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Abstract: Dual-phase high-strength titanium alloy has the properties of high specific strength and
good toughness, which have resulted in its gradual use in the fields of oil and gas well engineering.
The elevated-temperature service environment of deep strata is its key research direction. In this
paper, the strength and fracture mechanism of a new type of « + -phase titanium alloy tubing
material in its service-temperature range are studied. Its fracture mechanism changed at 130 °C to
150 °C, from normal-stress ductile fracture to quasi-cleavage fracture formed by 3-phase voids, which
induced microshear, which significantly reduced the elongation of the material and accelerated the
rate of yield strength decline with temperature. This mechanism provides a new guiding idea for the
design of the microstructure and element content of dual-phase high-strength titanium alloy. For
titanium alloy materials in service within the temperature range of the fracture mechanism transition,
which is between 130 °C and 150 °C, reducing the void-inducing factors in the 3-phase or reducing
the content of the 3-phase to avoid microshear failure should be considered.

Keywords: titanium alloy; fracture mechanism; strength; high-temperature tensile; tubing

1. Introduction

In recent years, titanium alloy materials with high-specific-strength properties have
been used in drill pipes, tubing, casing and other pipe strings used in petroleum engi-
neering [1-3]. Its light and high-strength properties make it possible to work in deep and
ultra-deep wells. The load caused by gravity is far less than that of steel, which gives tita-
nium alloy pipe strings a wide application prospect in the field of petroleum engineering.
For the material selection of titanium alloy oil pipes, high-strength titanium alloy materials
with a yield strength greater than 700 MPa are usually used, especially for oil wells with
a depth of more than 3000 m. Moreover, the formation temperature of deep wells is also
significantly higher than that of ordinary oil wells—that is, more than 150 °C—and its
high-temperature strength is key to its performance of service safety [4,5].

For titanium alloy oil pipes, their properties should not only meet the requirements
of strength and toughness but also meet the anticorrosion requirements under Cl-, H,S,
CO;, and other corrosive conditions [6-9]. Generally, x-phase titanium alloys are mainly
solution-strengthened by adding Al, Mo, V and other alloy elements, so as to obtain a
near-o-phase structure [10]. Although solution strengthening significantly improves the
strength of titanium alloy, the strength of x-phase titanium alloy is still lower than that
of ordinary steel for oil pipe strings because it cannot be strengthened by heat treatment,
which makes it difficult to meet the actual use needs [11,12]. The microstructure of 3-phase
titanium alloys is usually a metastable 3-phase, and only the (3-phase is contained after air
cooling above its transition temperature. These kinds of titanium alloys usually have high
strength and poor stability and toughness [13-15]. After aging treatment, the metastable
-phase titanium alloy precipitates a small granular x-phase structure in its metastable
grains, so as to obtain better toughness and higher strength [16]. Then, the strength and
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plasticity of the 3-phase titanium alloy are determined by the distribution and grain size
of the x-phase. The smaller the grain size of the «-phase, the higher the strength of the
titanium alloy [17-19].

For titanium alloy materials used in the field of petroleum engineering, a dual-phase
titanium alloy composed of o-phase (HCP structure) and 3-phase (BCC structure) is mostly
used. It mainly includes Ti-6Al-4V [20], Ti-6Al-25n-4Zr-6Mo [21], Ti-6Al-4VRu [22], etc.
The research [23-25] presents that the higher the temperature of the dual-phase coexistence
temperature range during the heat treatment of o + -phase dual-phase titanium alloy,
the more the a-phase structure is transformed from the (3-phase in the subsequent cooling
process. In addition to the solid solution-strengthening effect, the strength of duplex
titanium alloy can be further improved by the precipitation of the a-phase from the 3-
phase during aging treatment [26]. For titanium alloys with Mo content less than 10%,
such as Ti-6246, the equiaxed microstructure transformed from the 3-phase after dynamic
recrystallization and heat treatment has a yield strength of more than 950 MPa, and has
high performance in plasticity and fracture toughness. The fracture process presents
uniform ductile fractures [27,28]. Relevant research shows that the yield strength is still
above 760 MPa at temperatures above 200 °C [29]. In previous studies [30,31], the dual-
phase titanium alloy containing Mo and Cr showed high strength and good toughness
after grain refinement and quenching and tempering. However, these studies focused on
room temperature.

