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ABSTRACT 

In this work, tension and torsion properties of Ti-5Al-5Mo-5V-3Cr-1Zr (Ti-55531) alloy with 

lamellar microstructure (LM) and bimodal microstructure (BM) were studied at room 

temperature.LM and BM of Ti-55531 alloy were characterized using transmission electron 

microscopy, scanning electron microscopy and image analysis software. The deformation 

mechanisms of LM and BM were systematically investigated by observing dislocation 

structures of the plastic deformation region. Fracture mechanisms of the alloy were analysed 

by carefully observing fracture surface and cross sectional microstructure.  

Keywords  Ti-55531 alloy, microstructure, loading type, deformation, fracture mechanism. 

 

INTRODUCTION 

There are some complex fracture behaviors associated with manufacture components used in 

the aircraft. These fracture behaviors are due to the complex stress condition of components 

(Xiang, 2015). As important structural components of the aircraft, they are often sustained 

multiple stresses including torsional shear stress, tensile stress and even both of them. 

Loading types greatly affect mechanical properties of the materials (Pun, 2014). For instance, 

Ti-55531 alloy with same microstructure exhibits different deformation and fracture 

behaviors under tension and torsion loading, respectively (Huang, 2016).In addition, different 

mechanical properties are also owing to different microstructure of the alloy (Cryderman, 

2011). For the case of Ti-55531 alloy with different microstructure (LM and BM) under same 

loading (tensile loading) also displays different mechanical properties (Huang, 2017, 693). 

 

MATERIALS AND METHODS 

The LM (Fig.1a) and BM (Fig.1b) of Ti-55531 alloy after heat treatments are shown in Fig.1. 

The details of heat treatments are displayed the reference (Huang, 2017,693). After heat 

treatments, the samples were machined to tensile and torsion specimens, respectively. 

Cylindrical tensile specimens with a diameter of 5 mm and gage length of 25 mm were 

machined after heat treatments. The dimensions of torsion specimens were a center diameter 

of 8 mm and gauge length of 40 mm. Tensile tests were performed on an INSTRON 5975 

Testing Machine using appropriate static extensometer at room temperature (≈25º C) with an 

initial strain rate of 10
-3

 s
-1

(Huang, 2017,693).Torsion tests were operated on a SNP-

1000Torsion Testing Machine at ambient temperature with a rotating speed of 60 rounds per 

minute (Huang, 2017, 682).At least three specimens of LM and BM were performed to 

confirm the validity of tensile or torsion test results. The loading and torsional angles data 
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from extensometer were continuously recorded throughout the testing process. The tensile 

stress-elongation curve or the torque (T)-angles (θ) curve were described through the stored 

data. The shear stress (τ)-strain (γ) curve was converted from the torque-angles curve (Huang, 

2017, 682). 

After tensile or torsion test, fracture surface of specimens and their cross sectional 

microstructures were carefully observed by scanning electronic microscopy (SEM), to analyse 

fracture mechanisms of the alloy. The dislocation structures of the plastic deformation region 

of specimens were also analyzed by transmission electronic microscopy(TEM),to investigate 

deformation mechanisms of LM and BM. 

 
Fig. 1 - Microstructure of Ti-55531 alloy after heat treatments: (a) LM; (b) BM 

 

RESULTS AND DISCUSSION 

Mechanical properties 

Fig. 2 shows engineering tensile stress-strain curves of Ti-55531 alloy with LM and BM at 

room temperature. It can be found that the tensile strength of BM is much more than that of 

LM, whereas the ductility of BM is slightly lower than that of LM.  
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Fig. 2 - Engineering stress-strain curves of Ti-55531 alloy with LM and BM (Huang, 2017, 693). 

Fig. 3 displays Torsion stress (Torque)-shear stain (angles) curves of LM and BM. Both 

torsion strength and plasticity of LM is higher than those of BM. From the results of Fig. 2 

and Fig. 3, it seems that microstructure have a great influence on mechanical properties of Ti-

55531 alloy. 

The details of tension and torsion properties of Ti-55531 alloy with LM and BM at room 

temperature are shown in Table. 1. Tensile properties of both LM and BM are larger than 

their torsion properties. This phenomenon suggests that mechanical properties of the alloy 

also greatly affected by the loading type. 

