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Abstract: Mill-annealed Ti-6Al-4V (Ti64) sheets were formed into rectangular shaped pans with two square 
recesses by the superplastic forming (SPF) technique under high pressure using commercial grade argon 
gas. The SPF process induced a significant decrease in the tensile ductility and high cycle fatigue (HCF) 
resistance of the Ti64 alloy. The fractographic analysis of as-fabricated Ti64 sheets showed a 
hydrogen-affected layer on the surface, possibly incurred by a small amount of water vapor in the 
commercial grade argon gas. This hydrogen-affected layer with a depth of approximately 60 μm tended to 
decrease tensile ductility and the resistance to HCF, by encouraging easy crack initiation on the surface. 
The effect of hydrogen on the mechanical properties of the SPF processed Ti64 sheets was discussed based 
on fractographic and micrographic observations.
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1. INTRODUCTION

Superplastic forming (SPF) is a hot metal operation used 

for making intricate parts in a single operation, and is utilized 

to form a variety of complex shaped products, including 

ducting, aircraft wing access panels, nozzles and engine 

casings [1]. This technique has been particularly attractive for 

forming titanium alloys, since they have in general low 

formability because of their low workability, high 

spring-back, poor machinability and galling [2,3]. During 

high temperature exposure for SPF, the α-case (an 

oxygen-enriched phase) is formed on the surface of the 

titanium and its alloys [4-6]. This detrimental phase on the 

surface needs to be carefully removed after SPF, otherwise a 

significant reduction in mechanical properties of titanium and 

its alloys is expected [7-10]. Previous studies on the effect of 

the a case formed during the high temperature exposure of 

Ti64 alloys have shown that it can significantly reduce the 

resistance to high cycle fatigue of Ti64 alloys, as well as 
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tensile ductility [11]. It was also found that the removal of the 

a case, formed by simulating the thermal exposure of the SPF 

process, almost recovered the mechanical properties of the 

Ti64 alloys [11].

Another difficulty in forming titanium alloys is potential 

embrittlement from overheating and the absorption of gases, 

principally hydrogen and oxygen [12,13]. When the solubility 

of hydrogen in titanium is exceeded, the titanium tends to 

form hydrides with the additional hydrogen [12]. The total 

amount of hydrogen, either atomic or molecular, that can be 

absorbed by titanium is controlled by surface conditions, and 

then the adsorbed surface hydrogen diffuses into the bulk of 

the material [13]. Other than the surface conditions, 

temperature, and hydrogen partial pressure affect the 

absorption of hydrogen [12,13]. A previous study on the 

absorption of hydrogen as a function of hydrogen pressure 

showed a linear dependence of adsorption upon the square 

root of the hydrogen pressure at 547 K, indicating that the 

dissociation of molecular to atomic hydrogen is occurring at 

the surface [14]. The influence of temperature on the 

absorption of hydrogen has also been reported such that the 
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Table 1. The temperature profile used for the SPF process in this 
study.
Stage Temp. (K) Time (hour)

1 293 to 723 1.33
2 723 0.5 
3 723 to 873 1.33
4 873 0.5
5 873 to 1,173 1.33
6 1,173 1.5
7 1,173 to 293

Table 2. The specimen designation and the processing conditions 
used in this study.

Specimen 
designation Processing condition

As-received Mill-annealed Ti64 sheet

As-exposed
Mill-annealed Ti64 sheet thermally exposed

with the same temperature profile used for the 
SPF without pressurization

As-fabricated SPFed product using mill-annealed Ti64 sheet

As-baked Baked at 1,073 K for 8 hours in a vacuum
chamber after SPF process

Fig. 1. The photo of rectangular shaped pan with two square 
recesses, made of Ti64 sheet by SPF process. Fig. 2. The schematic illustration of (a) tensile and (b) S-N fatigue 

specimens.

high purity titanium absorbed approximately 14 times more 

hydrogen at 572 K than at 522 K after 1.67 hours [14].