Research on the high-temperature strength of duplex titanium alloys is mostly focused
on above 400 °C [32,33], while research on the mechanical behavior and service safety
at 70-220 °C concerning the field of petroleum engineering is less. In this study, a new
110 ksi dual-phase titanium alloy tubing material with good toughness and a new design
is selected, which meets the service strength requirements. Its main alloy elements are
Al, Zr, Mo and Cr. The mechanical behavior in its service temperature range showed a
new ductile quasi-cleavage mixed-fracture mechanism different from that at above 500 °C.
Then, the discovery of the microshear mechanism of the 3-phase makes it possible for the
microstructure to avoid the risk of service failure in the process of material design, and its
fracture mechanism is the main work of this study.

2. Materials and Experimental Methods
2.1. Materials and Microstructure

The material selected in this study is Al-Mo-Cr-Zr dual-phase titanium alloy. High
temperature tensile test and fracture mechanism characterization analysis are carried out.
The element composition is shown in Table 1. The main structure of the material is granular
structure « + 3-phase, in which x-phase accounts for 48.4%, 3-phase accounts for 51.6%
and the microstructure is shown in Figure 1. The grains of o- and 3-phase are evenly
distributed, and their average grain diameter is less than 10 um. A few (3-phase grains of
diameter greater than 15 um, second-phase particles and inclusions are difficult to observe.

Table 1. Chemical compositions (wt.%).

Ti Cr Mo Zr Al Fe C
88.3 3.3 3.5 0.6 4.3 0.02 0.03
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Figure 1. Microstructure of dual-phase titanium alloy: (a) SEM; (b) XRD.

2.2. Experimental Method

According to ISO 6892-2-2018 (metallic materials—tensile testing), round-bar tensile
specimens are selected for high-temperature tensile test. The tensile specimen is cut directly
from the oil pipe. The diameter of the specimen is 5 mm and the gauge distance is 35 mm,
as shown in Figure 2. According to the actual service temperature of the tubing, the
temperature of the tensile test increases from room temperature (20 °C), increasing to
100 °C every 20 °C, and then increasing to 200 °C every 10 °C. The tensile tests were
conducted using servohydraulic testing machine (Instron 8862). The loading rate of tensile
test is 1 mm / min and the test temperature is controlled by the resistance furnace (the

temperature error is = 1 °C). After reaching the test temperature, it is kept for 30 min and
then loaded.
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Figure 2. Dimension of tensile specimen.

The microstructure sample was sliced directly from the titanium alloy casing. After
polishing the specimen, the surface was eroded by an etchant (5% HF + 10% HNO; +
85% H,O) to obtain a surface with observable microstructure morphology. The microstruc-
ture morphologies were obtained by scanning electron microscope (TESCAN VEGA2).
The line-scanning method is used for EDS analysis to make it pass through multiple «
+ B-phase grains, so as to obtain the element segregation comparison results of different
phases. The fracture surface of tensile sample after ultrasonic cleaning was observed by
scanning electron microscope. Then, the macrofracture morphology and the characteristics
of fracture source area were photographed, respectively.

3. Results
3.1. Tensile Strength Affected by Temperature

In the range of room temperature (20 °C) to 200 °C, the tensile curves of Al-Zr-Mo-Cr
titanium alloy are shown in Figure 3, respectively. There is no obvious yield platform in the
tensile curve. At 20-150 °C, it presents a smooth curve from elastic stage to plastic stage.
At 200 °C, there is an obvious yield point after the elastic stage, and the yield platform
does not appear. Due to the increase in temperature, the strength of the material shows
a downward trend, The increase in temperature usually increases the elongation of the
tensile test for plastic materials. It is worth noting that the test results of Al-Zr-Mo-Cr
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titanium alloy show abnormal characteristics. Then, the elongation of the material in the
tensile results at 150 °C is significantly lower than that at 100 °C.
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Figure 3. Engineering stress—displacement curve of Al-Zr-Mo-Cr titanium alloy.

