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Abstract

Microstructure dependence on mechanical properties were investigated for Ti-17 forged at temperatures between 700 and 850 ˚C with deformation ratio from 33 to 80 %, and solution-

treated at 800˚C for 4 hours and aged at 620 ˚C for 8 hours.  The microstructure was observed after solution and aging treatments. The volume fraction and the size of the primary alpha

phase was controlled by solution treatment temperature, not forging temperature and deformation ratio. Forging temperature affected the morphology of grain boundary (GB) alpha

phase. Deformation ratio affected the grain size and the aspect ratio of the horizontal and vertical grain size of the prior beta phase. The tensile strength was investigated at room temperature,

450, and 600 ˚C. Forging temperature and deformation ratio did not affect the tensile strength because there is no large difference of the volume fraction of the alphaphase. On the other hand,

the elongation and the reduction of area increased with increase of the aspect ratio of the prior beta grains; that means, increase of the deformation ratio. Raising of forging temperature also

increased elongation and reduction of area due to the film-like GB alphaphase.

1. Introduction

The mechanical properties of Ti alloys for aero engines are highly influenced by their microstructure, which is controlled by thermo-mechanical processing, generally forging and heat

treatment. In the aviation industry, processing technology which can produce materials with desirable mechanical properties are strongly required. A plenty of researches have been

performed to understand hot deformation behavior and the mechanism, and the microstructure evolution of Ti alloys, such as Ti-64, Ti6242, TIMETAL 834, Ti-17 and some of beta Ti alloys

[for example 1-6]. Dynamic recovery and dynamic recrystallization are focused for thermo-mechanical processing in the beta phase field. While, spheroidization or globularization of the

alpha phase is focused for thermos-mechanical processing in the alpha + beta phase field. Various kinetics models to predict recrystallization have been proposed [1-6].

A 50,000 ton hydraulic pressure forging press was installed to produce large components of Ti alloys and Ni base superalloys in Japan Aeroforge, Ltd. in 2013 in Japan. Then, the

national project, Cross-ministerial Strategic Innovation Promotion Program, SIP was launched in 2014. It was 5 years project and finished at March in 2019. To obtain comprehensive data

set from the plastic deformation, the microstructure and the mechanical properties of Ti alloys, a 1500 ton hydraulic pressure forging press was installed. Since a disk-like materials with a

diameter of approximately 270 mm and a height of 50 mm, for example, can be produced using the 1500 ton forging press, samples for microstructure observation and mechanical property

test can be obtained from the same position, and the correlation between the forging condition, the microstructure, and the mechanical properties was investigated.
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The Ti-17 (Ti-5Al-2Sn-2Zr-4Cr-4 Mo, mass %) alloy was selected as the target material. The Ti-17 is a near beta Ti alloy that consists of alpha precipitates and beta matrix. It is used up

to 450 ˚C as compressor disks in jet engines due to its high strength, good creep resistance, and good fatigue properties. The hot deformation behavior and the microstructural evolution in

the beta phase field was investigated using small forging press and the constitutive model and the processing map were established [7]. The microstructure prediction model for dynamic

recrystallization of the beta phase, globularization of the alpha phase, the aspect ratio and the average ferret-diameter of the alpha phase was also proposed for as forged Ti-17 alloy [8]. The

microstructure evolution during solution and aging treatments was investigated and the prediction model for the volume fraction and the size of the alpha phase was established [9]. To apply

these prediction model to forged materials by 1500 ton forging press, the coefficients of the friction and the thermal transfer were determined by the comparison of the experiments with the

hot forging emulating system and Finite Element analysis (FEM) [10].

The coefficients of the friction and the thermal transfer are used to simulate strain and temperature distribution and their change during forging as interfacial conditions. The

microstructures of as-forged samples and the solution treated and aged samples using the 1500 ton forging press were observed and the prediction models were improved to describe them

precisely. The effect of the microstructure factors such as the volume fraction of the primary and secondary alpha phase and the grain size and the aspect ratio of the beta phase on tensile

properties and fatigue was also investigated for samples forged using 1500 ton forging press, solution treated and aged materials [11, 12]. These models were connected each other as a

subroutine and inserted to FEM software to simulate microstructure and tensile strength.

