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EFFECT OF FE CONTENT ON THE MICROSTRUCTURE AND MECHANICAL PROPERTIES 
OF Ti-Al-Mo-V-Cr-Fe ALLOYS

To investigate the effect of Fe content on the correlation between the microstructure and mechanical properties in near-b 
titanium alloys, the Ti-5Al-5Mo-5V-1Cr-xFe alloy system has been characterized in this study. As the Fe content increased, the 
number of nucleation sites and the volume fraction of the α phase decreased. We observed a significant difference in the shape and 
size of the α phase in the matrix before and after Fe addition. In addition, these morphological deformations were accompanied 
by a change in the shape of the α phase, which became increasingly discontinuous, and changed into globular-type α phase in the 
matrix. These phenomena affected the microstructure and mechanical properties of Ti alloys. Specimen #2 exhibited a high ultimate 
tensile strength (1071 MPa), which decreased with further addition of Fe.
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1. Introduction

Ti-based alloys are used in the aerospace, automotive, and 
medical industries because of their attractive properties [1,2]. 
The unusual combination of light weight, high specific strength, 
toughness, corrosion, and oxidation resistance makes Ti-based 
alloys attractive for aerospace applications [3-5]. Because of these 
outstanding properties, Ti-based alloys are in used as materials in 
gas turbine engine parts, fuselage, wings, compressor discs and 
blades, and spacers and landing gear as structural components 
in the aerospace industry.  When Ti-based alloys are used in an 
actual product, the α+β phase Ti-6Al-4V (Ti-64) alloys are domi-
nant. However, the share of β or near-β phase Ti-based alloys in 
aerospace applications has grown substantially in the last decade 
because of it has high strength and greater hardening ability than 
the α+β phase Ti-based alloys. For example, Boeing 777 is the 
first commercial aircraft with near-β phase Ti-based alloy, Ti-10V-
2Fe-3Al (Ti-1023). The number of components comprising this 
alloy has outnumbered components with the α+β Ti-based alloy 
because of its improved fatigue performance and weldability [6].

The use of β or near-β phase Ti-based alloys is growing 
in the aerospace industry, where historically the industry has 
benefited from the unusual combination of desirable properties. 
Although the high cost of these alloys has been a factor in their 
rate of use, most of the applications have been driven because 
of the increased performance [7].

In particular, near-β phase Ti-based alloys, such as Ti-1023, 
Ti-5Al-5Mo-5V-3Cr (Ti-5553), and Ti-5Al-5Mo-5V-3Cr-1Zr 
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(Ti-55531), are suitable for use in aircraft structural components 
because of their light weight, strong mechanical properties, good 
processability and thermal treatability [8-10].

The recently developed alloy Ti-5Al-5Mo-5V-1Cr-1Fe 
(Ti-55511) had been identified as a potential material for the 
truck beam component of the landing gear of Boeing 787 and 
Airbus A-380. Aircraft structural applications such as landing 
gear need good mechanical properties, especially ultimate tensile 
strength (UTS) (σmax 900-1400 MPa) and fracture toughness 
(KIC > 60MPa), to be considered for use in components for safe 
take-off and landing of aircrafts [11-13].

The microstructure of near-β Ti alloys consists of the α and 
β phases where the amount and shape of the α phase controls the 
mechanical properties to a large extent. Moreover, heat treatment 
is used to modify the microstructure of this category of alloys. 
Aging is the final and inevitable processing step that is used to 
improve the mechanical properties. Strengthening by precipita-
tion of the α phase is then achieved during aging heat treatments 
[13]. The concept of substituting Fe, which is inexpensive and 
gives the alloys high performance, in part or completely for the 
expensive V or Mo, which are commonly used in many com-
mercial alloys, has been discussed for a long time.