In this study, mill-annealed Ti-6Al-4V (Ti64) sheet was 

formed into rectangular shaped pans with two square recesses 

by using the SPF technique under high pressure, using 

commercial grade argon gas. Specimens were prepared from 

these SPF products and their mechanical properties, including 

tensile and fatigue characteristics, were examined. The effect 

of hydrogen absorption during SPF on the mechanical 

properties of Ti64 sheet is discussed based on fractographic 

and micrographic observations.

2. EXPERIMENTAL PROCEDURES

3 mm thick Ti64 sheet with a mill-annealed condition was 

formed by using the SPF process under high pressure using 

commercial grade argon gas pumped into the die, at the 

temperature profile described in Table 1. The commercial 

grade argon gas contained the maximum level of 8.5 ppm 

H2O and 7 ppm H2. A photo of the rectangular shaped pan 

with two square recesses, made of Ti64 sheet by the SPF 

process, is shown in Fig. 1. To understand the effect of 

straining during SPF, the mill-annealed Ti64 sheet was 

exposed to the same temperature profile described in Table 1 

without pressurization in a vacuum chamber filled with 

commercial grade argon gas. Selected Ti64 specimens were 

then baked at 1,073 K for 8 hours in the vacuum chamber 

after the SPF process to understand the effect of hydrogen 

possibly picked up during the hot gas forming. Table 2 

summarizes the specimen designations and the process 

conditions used in this study. For the observation of 

microstructure, each specimen was polished and etched using 

a Kroll’s reagent [15], and an optical microscope and 

scanning electron microscope (SEM) were utilized. Flat 

hour-glass typed tensile and fatigue specimens were prepared 

from Ti64 sheets with different processing routes. Schematic 

illustrations of (a) tensile and (b) S-N fatigue specimens are 

shown in Fig. 2. Before the mechanical testing, all the 

specimens were mechanically polished using #1,500 sand 

paper to eliminate the surface effect, including the a case 

layer formed on the surface of the as-exposed and 

as-fabricated specimens. The tensile tests were conducted at a 

nominal strain rate of 1×10-3/sec. The S-N fatigue tests were 

conducted on a servo-hydraulic testing machine (Instron 
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Table 3. The tensile properties of mill-annealed Ti64 sheets with 
different processing routes.

Specimen YS
(MPa)

UTS
(MPa)

Tensile 
elongation (%)

As-received 953 979 18.0
As-exposed 898 921 21.7

As-fabricated 933 1,060 10.8
As-baked 924 1,051 13.1

        

Fig. 3. The SEM micrographs of (a) as-received, (b) as-exposed and (c) as-fabricated Ti64 specimens.

Fig. 4. The cross-sectional optical micrographs of (a) as-exposed 
and (b) as-fabricated Ti64 specimen, showing the bright layer of 
a-case.

Model 8516) at an R ratio of 0.1 under a uniaxial loading 

condition with a sinusoidal frequency of 30 Hz in accordance 

with ASTM E466 [16]. The run-out specimens for the S-N 

fatigue tests were defined as those not failed up to 5×106 

cycles. An SEM fractographic analysis was conducted on the 

tested specimens to examine the fracture mode.

3. RESULTS AND DISCUSSION

Figure 3 shows the SEM micrographs of the (a) 

as-received, (b) as-exposed and (c) as-fabricated Ti64 

specimens. A globular α phase with an average size of 10 µm 

was observed in the as-received Ti64 specimen, with a 

particle-like transformed β phase along the α grain 

boundaries. The particle-like β phase for the as-received 

specimen became angular islands of β phase along the grain 

boundaries of the α phase for as-exposed specimen. The 

microstructure of angular islands of β phase along the grain 

boundaries of the α phase was also observed for the 

as-fabricated specimen. The globular shape of the α grain and 

the volume fraction of the α and β phases for the as-exposed 

specimen did not vary with the pressurization during the SPF 

process, as shown in Figs. 3(b) and 3(c). Figure 4 shows the 

cross-sectional optical micrographs of the (a) as-exposed and 

(b) as-fabricated Ti64 specimen, showing the bright layer of 

the α-case, which is the oxygen-enriched phase that occurs 

when titanium and its alloys are exposed to heated air or 

oxygen. The depth of the α-case, 30 to 40 µm, was similar in 

both specimens. This brittle α-case tends to create a series of 

micro-cracks, which reduce the mechanical properties of the 
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Fig. 5. The typical stress-strain curves of as-received, as-exposed, 
as-fabricated and as-baked specimens.

