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Abstract: Titanium alloy has the advantages of low thermal conductivity, a small expansion coefficient
and being non-magnetic, making it an ideal low-temperature structural material. In this paper,
the typical TC4 titanium alloy in industrial titanium alloy is selected as the research object. The
microstructure deformation law and mechanical behavior of TC4 titanium alloy at liquid nitrogen
temperature are mainly investigated, and compared with the microstructure and properties at room
temperature. The macroscopic and microscopic deformation mechanism of the simultaneous increase
in elongation and hardening index of titanium alloy at low temperature is revealed, which provides
a basic basis for the low-temperature deformation mechanism and strengthening and toughening
design of titanium alloy. Based on the uniaxial tensile tests at room temperature (298 K) and low
temperature (77 K), the effects of low temperature on the yield strength, elongation, tensile strength
and work hardening curve of titanium alloy were compared and analyzed. The strength/plasticity
synergistic improvement of TC4 titanium alloy under low-temperature deformation was found.
At low temperature, the yield strength, tensile strength and elongation of TC4 titanium alloy are
improved compared with room temperature. The tensile strength increases from 847.93 MPa at 298 K
to 1318.70 MPa at 77 K, and the elongation increases from 21.8% at 298 K to 24.9% at 77 K. The grain
morphology, grain orientation, dislocation density and fracture morphology of titanium alloy under
room temperature and low-temperature tensile conditions were studied by SEM and EBSD. The
results of fracture morphology characterization at room temperature and low temperature show
that TC4 titanium alloy exhibits ductile fracture characteristics and a large number of dimples are
formed on the fracture surface. The dimple depth at low temperature is shallower than that at room
temperature and the overall surface is more flat. Compared with room temperature deformation,
the deformation process of TC4 titanium alloy in a low-temperature environment produces stronger
dislocation pile-up and forms a large number of twins, but the grain rotation is more significant,
which effectively alleviates the stress concentration and delays the initiation and propagation of
cracks at grain boundaries.

Keywords: TC4 titanium alloy; low temperature; mechanical property; microstructure evolution

1. Introduction

Titanium alloy has the advantages of high strength, high toughness and low thermal
conductivity [1,2]. Titanium alloys are widely used in aerospace and other fields. Excellent
corrosion resistance makes titanium alloy materials favored in the field of navigation and
the chemical industry. Good biocompatibility is widely used in bioengineering and medical
fields [3,4]. The advantages of excellent thermal conductivity and low expansion coefficient
make titanium a suitable new low-temperature material. The deep-sea temperature is
1 ◦C, and the highest temperature in the Antarctic region is only about −22 ◦C. Under the
radiation of the sun, the equilibrium temperature of the surface in the spacecraft will reach
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−90~310 ◦C, and the lowest can reach −190 ◦C [5]. Titanium alloys are also mainly used in
these low-temperature environments such as space and deep sea.

With the development of aerospace technology, the application of titanium alloy at low
temperature is also significantly improved. The structural components in spacecraft require
further improvement of the low-temperature performance required by the equipment
environment. The alloy must meet the requirements of sufficient strength and toughness
at low temperatures, excellent thermal properties and good machinability because of the
complex shape of the structural parts [6]. At low temperature, titanium alloy has higher
yield strength than traditional alloy, which is more than three times of stainless steel,
and the density is only half of stainless steel [7]. As a typical α + β titanium alloy, TC4
is the earliest developed and successfully applied titanium alloy material, and it is also
the most widely used titanium alloy so far [8]. Low-temperature titanium alloys with
excellent service performance, such as TA17ELI, TC4ELI, CT20, LT700, etc., have been
developed [9,10]. In the field of low-temperature titanium alloys in the United States, for
low-temperature titanium alloys α + β type titanium alloy TC4ELI for some conduits and
liquid hydrogen catheters in the Apollo program has been widely used and achieved good
results [11–13]. Compared with developed countries such as the United States and Russia,
China started late in the field of low-temperature titanium alloy research and development,
and the technology research and development of C, H, O and other interstitial elements and
the reduction of aluminum content are relatively backward. With spaceflight development,
China researched low-temperature titanium alloys [14]. CT20 is the first low-temperature
titanium alloy with independent property rights in China. It can be used at a very low
temperature of 20 K and has excellent formability. At present, it has been applied to a
spacecraft cryogenic pipeline. At the same time, Du Yu, Zhang Zhong, Fan Chengliang and
others found that the occurrence of twinning behavior is the main deformation mechanism
in low-temperature environments [15–19].