In this study, the effect of forging conditions, such as the forging temperature and the deformation ratio, on the microstructure was investigated for Ti-17. The mechanical properties was

correlated with the microstructure factors such as volume fraction of the alpha phase, the morphology of grain boundary (GB) alpha phase and aspect ratio of the prior beta phase. 

2. Experimental procedure

Cylindrical Ti-17 sample with a diameter of 134 mm and a height of 192 mm were heat-treated in the beta phase field and forged at temperature range between 700 and 850 ˚C and the

deformation ratio between 33 and 80 % with a strain rate of 0.033 /s using the 1500 ton forging press and then air cooled. The forging conditions are summarized in Table 1. The final size of

the forged sample was approximately 270 mm in dimeter and 50 mm in height. The forged disk-like materials were solution-treated at 800 ˚C for 4 hours, followed by water quenching, and

aged at 620 ˚C for 8 hours, followed by air cooling. The tensile test specimens with 4 mm diameter and 16 mm gage length were cut parallel to direction of circumference from the D/4

position (D is diameter) in the heat-treated materials. The tensile test was performed according to ASTM E8 condition at room temperature (RT) and ASTM E21 condition at 450 and 600 ˚C.

The microstructure was observed as a sample near the tensile test specimen using scanning electron microscopy (SEM, JEOL 7000F or 7200F) with electron backscatter diffraction (EBSD)

at 20 kV. The grain size of prior beta phase was identified using EBSD. The sum of the volume fraction of the primary and GB alpha phase was identified using EBSD. Then, the volume

fraction of GB alpha phase was identified using SEM image analysis by OLYMPUS Stream software. The volume fraction of the primary alpha phase was determined by subtracting the

volume fraction of GB alpha phase from the sum of volume fraction of the primary and GB alpha phase obtained by EBSD. The total volume fraction of the alpha phase was measured using

X-ray diffractometry (Bruker, Advance D8 or RIGAKU SmartLab). Then, the volume fraction of secondary alpha was calculated by subtracting the volume fraction of primary alpha and GB

alpha from the total volume fraction of the alpha phase because it is difficult to identify the volume fraction of secondary alpha by EBSD due to their small size.

                                                                                                           Table 1  The forging conditions

3. Results and Discussion

Microstructure

The microstructure evolution was clarified by observation of the microstructure of as-forged, solution-treated and aged samples [11]. It was found that the beta phase exhibited and the

alpha phase formed at only grain boundary during forging. The fine acicular alpha (primary alpha) precipitated inside the beta grains during cooling after forging. The fine acicular alpha and

GB alpha phase grew during the solution treatment. Especially, the GB alpha phase became granular shape or film-like shape along grain boundaries depending on the forging and heat

treatment condition. Further aging treatment caused the fine secondary alpha phase between primary alpha phase in the beta matrix.
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3. Results and Discussion
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The microstructure evolution was clarified by observation of the microstructure of as-forged, solution-treated and aged samples [11]. It was found that the beta phase exhibited and the
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GB alpha phase grew during the solution treatment. Especially, the GB alpha phase became granular shape or film-like shape along grain boundaries depending on the forging and heat
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The microstructures of solution-treated and aged samples after forging at 800 ˚C with various deformation ratio are represented in Fig. 1. The acicular primary alpha phase which

formed during solution treatment and the fine secondary alpha phase which formed during aging treatment were observed in the beta matrix in the all samples with various deformation ratio.

The size of the primary alpha phase was approximately 2-30 micro m in length and 0.5 micro micro m in thickness, in the all observed samples. The GB alpha phase is shown in Fig. 2. The

film-like shape alpha phase was formed along grain boundaries in the all observed samples. The volume fraction of the primary, secondary, and GB alpha phase analyzed by EBSD, X-ray

diffractometry, and image analysis are shown in Fig. 3. The volume fraction of primary alpha phase was approximately 50% up to 75% deformation ratio. At deformation ratio of 80%, the

volume fraction of primary alpha phase decreased because the volume fraction of GB alpha phase increased. Since the sum of the volume fraction of the primary and GB alpha phase is

almost the same for the observed samples, the volume fraction of secondary alpha phase was approximately 10 %. 

It is considered that the deformation ratio affects strain introduced during forging in the forged samples. The strain is considered to affect nucleation of the primary alpha phase.