(b) (a) 
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Fig. 3 - Torsion stress (Torque)-shear stain (angles) curves of LM andBM 

 

Table 1 -Tensile and torsion properties of Ti-55531 alloy with LM and BMat room temperature. 

Loading 

type 
Microstructure 

Maximum 

torqueTm/N.m 

Yield 

torque,0.3% 

T0.3/N.m 

Maximum 

twist angles 

θ/degrees 

Maximum 

stress /MPa 

Yield 

stress 

/MPa 

Maximum 

strain / % 

Tensile 
LM - - - 1200 1118 10.5 

BM - - - 1293 1248 8.3 

 Torsion 
LM 117.32 110.58 48.99 1167 1100 8.13 

BM 101.37 94.83 45.39 1008 943 7.92 

 

Tension and Torsion Deformation Behaviors 

To understand the influence of different microstructure or loading type on mechanical 

properties of the alloy, the dislocation structures of tensile samples were carefully analyzed by 

TEM.  

Fig. 4 displays tensile deformation characteristics of the alloy with different microstructure. 

As shown in Fig.4, the tension deformation of LM is mainly affected by slip (Fig. 4a) and 

twinning (Fig. 4b) of coarsening αs lamellae. However, the tension deformation of BM is 

primarily impacted by slip of globular αp phase (Fig. 4c)and acicular αs (Fig. 4d). It suggests 

that the twinning of αs is limited by its size. Furthermore, twinning seems to be helpful to 

slightly improve the ductility during the deformation of LM, which results in the plasticity of 

LM is slightly higher than that of BM, as indicated in Fig. 2 and Table. 1. This is because 

twinning could stimulate dislocation generation and increase ductility of LM(Tobe, 2014). 

Fig. 5 indicates torsion deformation characteristics of the alloy with LM (Figs. 5a and 5b) and 

BM (Figs. 5c and 5d). As shown in Fig. 5, the torsion deformation of LM is mainly controlled 

by slip (Figs. 5a and 5b) of coarsening αs lamellae. However, the torsion deformation of BM 

is primarily impacted by slip of equiaxed αp phase (Fig. 5c) and acicular αs phase (Fig. 5d). 

From the results of Fig. 4 and Fig. 5, it can be concluded that both microstructure and loading 

type produce a great influence on deformation behaviors of Ti-55531 alloy. Coarseningαsof 

LM could occur twinning deformation for tensile deformation but not for torsion deformation. 

Fine globular αp and acicular αs of BM could not produce twinning deformation during both 

tensile and torsion deformation. This is why the size of phases strongly affects the formation 

of twins. With the increase of size of phases, the deformation mechanism of the phase 

changes from slip to twinning (Sun, 2004). The sizes of globular αp and acicular αs of BM are 

so small that they could not twin during both tension and torsion deformation.  
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Fig. 4 - Dislocation structures of samples after tensile deformation: (a) dislocation tangles in αs 

lamellae of LM, (b) twins in αs lamella of LM; (c) prismatic slip lines in globular αpof BM, (d) 

dislocation tangles in acicular αs of BM. 

 

Fig. 5 - Dislocation structures of samples after torsion deformation: (a) dislocation tangles in αs 

lamellae of LM, (b) twins in αs lamella of LM; (c) prismatic slip lines in globular αp of BM, (d) 

dislocation tangles in acicular αs of BM. 
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TENSION AND TORSION FRCTURE BEHAVIORS 

In order to understand the effect of loading type and microstructure on fracture mechanisms 

and mechanical performance of Ti-55531 alloy, fractograph and cross sectional 

microstructures of tensile and torsion samples with LM and BM were thoroughly analyzed. 

Fig. 6 shows fractograph of specimens with LM and BM after tensile deformation. There are 

some facts and intergranular micro cracks on the surface of fracture for LM sample (Fig. 6a). 

Therefore, LM tensile fractured sample shows a mixture fracture mode including micro void 

coalescence, transgranular cleavage and intergranular fracture mechanisms. As shown in 

Fig.6b, some dimples and micro cracks can be found on the surface of BM tensile fractured 

sample. Thus, BM sample mainly displays fracture mechanism of micro void coalescence 

during tensile loading. However, the size of dimples of BM fractured sample is smaller and 

lighter than that of LM, which results in the ductility of LM is slightly higher than that of BM. 