TC4 titanium alloy is a (α + β) two-phase titanium alloy, where α belongs to the close-
packed hexagonal structure and β belongs to the body-centered cubic structure. [20]. The
two-phase designs are different, and the slip will start from the α-phase grains, which are
influenced by β and gradually expand to the surrounding β-transformed tissue [21]. The
important deformation mechanism of Ti-6Al-4V at low temperatures is twinning [22–24].
Microstructural changes in TC4 at low temperatures can impact the aircraft life of space
engines. The aim of this work is to test the mechanical properties of TC4 titanium alloy at low
temperature. It can not only explain the correlation of the micro-deformation mechanism of
TC4 titanium alloy during the quasi-static mechanical properties test at low temperature,
but also help to increase the understanding of the low-temperature failure behavior of TC4
titanium alloy and the accumulation of performance data. It provides some help for the
application of titanium alloys in low-temperature environments such as aviation, ships, and
aerospace. At the same time, it provides a basis for the progress of traditional titanium
alloys and the development of low-temperature titanium alloys. It has important practical
research value and corresponding engineering application background.

2. Materials and Methods

The experimental material is TC4 titanium alloy aviation forging and its nominal
composition is Ti-6Al-4V (wt.%). The initial observation of the original structure showed
that the microstructure of TC4 titanium alloy was equiaxed, as shown in Figure 1a. The
average diameter of equiaxed primary α grains is 18 µm, the diameter of secondary α
grains is 7 µm, and the diameter of interstitial β grains is 0.8 µm. Reference [25] pointed
out that secondary α appeared after processing at a relatively low temperature in the α/β
region. According to Image-Pro Plus 6.0 statistics, α accounted for 93.22% and β accounted
for 6.78%.
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Figure 1. The original microstructure morphology and tensile size of TC4 titanium alloy: (a) TC4
titanium alloy original structure (b) tensile specimen size.

The tensile specimen of TC4 titanium alloy is shown in Figure 1b. MTS C45.105 full
temperature field mechanical properties testing machine was used to test the mechanical
properties at room temperature and low temperature. The low-temperature test method is
as follows: In the low-temperature tensile test, the whole tensile process was carried out
in an incubator with liquid nitrogen, and the tensile rate was 5 × 10−4/s. The sample is
fixed by a hook–hang structure, and the sample is installed in the mechanical property
test machine. In order to ensure the firmness of the sample, the sample is preloaded by
adjusting the moving end beam of the stretching machine. The cooling method is to pour
the liquid nitrogen solution into the incubator, let the sample soak in the liquid nitrogen
solution, and stand for 30 min in the heat preservation state. In the process of dumping
liquid nitrogen, due to the physical factors of the principle of thermal expansion and cold
contraction, in order to ensure that the internal structure of the sample is not destroyed,
the data should be observed and collected at all times in the process of dumping liquid
nitrogen and heat preservation, and the beam should be adjusted appropriately. In the
tensile test at room temperature, the TC4 titanium alloy sample was completed without
liquid nitrogen immersion. The samples in each state were subjected to three tensile tests
to ensure the authenticity of the mechanical properties.

In order to study the microstructure evolution during the deformation process at
different temperatures, the microstructure of the tensile specimens after fracture was
characterized. During the tensile process, the material enters the plastic deformation stage
after passing through the elastic deformation stage. According to the principle of constant
volume in the plastic deformation stage, the accurate width and thickness of the deformed
sample are used for careful quantitative calculation.

The surface of the sample was subjected to mechanical grinding and electrolytic
polishing. The composition of the electrolytic polishing solution is 5% perchloric acid
(HCLO4) + 35% n-butanol (CH3 (CH2) 3OH) + 60% methanol (CH3OH). The parameters
of electrolytic polishing are as follows: −20 ◦C, constant current 0.8 A, voltage about 40 V,
polishing time 50 s, cathode stainless steel, anode sample, electrode spacing about 2 cm,
magnetic stirring. The TESCAN S8000 GMH field emission electron microscope was used.
The SEM acceleration voltage was 20 keV, the current was 20 nA, and the working distance
of the objective lens was 20 mm. The EBSD working lens distance was 13 mm.