However, since the solution-treatment temperature was 800 ˚C for all the samples, it is considered that the primary alpha phase grew and became the equilibrium size during solution

treatment. The observation indicates that the volume fraction of primary alpha phase is governed by the solution-treatment temperature. The average length and the thickness of the primary

alpha phase was approximately 10 micro m and 0.5 micro m, respectively for the all observed samples. There is no effect for the size of the primary alpha phase by deformation ratio. Only

the GB alpha phase seems to increase when deformation ratio was 80%. Maybe because the strain increased around GB caused growth of GB alpha phase.

Fig. 1 Backscattered electron images of Ti-17 forged samples at 800 ˚C with (a) 33, (b) 50, (c) 67, (d) 75, and (e) 80 % of deformation ratio followed by air cooling and subjected to

solution treatment at 800 ˚C for 4 hours followed by water quenching and aging treatment at 620 ˚C 

Fig. 2 Low magnification backscattered electron images of Ti-17 forged samples at 800 ˚C with (a) 33, (b) 50, (c) 67, (d) 75, and (e) 80 % of deformation ratio followed by air cooling

and subjected to solution treatment at 800 ˚C for 4 hours followed by water quenching and aging treatment at 620 ˚C for 8 hours followed by air cooling.

Fig. 3 Volume fraction of the alpha phase for the deformation ratio. 

The microstructures of the samples forged at various forging temperature are shown in Fig. 4 [11]. It was found that the forging temperature affected only the morphology of GB alpha

phase; that is, the granular shape alpha phase was observed along grain boundaries for the samples forged at 700 and 750 ˚C. On the other hand, film-like thin alpha phase was formed for the

samples forged at 800 and 850 ˚C. In Fig. 2, the film-like alpha phase was formed along grain boundaries in the sample forged at 800 ˚C with various deformation ratio. These observations

indicate that the morphology of the GB alpha phase is governed forging temperature but not deformation ratio. The deformation ratio governed the volume fraction of GB alpha phase. 
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As shown in Fig. 5, the volume fraction of the GB alpha phase decreased with raising forging temperature. The total volume fraction of the alpha phase was almost the same value for

the samples forged at temperature range between 700 and 850 ˚C. The volume fraction of primary alpha phase slightly increased with increase of forging temperature. As a result, the volume

fraction of the secondary alpha phase slightly increased with increasing forging temperature because the volume fraction of secondary alpha was estimated by subtracting the volume fraction

of primary alpha from total volume fraction of alphaphase. This also indicates the volume fraction of primary alpha phase is governed by solution-treatment temperature, but not forging

temperature or deformation ratio.

Fig. 4 Backscattered electron images of Ti-17 forged samples at (a) 700, (b) 750, (c) 800, and (d) 850 ˚C with 75 of deformation ratio followed by air cooling and subjected to solution

treatment at 800 ˚C for 4 hours followed by water quenching and aging treatment at 620 ˚C for 8 hours. 

Fig. 5 Volume fraction of the alpha phase for forging temperature [11]. 

The size of the prior beta phase was also observed for the samples deformed at 800 ˚C with various deformation ratio. The inverse pole figure (IPF) maps are indicated in Fig. 6. The

vertical direction is the deformed direction. It is clear that the prior beta phase grains were deformed, collapsed and became flat morphology with increase of deformation ratio. In Fig. 7, the

average grain size of the prior beta phase for the horizontal and vertical direction, and the aspect ratio, dH/dV are shown. Here, dH and dV are the diameter for horizontal and vertical

directions, respectively. The vertical diameter decreased with increase of deformation ratio. On the other hand, the horizontal diameter increased with increase of deformation ratio up to 67

%, but it decreased above 67% of the deformation ratio. One possible reason of decrease of the horizontal diameter is refinement of the grains. As a result, the aspect ratio of the prior beta

phase increased with increase of deformation ratio and saturated above 67 % of deformation ratio.

Fig. 6 IPF maps of the prior beta phase in Ti-17 forged samples at 800 ˚C with (a) 33, (b) 50, (c) 67, (d) 75, and (e) 80 % of deformation ratio followed by air cooling and subjected to

solution treatment at 800 ˚C for 4 hours followed by water quenching and aging treatment at 620 ˚C for 8 hours followed by air cooling.
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Fig. 7 Grain size and aspect ratio of beta phase in Ti-17 forged at 800 ˚C for deformation ratio.