The tensile test results with smaller test temperature steps are shown in Figure 4.
In the temperature range from 20 °C to 200 °C, the yield strength of the material shows
obvious bilinearity (Figure 4a). When the temperature is lower than 140 °C, the yield
strength decreases linearly with temperature, while when the temperature is higher than
140 °C, the declining trend of yield strength with temperature is obviously accelerated. The
relationship between elongation and test temperature is shown in Figure 4b. The elongation
of the material increases with the increase in temperature when the temperature is lower
than 140 °C. It is worth noting that at 140 °C, the elongation decreases suddenly and
significantly, and then increases continuously with the increase in temperature. Obviously,
in the range of 130-150 °C, the fracture mechanism of the material changes, resulting in a
significant change in elongation.
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Figure 4. Effect of temperature on mechanical properties: (a) yield strength and tensile strength;

(b) elongation.

3.2. Fracture Analysis

At different temperatures, the tensile fracture of Al-Zr-Mo-Cr titanium alloy is com-
posed of a fiber source region and a shear lip region (Figure 5a—d). There is an obvious
boundary between the macrocharacteristics of the two regions. Then, the fracture process
of the material consists of the microvoids generated in the material gradually increasing
with the progress of tension, and the micropores polymerizing in the fiber area to form
normal stress, resulting in the slow propagation of the crack in the source area. Necking
causes the load at the crack tip to change from normal stress to shear stress, which makes
the crack in the source region expand rapidly and stably and forms a shear lip region.
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Figure 5. Fracture morphology: (a) 20 °C, (b) 100 °C, (c) 150 °C, (d) 200 °C; fibrous zone: (e) 20 °C,
(f) 100 °C, (g) 150 °C, (h) 200 °C; shear lip zone: (i) 20 °C, (j) 100 °C, (k) 150 °C, (1) 200 °C.

The radiation region is not observed between the fiber region and the shear lip region,
which indicates that there is no transition from stable crack growth to rapid unstable crack
growth, and the crack growth rate increases suddenly from the fiber source region to the
shear lip region. The fracture characteristics of the fiber source region under different
temperature conditions are shown in Figure 5e-h. The fiber source region presents ductile
fracture characteristics, which is a typical microvoid polymerization fracture. The increase
in temperature has no obvious effect on the ductile fracture process, and the diameter of
the dimple of all fractures is 8-15 pm for different temperature conditions.

The influence of different temperatures on the fracture morphology of the material is
mainly manifested in the shear lip region. At room temperature (20 °C), the shear lip region
is still characterized by the dimple (Figure 5i). It is different from the fiber source region.
The dimple has obvious directionality and presents the characteristics of a semi-open
dimple in the direction of crack propagation. There are also a large number of secondary
cracks in the shear lip region, whose direction is perpendicular to the crack propagation
direction, and the length is 40-130 um. With the increase in temperature, the number of
secondary cracks decreases significantly when the test temperature is 100 °C (Figure 5J),
and the secondary crack initiation characteristics with small length (<60pm) and shallow
depth can be observed. When the test temperature is 150 °C (Figure 5k), no secondary crack
is observed in the whole shear lip area, and the dimple shape is different from that at lower
temperature. The deep void accumulates in some parts of the shear lip, usually near the tear
ridge. Moreover, there are a large number of smooth quasi-cleavage fracture characteristics
in the whole semi-open dimple region. When the temperature reaches 200 °C (Figure 51), a
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large number of quasi-cleavage features with small area are associated around the void in
the shear lip area.

Obviously, the change in the fracture process in the shear lip region is caused by
the increase in temperature. At room temperature (20 °C), due to the influence of shear
stress, the void defects in the material occur stress concentration perpendicular to the crack
growth direction, resulting in the formation of secondary cracks perpendicular to the crack
growth direction in the void.

With the increase in temperature, the activation energy inside the material increases,
and the energy level required for the atomic slip is lower. When the concentrated stress
around the cavity is insufficient to provide effective fracture energy for the material, the
slip occurs. Therefore, the characteristics of secondary cracks gradually disappear with the
increase in temperature. The concentrated stress around the void is not enough to provide
sufficient activation energy for microcrack propagation, that is, a slip is formed. Thus, the
characteristics of secondary cracks gradually disappear with the increase in temperature.
At a higher temperature (150 °C), there are more—and aggregated—voids in the shear
lip region, which indicates that the formation mechanism of voids changes due to the
influence of temperature before the occurrence of cracks. In addition, the quasi-cleavage
features at this temperature show that the normal stress of local microstructure increases
significantly, which induces the formation of quasi-cleavage fracture. With the further
increase in temperature, the increase in activation energy also reduces the concentration
stress at the void accumulation location, resulting in a reduction in the quasi-cleavage
surface area and the formation of a large number of quasi-cleavage features. The fracture
analysis shows that with the temperature increase, the fracture crack propagation process
in the shear lip region gradually changes from the ductile fracture to the mixed-fracture
form of quasi-cleavage and ductile fracture, and the occurrence of aggregated voids in the
shear lip region is an important factor causing the change in fracture mechanism.