In this study, to investigate the effect of the Fe content on 
the relationship between the microstructure and the mechani-
cal properties, four near-β Ti alloys, Ti-5Al-5Mo-5V-1Cr-xFe 
(x = 0,1,3,5 wt.%) were produced.
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2. Experimental 

The purity of each element used in the ingot was more 
than 3N-grade. Ingots with a nominal composition of Ti-5Al-
5Mo-5V-1Cr-xFe (x = 0,1,3,5 wt.%), as shown in Table 1, were 
prepared by vacuum arc remelting (VAR) mixtures in an Ar gas 
atmosphere. The ingots were remelted 10 times with 5 flippings 
for each ingot until they were completely homogenized. Then, 
characterization of the β-transition temperature was performed 
by differential thermal analysis (DTA).

TABLE 1

The chemical composition of Ti-5Al-5Mo-5V-1Cr-xFe alloy (wt. %)

Specimen Ti Al Mo V Cr Fe
#1 Bal. 5 ±0.3 5 ±0.2 5 ±0.2 1 ±0.2 0
#2 Bal. 5 ±0.3 5 ±0.2 5 ±0.2 1 ±0.2 1 ±0.1
#3 Bal. 5 ±0.3 5 ±0.2 5 ±0.2 1 ±0.2 3 ±0.1
#4 Bal. 5 ±0.3 5 ±0.2 5 ±0.2 1 ±0.2 5 ±0.1

The heat treatment process is shown in Fig. 1. Each sam-
ple was recrystallized above the β-transition temperature at 
950°C for 2 h, and then quenched in water. Then, each sample 
was annealed at 700°C for 2 h and air cooled (A.C.) to room 
temperature (R.T.). All the heat treatments were performed in 
Ar gas atmosphere.

Fig. 1. Heat treatment processing route for β annealed microstructure 
in near-β titanium alloys

The structure of each alloy was determined by X-ray dif-
fraction (XRD, Rigaku Ultima IV, Japan) using CuKα radiation 
(λ = 0.154 nm) over a 2θ range of 30-90°. The microstructure 
of each alloy was observed by field emission scanning electron 
microscopy (FE-SEM, TESCAN MIRA 3, Czech Republic) 
in the secondary electron (SE) and back-scattered electrons 
(BSE) mode. The specimens was etched by Kroll’s reagent and 
observed in SE mode FE-SEM. The mechanical properties of 
each alloy were evaluated by tensile test using ASTM E8. The 
tensile properties for each specimen were tested by a universal 
testing machine with a strain rate for 1.5×10–4 s–1 at R.T. and the 
fracture surface was observed using a FE-SEM.

3. Results and discussion

Fig. 2 and Table 2 show the XRD patterns of all the 
specimens and the volume fraction change of the α and β phase, 
respectively. The volume fraction change in each phase was esti-
mated by the X-ray intensity of each phase. The addition of Fe as 
a β-phase stabilizer caused an increase or decrease in the volume 
fraction of the α and β phases by 17%, as shown in Table 2.

Fig. 2. XRD results of each alloy

TABLE 2

Volume fraction and mechanical properties of each alloy

Specimen Vα (%) Vβ (%) UTS (MPa) E (GPa) ε
#1 51 ±3 49 ±3 975 114 0.85
#2 49 ±2 51 ±2 1071 110 0.97
#3 39 ±3 61 ±3 957 105 0.91
#4 34 ±1 66 ±1 874 101 0.86

Fig. 3 shows the FE-SEM images of the microstructure of 
each specimen in the SE and BSE modes. The microstructure 
consist of primary α, secondary α, β, and the retained β phases. 
Although the grain boundary of α is observed in Fig. 3(a-b), 
no grain boundary of α is observed in Fig. 3(c-d). A short and 
discontinuous α phase was observed around the grain boundary 
of the α phase in Fig. 3(b). To observe these α phases in detail, 
specimens were etched and a thicker and shorter α phase was 
observed in Fig. 3(b) BSE than SE mode. As Fe is added, the 
nucleation site of the α phase reduced and the shape of the α phase 
became increasingly discontinuous and short. The shape of the α 
phase changed into a plate and globular type from the lath- and 
acicular-type Fig. 3(c-d). The white circle in Fig. 3(b) indicates 
the grown secondary α and β phase region [14]. To analyze the 
shape of the α phase in the white circle, these specimens were 
etched by Kroll’s reagent. As a result, the shape of the grown 
α phase exhibits a lath-type structure with a thickness for less 
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than 1 μm in Fig. 3(b) SE. As shown in Fig. 3(c) SE, not fully 
transformed into a single α phase and this means that the retained 
β phase exists as a plate-type structure in the α phase. It is con-
sidered that recrystallization of the β phase occurs during aging 
[15]. Globular-type α phase is observed in Fig. 3(d) SE, which 
is uniformly distributed in the β matrix.