Mechanical properties

The tensile strength, the 0.2 % proof stress, the elongation and the reduction of area for the deformation ratio are shown in Fig. 8. The strength was almost the same value and was not

depended on the deformation ratio. On the other hand, the elongation and the reduction of area clearly depended on the deformation ratio and increased with increase of the deformation ratio

at room temperature and 450 ˚C. At 600 ˚C, they were the same value. The aspect ratio of the prior beta phase was drastically changed for the deformation ratio. Then, the elongation and the

reduction area is plotted as a function of the aspect ratio of the prior beta grains in Fig. 9. It is clear that the elongation and the reduction of area depended on the aspect ratio of the prior beta

grains. Since the tensile test specimens were cut along the horizontal direction, the diameter of collaspped beta grains in the cross section of tensile specimen becames small. It means that

grain refinement occurs for the tensile direction, then the elongation and the reduction of area improved. 

Fig. 8 (a) Tensile strength (TS) and 0.2 % proof stress (PS) and (b) elongation (EL) and reduction of area (RA) at testing temperature of
room temperature, 450, and 600 ˚C for deformation ratio. 

Fig. 9 Elongation (EL) and reduction of area (RA) at testing temperature of room temperature, 450, and 600 ˚C for aspect ratio of beta grains.

The tensile strength, the 0.2 % proof stress, the elongation and the reduction of area of the samples forged at bvarious forging temperature are shown in Fig. 10 [11]. Forging

temperature did not affect strength either as well as deformation ratio. It is known that beta alloys are strengthen by the alpha phase [13]. As shown in Fig. 3 and 5, the volume fraction of

primary and secondary alpha was not goverend by forging temperature and deformation ratio. This is the reason why the strength of Ti-17 forged at vaeious forging temperature and

deformation ratio is the same. The volume fraction or morphlogy of GB alpha phase was governed by deformation ratio or forging temperature, respectively, but since the volume fraction of

GB alpha phase is small compraed with the primary and secondary alpha phase, the effect on strength is considered to be small.

On the other hand, the elongation increased with increase forging temperature up to at testing temperature of 450 ˚C. It is considered that the morphology of GB alpha is considered to

affect ductility. That is, the film-like thin alpha phase formed along grain boundaries improved the elongation. It can be said that the aspect ratio of the prior beta grain controlled by

deformation ratio and the film-like GB alpha phase formed by solution treatment above 750 ˚C improves the elongation of Ti-17.

Fig. 10 (a) Tensile strength (TS) and 0.2 % proof stress (PS) and (b) elongation (EL) and reduction of area (RA) at testing temperature of room temperature, 450, and 600 ˚C for forging

temperature.

4. Conclusions

     The microstructure of near beta-Ti alloy, Ti-17 forged at temperature range from 700 to 850 ˚C with the deformation ratio from 33 to 80 % and solution treated at 800 ˚C for 4 hours

and aged at 620 ˚C was investigated. The deformation ratio and forging temperature did not affect the volume fraction and size of the primary and secondary alpha phase. The volume
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fraction and size of the primary alpha phase was controlled by the solution treatment temperature. The forging temperature affected the morphology of GB alpha phase. The granular shape

alpha phase was observed for the samples forged at 700 and 750 ˚C. On the other hand, the film-like thin alpha phase was formed in the samples forged at 800 and 850 ˚C. It was also found

that the volume fraction of GB alpha phase slightly increased at deformation ratio of 80%. The deformation ratio affected the grain size and the aspect ratio of the horizontal and vertical

grain size of the prior beta phase. The aspect ratio, dH/dV increased with increase of deformation ratio. The tensile strength was investigated at room temperature, 450, and 600 ˚C. The

forging temperature and deformation ratio did not affect the tensile strength. Since the alpha phase strengthen the beta phase, the volume fraction of the alpha phase affects the strength.

However, the volume fraction of the primary alpha phase was the same value because the solution-treatment temperature was the same in this study. On the other hand, the forging condition

affects the elongation and the reduction of area. The elongation and the reduction of area increased with increase of the aspect ratio of the prior beta grains; that is, increase of the

deformation ratio due to refinement of grains in the cross section area of the tensile test specimen. The raising of forging temperature also increased the elongation and the reduction of area

because of changing morphology of GB alpha phase from granular to film-like shape.
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