Void damage is the main cause of stress concentration in the local area of the mi-
crostructure. At 20 °C, the microstructure of the fracture section is shown in Figure 6a, and
all voids are formed in the x-phase, and microcracks first form from the cavity position of
the a-phase and gradually expand to form dimple characteristics. When the temperature is
100 °C, transcrystalline microcracks formed by voids in the adjacent cx-phase are observed,
and the position of voids is still present in the x-phase. Then, the voids in the 3-phase of the
fracture section are observed when the temperature increases to 150 °C. It can be inferred
that the cracking characteristics of the 3-phase change when the temperature increases, and
it is easier to form voids. Under this condition, -phase and 3-phase voids appearing in
both phases, which reduce the statistical expectation of the distance between two adjacent
voids, and it is easier to cause normal-stress fracture between two short-distance voids,
rather than ductile fracture. Therefore, the fracture characteristics of quasi cleavage fracture
are formed. When the temperature is further increased to 200 °C, the number of voids in
the a-phase and 3-phase increases significantly, which forms void aggregation, and then
reduces the normal stress between adjacent short-distance voids, so the number and area
of quasi-cleavage features at this temperature decrease.
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Figure 6. Tensile fracture section at different temperatures: (a) 20 °C; (b) 100 °C; (c) 150 °C; (d) 200 °C.

4. Discussion
4.1. Fracture Mechanism of Temperature Influence

The yield strength of the material decreases significantly with the change in tempera-
ture when the temperature is above 140 °C, and the voids in the x-phase and (3-phase were
observed in the fracture section of the test samples. Only the void in the x-phase for the
fracture morphology below 140 °C is observed. The rise in temperature obviously leads to
the change of the damage mechanism with the 3-phase.

The material contains four main alloy elements: Al, Zr, Cr and Mo, and its microstruc-
ture is scanned by energy-dispersive spectroscopy (EDS) analysis with a line, as shown
on the left side of Figure 7. The dark color and sunken part are the a-phase, the light
color and prominent part are the 3-phase, and the distribution results of solid-solution
elements in different phases are shown on the right side of Figure 7. EDS results show
that Al and Zr are evenly distributed in the a-phase and 3-phase, and there is no obvious
segregation; however, both Cr and Mo elements have obvious segregation in the 3-phase,
and the content of Cr and Mo elements in the x-phase is low.

v ////// ///,,///// //// /

25 30
Dlsplacement / pm

Figure 7. Segregation of Al, Mo, Cr and Zr in « + 3 phase.
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For dual-phase titanium alloy materials, the crystal lattice structure of f-phase is BCC
and the crystal lattice structure of a-phase is HCP. Compared with BCC, HCP has poor
plasticity and is difficult to slip during deformation. When the dual-phase titanium alloy is
subject to large deformation and there are no other influencing factors, the BCC structure,
i.e., B-phase, slip occurs firstly. Then, the HCP structure with poor deformation ability, i.e.,
a-phase, forms void defects, which cause the stress release of the microstructure around
the voids. When the deformation continues to increase, the internal voids of the -phase
are difficult to form due to the stress release. Therefore, the x-phase forms voids inside at
room temperature, while the 3-phase does not. Moreover, the voids in the a-phase begin
to propagate as the crack source, then form ductile fracture characteristics.