   (a)      (b)

   (a)      (b)

Fig. 6. The (a)(c) low and (b)(d) high-magnification SEM 
fractographs of tensile-tested (a)(b) as-received and (c)(d) 
as-exposed Ti64 specimens, documented in the middle area of the 
specimen.

titanium alloys [7-10,17-19], so it is typically removed by 

machining and/or chemical milling process [20]. The α-case 

formed during the SPF process in this study was also 

removed by mechanical polishing before mechanical testing.

Figure 5 shows the typical stress-strain curves of the 

as-received, as-exposed, as-fabricated and as-baked 

specimens, and the results of the tensile tests are summarized in 

Table 3. With the thermal exposure only, both the YS and TS 

values of the as-exposed specimen decreased, while TE 

increased, due to the annealing effect. Hot gas pressurization 

during the SPF process induced strain hardening, which tended 

to increase TS slightly. Strain hardening by the SPF process 

alone, on the other hand, reduced the tensile ductility 

significantly, showing by 40 percent reduction. After baking, 

an approximate 21 percent increase in the tensile ductility of 

the SPF processed Ti64 sheet was observed without any 

notable change in YS and TS values. In order to understand the 

reason for the significant reduction in tensile elongation with 

the SPF process, the fracture surfaces of the tensile tested 

specimens were examined by using an SEM. Figure 6 shows 

the low and high-magnification SEM fractographs of the 

tensile-tested (a)(b) as-received and (c)(d) as-exposed Ti64 

specimens. High-magnification SEM fractographs were 

obtained from the middle area of each specimen. The 

low-magnification fractographs in Fig. 6(a) and 6(c) showed a 

cup-and-cone type of fracture for both the as -received and 

as-exposed specimens. The high-magnification SEM 

fractographs in Figs. 6(b) and 6(d) show a typical dimpled 

rupture mode [21,22], indicating ductile tensile fracture for the 

as-received and as-exposed specimens.

Figure 7 shows (a) the low-magnification SEM 

fractographs and the high-magnification SEM fractographs 

obtained at (b) the surface and (c) the middle of the 

as-fabricated Ti64 specimen. The low-magnification SEM 

fractograph in Fig. 7(a) shows that the tensile fracture in the 

as-fabricated specimen was initiated along the circumference 

of the specimen’s surface rendering a flat fracture surface, 

unlike the cup-and-cone type fracture in the as-received and 

as-exposed specimens. The surface area of the as-fabricated 

specimen in Fig. 7(b) clearly shows an intergranular fracture 

mode, from the specimen’s surface down to approximately 60 

μm in depth. Below this intergranular fracture zone, a 

dimpled rupture mode prevails, as shown in Fig. 7(c). It has 

been established that the hydrogen embrittlement can occur 

on the SPF processed product due to the hydrogen intake 

during the chemical milling process used for removing a-case 

[23,24]. The present fractographic analysis of the 

as-fabricated specimen in the present study strongly suggests 

that hydrogen absorption can also occur during the SPF 

process itself. Interestingly, this type of hydrogen-affected 

layer was not observed on the as-exposed specimen. It was 

therefore suggested that a small amount of moisture in the 

commercial grade argon gas induced the hydrogen 
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Fig. 7. The (a) low-magnification SEM fractographs and 
high-magnification SEM fractographs documented at (b) the 
surface and (c) the middle of as-fabricated Ti64 specimen.

Fig. 8. The (a) high-magnification SEM micrograph of 
as-fabricated Ti64 specimen and the SEM fractographs of (b) 
as-fabricated and (c) as-baked Ti64 specimens.

embrittlement during the SPF process under hot gas 

pressurization. The plastic deformation during the SPF 

process could be hypothesized to further accelerate the 

hydrogen intake and transport into the specimen.

During the high temperature SPF process, the rate of 

hydrogen transport is expected to increase [13]. In α + β Ti64 

alloys, when a significant amount of β phase is present, 

hydrogen can be preferentially transported within the b lattice 

and react with the α phase along the α/β boundaries [25,26]. 