3. Results and Discussion
3.1. Microstructure of TC4 Titanium Alloy

The forged TC4 titanium alloy structure is analyzed and characterized, as shown in
Figure 2. The microstructure of TC4 titanium alloy was observed. EBSD technique was
used to show the grain orientation distribution, phase distribution, grain size distribution
and XRD phase analysis of TC4 titanium alloy. From the grain orientation distribution, as
shown in Figure 2a, it can be seen that there are some unique characteristics of the forging
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state and some weak macro zone effects [26]. It can be seen from the phase distribution
diagram, as shown in Figure 2b, TC4 titanium alloy is mainly composed of α phase and β
phase. Among them, one can find that the β phase content is shallow, mainly distributed in
the α grain boundary of the grain. At the same time, the statistics of grains are also carried
out, as shown in Figure 2c. According to the statistics, it can be concluded from the grain
statistical distribution that the grain size of TC4 titanium alloy is relatively uniform and has
the characteristics of an equiaxed structure. As shown in Figure 2d, XRD analysis shows
that the material is composed of α-Ti phase and β-Ti phase, and the results are consistent
with the phase analysis diagram in EBSD analysis data.
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3.2. Analysis of Mechanical Properties of TC4 Titanium Alloy

The mechanical curves of TC4 titanium alloy at room temperature and low temperature
are shown in Figure 3. It is found that the material is mainly divided into four stages during
the stretching process. One stage is the elastic stage. At this stage, the tensile stress increases
linearly with the rapid growth of strain. When the stress exceeds the yield strength, it enters
the second stage, the yield stage. Because there is no obvious yield strength point in this
curve, the stress value that produces 0.2% residual deformation is the yield limit [27]. When
entering the yield stage, the linear relationship between stress and strain is destroyed, and
the stress tends to be uniform as the tension progresses. As the stress continues to increase
beyond the yield limit, it enters the third stage, the strengthening stage. At this stage,
obvious and uniform plastic deformation occurs, the strain of the sample increases, and the
stress value will inevitably increase. At this stage, dislocation slips and produces mutual
entanglement and accumulation. This phenomenon is called work hardening. As the
strain continues to increase, the alloy enters the final stage, the fracture stage. When cracks
appear inside the alloy, due to the decrease in the bearing area, the overall deformation
strengthening effect is weakened, which shows that the mechanical property curve shows
a downward trend, and the material curve shows ductile fracture.
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Figure 3. Stress–strain curve of titanium alloy at room temperature and low temperature.

Table 1 lists the yield strength (YS), tensile strength (UTS), and elongation after the
break of materials at room temperature and low temperature (ε). When the temperature
is reduced to 77 K, the yield strength, tensile strength and elongation of the sample are
significantly higher than those at 298 K. It shows that the change of internal structure of TC4
titanium alloy at low temperatures is beneficial to the increase in mechanical properties.

Table 1. Test temperature is 77 K and 298 K mechanical property results.

Temperature
(K)

Yield Strength
(MPa)

Ultimate Tensile
Strength

(MPa)

Elongation after a
Break (%)

298 761.2 847.9 21.8
77 1120.1 1318.7 24.9

3.3. Quantitative Calculation of TC4 Titanium Alloy Non-Deformation

The microstructure of the material is closely related to its mechanical properties.
The study of the deformation behavior of the material is inseparable from the change
of the microstructure. Next, the stress state and grain orientation distribution of TC4
titanium alloy at room temperature and low temperature are compared and explored. The
fracture of the gauge section was removed by using TC4 titanium alloy stretched at room
temperature and low temperature. During the tensile process, the material entered the
plastic deformation stage after the elastic deformation stage. According to the principle
of constant volume of the material in the plastic deformation stage, the accurate width
and thickness of the deformed sample were used for careful quantitative calculation, as
shown in Figure 4. In the stress–strain curve of the room temperature sample, the yield
strength is the position where the strain is at 13%, so the shooting area is searched at the
beginning of the yield point, and the strain is reached at 13% and 25%, respectively. The
yield strength obtained from the stress–strain curve of the low-temperature specimen is
the position where the strain is at 17%. The corresponding fracture of the low-temperature
tensile specimen is selected at the position corresponding to 17% and 25% for calibration
analysis. In the calculation process, the error of the corresponding position to the mark
point is controlled at about 0.03 mm, and the corresponding force is about 5N.