With the increase in test temperature, the atomic activation energy in the grain in-
creases, and the stress required to form a slip is reduced. Then, the segregation elements Cr
and Mo in the 3-phase increase their ability to resist sliding at high temperature [34,35],
that is, the deformation ability of the 3-phase is reduced, and the stress cannot be released
effectively, which significantly improves the probability of forming voids in the 3-phase.
Furthermore, higher atomic activation energy increases its plasticity for the a-phase. For
the joint action of these two influencing factors, when the material is deformed, voids
can be formed in the 3-phase while the o-phase begins to form, resulting in a significant
reduction in the distance between the two voids. When the deformation further increases,
the concentrated stress in the micro area between two adjacent voids increases significantly,
and the conditions for the crack propagation caused by the void to form ductile fracture
are gradually not satisfied, and the probability of quasi-cleavage fracture is raised by the
increased normal stress. With the condition of the large shear stress component, the signifi-
cantly increased normal stress causes the crack propagation mechanism to change from
ductile propagation to quasi-cleavage propagation (Figure 8), which is the main reason for
the formation of quasi-cleavage morphology in the shear lip region.

AY I |

A\
Quasi-cleavage
fracture

Ductile fracture

\ B-phase void
| phase iic a-phase void
\ < N | |

Figure 8. Temperature affects the change of fracture mechanism.

In other words, the appearance of 3-phase voids is the inducement of fracture mecha-
nism transformation. Firstly, due to the temperature increase, the void in the 3-phase can
be formed during deformation. Secondly, for the case where there are voids in both the
a-phase and B-phase, the expected distance between voids is smaller than that in the case
where only the x-phase has voids, and it is easier to achieve the conditions for inducing
quasi-cleavage fracture, thus changing the fracture process.

4.2. Strength Decrease Caused by Temperature

The increased atomic activation energy is due to the rise in temperature, which makes
it easier to form a slip, improves the macrodeformation ability of the material and reduces
the stress required to form microzone damage, so the yield strength of this titanium alloy
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in the range of room temperature to 140 °C decreases continuously with the increase in
temperature, and the elongation increases with the increase in temperature.

The deformation mechanism of the 3-phase is changed when the test temperature
exceeds 140 °C. The segregation of Cr and Mo elements in the 3-phase causes the stress
concentration in the microregion of the grain, so it forms a void damage that is not found
at room temperature in the -phase, resulting in a decline in bearing capacity. Therefore,
when the temperature exceeds 140 °C, the rate of yield strength decreasing with tempera-
ture is higher than that below 140 °C. Moreover, due to the joint influence of the x-phase
and -phase voids, the ductile propagation process of crack changes to the fracture pro-
cess of partial quasi-cleavage propagation below 140 °C, which reduces the ductility and
increases the brittleness of the material macroscopically, resulting in a significant reduction
in its elongation. When the temperature is further increased, the quasi-cleavage fracture
mechanism is affected by the increasing atomic activation energy, and the deformation
ability of the material increases again with the elevated temperature; that is, the elongation
continues to increase.

The fracture mechanism of the 3-phase is determined by two factors: one is the atomic
activation energy, and the other is the strengthening characteristics of Cr and Mo on the
B-phase at high temperature. When the material yields and voids are formed in the 3-
phase, the voids reduce its strength, while the 3-phase without void damage continues
to be strengthened by Cr and Mo atoms, resulting in the further improvement in residual
-phase strength. The two mechanisms jointly determine the macrostrength of the material.
It can be inferred from the change trend of the tensile strength with temperature that
the effects caused by these two mechanisms almost offset each other, and the decrease in
macrotensile strength is mainly affected by atomic activation energy.

5. Conclusions

In this paper, the mechanism of the accelerated strength decline of Al-Zr-Mo-Cr dual-
phase titanium alloy caused by elevated temperature was studied. The results show that
the tensile fracture mechanism of the dual-phase titanium alloy gradually changed from
a ductile fracture at room temperature to a mixed-fracture form of ductile fracture and
quasi-cleavage fracture at the temperature range between room temperature and 200 °C,
instead of the generally considered ductile fracture. Moreover, it led to the increase in the
yield-strength decreasing rate with the increase in temperature and the abnormal change of
elongation, when the ambient temperature exceeded 140 °C. The reason for the fracture
mechanism transformation is that the segregation of Cr and Mo elements in the 3-phase
at high temperature caused the void initiation in the 3-phase, and the crack propagation
mode changed from ductile to quasi-cleavage. The phenomenon of quasi-cleavage fracture
induced by voids in the 3-phase deserves continuous attention. In the future, we will use
the molecular dynamics method to further explore the law of this phenomenon and the
critical parameters of quasi-cleavage induced.
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