Fig. 4 shows the stress-strain behavior of each specimen. In 
the tensile test, specimen #2 exhibits the highest UTS (1071 MPa) 
compared to other specimens. The UTS decreases upon further 
addition of Fe. This results from the change in the shape and 
volume fraction of the α phase, which is a key factor determining 
the mechanical properties in near-β Ti alloys [16]. It is considered 
that as the shape of the α phases change into globular type from 
the lath type, the volume fraction of the α phase decreased. These 
phenomena are related to the change in the microstructure, as 
shown Fig. 3. Regardless of the UTS value, the Young’s modu-
lus decreased from 114 to 101 GPa as the Fe content increased.

Fig. 4. Stress-strain curves of each alloy

Fig. 5 shows the low and high magnification FE-SEM 
images of the fracture surface by tensile testing. As shown in 
Fig. 5(a-b-c), it mainly consists of a mixed brittle and ductile 
fracture surface with a shape remarkably similar to that of the α 
phase in the microstructure. Brittle fracture was considered as the 

failure that occurred along the α phase. The low magnification 
image in Fig. 5(a) shows a mixed mode type of fracture. The 
cleavage faceted surface of the α phase and the dimpled surface 
of the β phase around these α phases were observed in area a-1, 
and an intergranular fracture surface was observed in area a-2. 
Comparing Fig. 5(b) and Fig. 5(a), a faceted fracture surface of 
the α phase, which is thicker and more elongated than the dimpled 
surface of the β phase around the α phases, was observed in area 
b-1. In Fig. 5(b) area b-2, shallow and numerous small dimples 
that are situated within the larger dimple were observed. As shown 
in Fig. 5(c), a cleavage fracture surface was observed at the plate 
type α phases, but mainly deep dimpled fracture surfaces that oc-
curred at the β phases were observed. Furthermore, a deep dimple 
was observed in Fig. 5(c) area c-2, which implies that a completely 
ductile fracture mode occurred in this area. Fig. 5(d) shows that 
a predominantly ductile fracture occurred and a river pattern was 
observed at low magnification. Ductile fracture occurred along 
the river pattern as shown in Fig. 5(d) areas d-1 and d-2.

4. Conclusions

In this study, the microstructure and mechanical properties 
of near-β titanium alloys, Ti-5Al-5Mo-5V-1Cr-xFe with different 
Fe content fabricated using the VAR process have been studied. 
The results are summarized as follows:
1. The addition of Fe as a β phase stabilizer caused the volume 

fraction of the α phase increased and the volume fraction 
of the β phase decreased.

2. The addition of Fe as a β phase stabilizer caused the shape 
of the α phase to change into the plate- and globular-type 
from the lath- and acicular-type.

3. In case of the tensile test, the #2 specimen exhibits the 
highest UTS among all the specimens, but it decreased 
upon further addition of Fe. Regardless of the UTS value, 
the Young’s modulus decreased from 114 to 101 GPa as the 
Fe content increased.

4. The fracture surface consists of mixed brittle and ductile 
mode in specimens #1, 2, and 3, but a predominantly ductile 
fracture occurred in specimen #4 along with river patterns.

Fig. 3. FE-SEM images of each alloy: (a) #1, (b) #2, (c) #3, and (d) #4
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Fig. 5. Low and high magnification FE-SEM images of fracture surface by tensile test: (a) #1, (b) #2, (c) #3, and (d) #4