Metals 2023, 13, 1086 6 of 11Metals 2023, 13, x FOR PEER REVIEW 6 of 11 
 

 

 
Figure 4. Schematic diagram of different deformations corresponding to different positions: (a) 298 
K, (b) 77 K. 

3.4. Microstructure Evolution of Mechanical Properties of TC4 Titanium Alloy 
According to the mechanical curve, TC4 titanium alloy has excellent tensile mechan-

ical properties at low temperature, which shows that the deformation of material and 
structure is closely related to the stretching. In this study, according to the influence of the 
tensile curve, firstly, the microstructure analysis of TC4 titanium alloy samples was com-
pared at the yield stage of room temperature and low temperature. The IPF map of TC4 
titanium alloy at room temperature and low temperature is shown in Figure 5a,c. The 
twins of TC4 titanium alloy appear first in the yield stage of tension at low temperature. 

 
Figure 5. Microstructure analysis of yield strength stage of TC4 titanium alloy at room temperature 
and low temperature: (a,c) orientation distribution, (b,d) Orientation difference distribution dia-
gram. 

Figure 4. Schematic diagram of different deformations corresponding to different positions: (a) 298 K,
(b) 77 K.

3.4. Microstructure Evolution of Mechanical Properties of TC4 Titanium Alloy

According to the mechanical curve, TC4 titanium alloy has excellent tensile mechanical
properties at low temperature, which shows that the deformation of material and structure
is closely related to the stretching. In this study, according to the influence of the tensile
curve, firstly, the microstructure analysis of TC4 titanium alloy samples was compared at
the yield stage of room temperature and low temperature. The IPF map of TC4 titanium
alloy at room temperature and low temperature is shown in Figure 5a,c. The twins of TC4
titanium alloy appear first in the yield stage of tension at low temperature.
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The grain size shows the deformation behavior of grains in different degrees, directly
affecting the dislocation movement and interaction during the deformation process [25].
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Figure 5b,d show the distribution of orientation difference. The calculation principle collects
the difference between the average orientation of different points and the grain, which
describes the degree of grain deformation. As shown in the figure, it is easy to see the
secondary formation with a relatively small grain size α. The orientation difference of
the region is higher than that of the primary crystal with a rather large grain size α area.
The deformation near the grains in the primary α region is larger than that inside [27].
The stress increases step by step from inside to outside. By observing Figure 5b,d, it is
found that work hardening is closely related to the current environment. Because the
dislocation density is relatively low at room temperature, the effect of work hardening
ability is not obvious. With the decrease in temperature, the dislocation density increases,
the dislocation accumulation is severe, and the flow stress is significantly higher than that
of TC4 titanium alloy deformed at room temperature. When the critical shear stress of the
activated dislocation is greater than or equal to the twin shear, mechanical twins begin to
appear. From the grain orientation Figure 5c, it is not difficult to find that there are a large
number of deformation twins in some larger grains. In general, the material will produce
corresponding stress concentration when the dislocation slip is difficult to activate, and
twinning is more likely to occur in such a region. The formation of twin boundaries refines
the grains and hinders the further slip of dislocations, thus strengthening the material.

The TC4 titanium alloy is based on the premise of different temperatures at room
temperature and low temperature. In the orientation distribution Figure 6a,c, it is found that
the dislocation density of TC4 titanium alloy at low temperature is more intense than that
at room temperature, partly caused by a large number of twins, which is consistent with the
analysis of the orientation distribution map. At low temperatures, more slip systems are
activated in TC4 titanium alloy, resulting in more internal stress, which provides conditions
for the generation of a large number of twins. Twins also provide more interaction between
dislocations and twin boundaries for stress. It is found that twinning occurs in large-
sized α grains. The complementary way of plastic deformation usually produces twins
when crystal dislocations are difficult to slide, which provides more opportunities for
dislocation slip to change grain orientation [28]. Therefore, while the twins provide plastic
deformation, the corresponding twin boundaries are generated to hinder the interaction
slip and further strengthen the material. Twins in large-sized α grains can indicate that
large-sized primary α grains provide more strain than small-sized secondary α grains
under the same strain conditions. It is found that the number of mechanical twins in the
orientation distribution diagram at low temperature (Figure 6c) is as high as 80% higher
than that at room temperature (Figure 6a). The main effects of twins can be summarized as
follows: (i) crystal reorientation, adjusting the activation trend of the slip system; (ii) Grain
refinement leads to the strengthening of the Hall–Petch relationship and the resulting yield;
and (iii) the formation of immobile dislocations through the interaction of twin boundaries
and dislocations, which contributes to work hardening.

