finally refine the grains. Therefore, P3 specimen ex-

hibited the finest morphologies in SEM micrographs (Fig.7). 

Hot-deformation at 850 °C accelerated the transformation 

of the β-phase to the α-phase, which is attributed to an in-

crease in the number of nucleation sites for the nucleation 

of the α-phase. At the same time, the morphology of the α 

lamellar structure was changed due to deformation. The 

phase transformation of β to α resulted in the formation of 

two different morphologies of α-phase: an equiaxed struc-

ture of α grains (globular α), which mostly formed on the 

initial β-grain boundaries and lathes of α (acicular α) which 

formed on both β-grain boundaries and within the β-grain 

interiors

[23]

. TMP controlled the morphology of α phase. 

Deformation increased the volume fraction of globular α 

grains, which formed along the initial β grain boundaries, 

much more than that of the acicular α

[23]

. An equiaxed 

structure of α grains and the parallel lathes were obtained in 

P3 specimen (Figs. 6b, 7c). Fine platelet α is attributed to 

water quenching after deformation. It is impossible to grow 

up for the α platelets in this processing period (Fig. 8b). As 

a result, significant grain boundaries and sub-boundaries 

formed. The barriers of the dislocation motion increased 

with interphase boundary increasing, which resulted in a 

resistance of plastic deformation increasing

[24]

. As men-

tioned above, α′ and α″ phases were present due to water 

quenching in P3 specimen (Fig.9). Deformation also led to 

the increased accumulated energy, even though 850 °C was 

a relatively high temperature which could provide recovery 

and recrystallization of the deformed structure. As a result, 

the maximum hardness was obtained under this processing 

condition. This would produce a favorable result for the 

mechanical properties of Ti-6Al-4V alloy. 

Quenching and isothermal holding after deformation led 

to an increase in the width of α phase and colony. As men-

tioned above, two different morphologies of α grain (colony 

and the α lamellar structure) were formed on the deformed 

specimen. Platelet α started to grow from fine to coarse, and 

equiaxed grains increased during cooling and isothermal 

holding. It is more likely that new α-plates would nucleate 

a 

b 
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d e 
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on the existing α-layers and that they would grow toward 

the β-grain interior

[23]

. The size of equiaxed grains was not 

large, even though the amount of equiaxed grains increased 

(Fig. 8c). As mentioned above, flow curve of P3 specimen 

was flow softened by larger strains (Fig. 3). The degree of 

softening further increased in P4 specimen. Stress relaxa-

tion occurred in the deformed specimen during cooling and 

isothermal holding; on the other hand, a comparison of the 

microstructure of P3 and P4 specimens showed that α 

grains of the latter were coarse lamellar and spheroidized 

(Fig. 6c, 7d). This means that the grain boundaries and their 

strengthening effect decreased under P4 condition. There-

fore, the hardness of P4 specimen decreased (Fig. 2). This 

microstructure would provide improved combined me-

chanical properties. 

3 Conclusions 

1) The various microstructural components were ob-

tained through different thermal simulation processing con-

ditions in Ti-6Al-4V alloy. A fully martensitic microstruc-

ture was obtained after solution treatment. The lamellar 

structure formed when the specimen was water-quenched 

after isothermal holding at 850 °C. Equiaxed configuration 

appeared after deformation at 850 °C with subsequent water 

cooling. The microstructure was composed of α phase, la-

mellar colonies α/β and equiaxed configuration when the 

specimen was isothermally held at 600 °C after deformation 

at 850 °C. 

2) The lowest value of hardness was obtained for initial 

material due to a α+β mixture. Water-quenching after solu-

tion resulted in hardness increase, and this was attributed to 

the presence of α′ and α″. The hardness further increased for 

the specimen which was water-quenched after isothermal 

holding at 850 °C. The maximum hardness HV (5840 MPa) 

was obtained when the specimen was water-quenched after 

deformation at 850 °C. Isothermal holding at 600 °C after 

deformation at 850 °C decreased the hardness. 

3) The deformation at 850 °C produced a structure con-

taining globular α grains. Significant grain boundaries and 

sub-boundaries formed. The maximum hardness of P3 

specimen was attributed to the grain boundary strengthen-

ing. Cooling and isothermal holding after deformation re-

sulted in an increase in the dimension of the width of α 

phase and equiaxed configuration, which offered a range of 

324~706 nm for equiaxed grains. Thus the hardness de-

creased. 
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