Most of the hydrogen picked up during an this elevated 

temperature exposure can be retained when cooled, and can 

transform to the δ-hydride phase in titanium and its alloys 

[27]. The change in the tensile fracture mode of the 

as-fabricated Ti64 specimen, from the ductile transgranular 

mode to the brittle intergranular mode, could therefore be 

caused by the hydrogen atoms aggregated along the α/β 

boundaries and/or the hydride precipitated at the α/β 

boundaries [25-27]. The presence of hydrogen in solid 

solution in both the α and β phases and/or the hydride 

formation could result in lattice expansions causing a sizable 
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Fig. 9. The alternating stress vs cycles to failures for the 
as-received, as-exposed, as-fabricated and as-baked specimens.

Fig. 10. The S-N fatigue curves of as-received, as-exposed, 
as-fabricated and as-baked Ti64 specimens normalized by (a) 
yield strengths and (b) tensile strengths.

elastic and plastic constraints [28,29].

Figure 8 shows (a) the SEM micrograph of the 

as-fabricated Ti64 specimen and the SEM fractographs of the 

(b) as-fabricated and (c) as-baked Ti64 specimens. The 

high-magnification SEM micrograph in Fig. 8(a) does not 

suggest the possibility of hydride formation, either 

transgranularly on the α phase or intergranularly on the α/β 

interfaces. Hydrides were not observed on the intergranular 

facets on the high-magnification SEM fractograph of the 

as-fabricated specimen in Fig. 8(b). The intergranular tensile 

fracture mode of the as-fabricated specimen suggested that 

hydrogen atoms which aggregated along the α/β boundaries 

were responsible for the reduction in tensile ductility with the 

SPF process. The SEM fractograph of the as-baked Ti64 

specimen in Fig. 8(c) also shows an intergranular fracture 

mode. However, the facet plane on the as-baked specimen 

was less well-developed as compared to that of the 

as-fabricated specimen, confirming the embrittling effect of 

hydrogen along the α/β boundaries. The present study 

suggests that the significant reduction in the tensile ductility 

of mill-annealed Ti64 sheet could occur by SPF process due 

to hydrogen aggregation along the α/β boundaries, rather than 

hyride formation. The comparison between the as-exposed 

and the as-fabricated specimens indicated that the source of 

hydrogen could be a small amount of water vapor contained 

in the commercial grade argon gas. Straining under hot gas 

pressurization during the SPF process would increase the 

hydrogen mobility, further enhancing the embrittling effect of 

the hydrogen. Therefore, care must be taken to minimize the 

hydrogen absorption onto titanium and its alloys during SPF.

The effect of hydrogen absorbed during the SPF process on 

the high cycle fatigue behavior of mill-annealed Ti64 sheet was 

also studied under uniaxial loading at an R ratio of 0.1. Figure 9 

shows the alternating stress vs cycles to failures for the 

as-received, as-exposed, as-fabricated and as-baked 

specimens. The resistance to HCF was similar for both the 

as-received and as-exposed specimens, suggesting that the 

thermal exposure did not affect the HCF behavior of the Ti64 

alloy. However, the resistance to HCF became substantially 

reduced in the as-fabricated specimen. Indeed, an 

approximately ten-fold decrease in Nf was noted for the similar 

applied stress. The baking process after SPF applied in the 

present study did not recover the resistance to HCF of the 
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    (a)      (b)

    (a)      (b)

Fig. 11. The SEM fractographs of fatigue-tested (a) as-received, 
(b) as-exposed, (c) as-fabricated and (d) as-baked Ti64 
specimens, documented in the crack initiation area.

   (a)      (b)

   (a)      (b)

Fig. 12. The SEM fractographs of fatigue-tested (a) as-received, 
(b) as-exposed, (c) as-fabricated and (d) as-baked Ti64 
specimens, showing the crack propagation mode.

as-fabricated specimen to the level of the as-received 

counterpart. Unlike tensile ductility, which showed a partial 

recovery with baking, the resistance to HCF of the as-baked 

and as-fabricated specimens was similar to each other. The 

reason for this similar HCF resistance was possibly due to the 

similar strength values of both specimens, as shown in Table 3.