The details of discussion were indicated in the reference (Huang, 2017, 693). 

 

Fig. 6 - Fractograph of samples after tensile deformation: (a)intergranular micro-cracks and 

dimples of LM; (b) dimples and micro-cracks of BM. 

 

Fig.7 indicates fractograph images of LM and BM torsion fractured samples. Figs.7a,b show 

the morphology of LM fractured sample during torsion loading. Figs.7c,d show the fractured 

features of BM torsion samples. From the low magnification of torsion fracture (Figs. 7a and 

7c), many different features can be found during torsion deformation, which are different with 

tensile fractured features. Generally, the final fracture region of samples located at surface or 

subsurface of samples during tensile loading. Whereas, the main crack initiation and earlier 

growth of the crack occurred in the surface and subsurface region, due to the increase of shear 

stress from the center to surface of specimens during torsion loading. With the increase of 

torsional deformation, crack from surface gradually expands to the center of samples. Thus, 

the final fracture region of specimens lied at center or near the center of samples during 

torsion loading, as shown in Figs. 7a and 7c. This is because the stress conditions of samples 

during tensile or torsion loading are so different. Samples are mainly controlled by the normal 

stress under tensile loading. However, specimens are primarily controlled by the shear stress 

under torsion loading. 

Furthermore, microstructure also affects the fractured features of the alloy during torsion 

deformation. Both LM and BM samples show some shear elongated dimples on surface of 

fracture, as shown in Figs. 7b and 7d. However, the sizes of dimples for LM and BM are 

different.  In addition, the center zone of fracture for LM shows some tearing ridges, however, 

the center zone of fracture for BM displays some dimples and micro cracks. 

(b) (a) 
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From the results of Fig.7, fractographs of LM and BM torsion samples indicated a mixture 

fracture mode of micro void coalescence and transgranular shear fracture mechanism. 

Furthermore, BM samples present intergranular fracture mechanism. LM specimens show 

more ductile fracture features than that of BM specimens. Therefore, BM is easier to be 

damaged than LM under torsion loading. 

  

  

Fig. 7 - Fractograph of samples after torsion deformation: (a) macro image of LM fractured 

sample;(b) tearing ridges and dimples of LM; (c) macro image of BM fractured sample, (d) 

dimples and microcracks of BM. 

Fig. 8 shows the cross sectional microstructures of BM samples during tensile (Fig. 8a) and 

torsion deformation (Fig. 8b). As shown in Fig.8, it seems that the same microstructure could 

display different deformation and fracture behaviors under different loading type. The 

globular αp phase could be elongated under both tensile and torsion loading. However, the 

elongated directions of αpare so different under between tensile and torsion loading. The 

elongated direction of αp is parallel to the direction of stress axis or normal stress during 

tensile deformation. Whereas, the elongated direction of αp is perpendicular to the direction of 

stress axis or parallel to the shear stress direction. Furthermore, the maximum strains of αp are 

also different under between tensile and torsion loading. The maximum strains of αp is about 

60% during tensile deformation, while that is about 80% during torsion deformation. Namely, 

the maximum strains of BM under tensile loading is about 75% strains of sample under 

torsion loading. In addition, the depths of severe deformed zone near crack front path are also 

different under different loading. The depth of severe deformed zone near crack front path is 

about 30µm under tensile loading, while that of sample under torsion loading is just 6µm. 

Therefore, the stress concentration zone of torsion samples is much smaller than that of 

tensile samples. This phenomenon results in the degree of stress concentration of torsion 

samples is much higher than that of tensile sample. Thus, the alloy can be easier dameged 

under torsion loading than under tensile loading. 

(a) (b) 

(c) (d) 
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Fig. 8 - Cross sectional microstructures of BM specimens: (a) after tensile deformation, (b) after 

torsion deformation(Huang, 2017, 682). 

 

CONCLUSIONS 

This study indicates that there are substantial differences on the mechanical properties of Ti-

55531 alloy with different microstructure under differentsingle-axial loading. Further tests 

should be carried out to analyze the mechanical properties of the alloy under other conditions, 

such as biaxial or multiaxial loading condition. 
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