It has been well established that the resistance to HCF in 

some non-ferrous alloys is largely determined by tensile 

strength or yield strength [11,30-34]. To understand how TS 

and YS affected the HCF behavior of the Ti64 specimens 

prepared by different processing routes, the S-N fatigue 

curves of the as-received, as-exposed, as-fabricated and 

as-baked specimens were normalized by (a) YS and (b) TS, as 

shown in Fig. 10. Unlike the general trend of merging into 

one curve after normalization by yield or tensile strengths, a 

considerable difference was still observed between the 

normalized fatigue curves in Fig. 10. Even after 

normalization by YS and TS, the resistance to HCF of 

as-fabricated specimen was substantially lower than those of 

the as-received and as-exposed specimens. This suggests that 

the change in the YS and TS values of the Ti64 sheets with 

during the SPF process is not responsible for the change in 

the HCF resistance. As in the case of tensile deformation, it 

was expected that the hydrogen-affected layer on the surface 

would influence the HCF resistance of the Ti64 specimen by 

affecting fatigue crack nucleation. To confirm this notion, the 

fracture surface of the various fatigue-tested specimens with 

different processing routes was examined.

Figure 11 shows the SEM fractographs of the fatigue-tested 

(a) as-received, (b) as-exposed, (c) as-fabricated and (d) 

as-baked Ti64 specimens, investigating in the crack initiation 

area. For the as-received specimen, the cracking was initiated 

at the weakest location (i.e., inclusions, a cluster of precipitates 

and the corner of the rectangular shaped specimen) by stress 

concentration at such locations, which caused a slip band 

cracking type of crack initiation [32,35-38]. A similar slip band 

cracking type of crack initiation was also observed on the 

as-exposed specimen. Unlike those two specimens, in the 

as-fabricated specimen a hydrogen-affected layer on the 

surface with the a depth of approximately 60 μm provided an 

easy crack initiation site. As was observed on the tensile tested 

as-fabricated specimen, cleavage faceting was dominant in this 

area. Similar cleavage faceting was also observed for the 

as-baked specimen, suggesting that the baking process in this 

study was not sufficient to eliminate the formation of a 

hydrogen-affected layer.

Figure 12 shows the SEM fractographs of the fatigue-tested 

(a) as-received, (b) as-exposed, (c) as-fabricated and (d) 
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as-baked Ti64 specimens, showing the crack propagation 

mode. Once the crack was initiated on the surface area of all 

the specimens, the crack propagated in the ductile cleavage 

mode. The subtle difference in the propagation mode was 

believed to be due to the difference in stress intensity factor 

range, rather than intrinsic factors. The present SEM 

fractographs clearly indicated that the reduction in the 

resistance to HCF of the as-fabricated Ti64 sheet was due to 

the formation of a hydrogen-affected layer during the SPF 

process. This hydrogen-affected layer caused the easy crack 

initiation on the surface and reduced the HCF resistance of 

the Ti64 alloy.

4. CONCLUSIONS

The Ti64 sheet was formed into rectangular shaped pans 

with two square recesses using the SPF process under high 

pressure with commercial grade argon gas. The tensile and 

high cycle fatigue behaviors of the SPF processed Ti64 sheet 

were examined, and the following conclusions were drawn.

 The particle-like β phase along the α grain boundaries 

exhibited by the mill-annealed Ti64 sheet became angular 

islands of β phase following the SPF process. However, the 

present SPF process did not affect the globular shape of the α 

grain, the size of the α grain or the volume fraction of the α 

and β phases.

 The SPF process induced a significant reduction in the 

tensile ductility of the mill-annealed Ti64 sheet, while baking 

after SPF partially recovered the tensile ductility. The SEM 

fractographic analysis of the as-fabricated specimen strongly 

suggested that hydrogen absorption occurred during the hot 

SPF process under pressurization with commercial grade 

argon gas. It was further suggested that hydrogen atoms 

which aggregated along a/b interfaces were responsible for 

the reduction in tensile ductility with the SPF process.

 The resistance to HCF of the mill-annealed Ti64 sheet also 

decreased with SPF due to a hydrogen-affected layer on the 

surface, resulting in easy crack initiation during fatigue 

loading.
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