In the corresponding grain orientation difference Figure 6b,d, it is found that from
the grain orientation difference, it can be seen that compared with room temperature, the
dislocation density at low temperature is more intense, the strain concentration is more
obvious, and the TC4 titanium alloy starts more slip systems at low temperature.

Generally, KAM (Kernel Average Misorientation) analyzes the average orientation
difference between EBSD scanning points with increased strain. It mainly reflects the lattice
deformation caused by strain accumulation [29]. Figure 6b,d show the KAM statistical
distribution of samples with 25% elongation at room and low temperatures. It can be seen
from the results that the KAM value at both temperatures reached about 5◦. The main reason
is that the amount of drawing deformation at room temperature and low temperature is
the same, so the degree of deformation accumulation has no decisive effect on the lattice
deformation. However, comparing the KAM values at two temperatures can find that the
distribution angle of KAM at room temperature is relatively high compared with that at low
temperatures. This shows that the strain accumulation caused by dislocation movement at
low temperatures is less than at room temperature. In other words, a large part of tensile
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deformation at low temperatures is caused by dislocation movement at the grain boundary,
consistent with the previous expression.
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3.5. TC4 Titanium Alloy Fracture Morphology Analysis

Scanning electron microscopy (SEM) was used to analyze the microstructure of the
front and side fractures of TC4 titanium alloy tensile specimens at room temperature and
low temperature at different temperatures at quasi-static tensile rate. The scanning results
are shown in Figure 7.
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The micro-fracture mechanism can be divided into brittle fracture, cleavage fracture
or quasi-cleavage fracture, ductile fracture, intergranular fracture, and fatigue fracture. In
Figure 7a,d, it is found that both the low temperature and room temperature side fractures
have 45◦ shear fractures, and the fracture behavior is initially determined to be a ductile
fracture. Liu Zhidan [30] studied the fracture characteristics of Ti-6Al-4V at different
temperatures and found that the fracture form from room temperature to 77 K is ductile.
Next, from the front of the fracture, Figure 7b,e represent the fracture morphology in an
extensive range, and Figure 7c,f represent the fracture morphology in a small degree. In
Figure 7b,c of the cryogenic sample, it can be found from the normal fracture that the plane
is relatively smooth, composed of some small dimples, and there are some smooth small
facets, showing the characteristics of cleavage fracture. It can also be found that the edge
part is composed of a cleavage surface. The deep pits are composed of elongated dimples
at high magnification. Figure 7e,f of the sample at room temperature can be relatively
flush when observing the large area of the front fracture. The fracture features of equiaxed
dimples are found in the small field of view in Figure 7f. The small ligament fossa is in
the middle of the large fossa, and the inside of the fossa has a river-like slip line. The
standard to the edge of the fracture has a cut edge, elongated shallow fossa, cleavage
planes [31], and torn edges. At room temperature, the fracture begins from the microporous
aggregation type of the central part to the final cleavage fracture. Overall, the port socket
is more uniform, flatter, smaller in diameter, and has a more specific directionality at low
temperatures than at room temperature.

4. Conclusions

In this study, TC4 titanium alloy was used as the research object. The microstructures
of different deformations near the fracture of tensile specimens at different temperatures
of 77 K and 298 K were analyzed. The relationship between mechanical properties and
microstructure evolution was explored, and the mechanism of its change was revealed.
EBSD technique was used to investigate the initial microstructure and tensile properties
of TC4 titanium alloy under uniaxial stress tensile test at room temperature and low
temperature. The following conclusions were obtained:

1. After low-temperature treatment, the tensile strength of TC4 alloy at room temperature
is 847.9 MPa and the engineering strain is 33.1% at the strain rate of 5 × 10−4 s−1. The
tensile strength is 1318.7 MPa and the engineering strain is 39.5% at low temperature.
The strength and toughness are in an increasing state at low temperature.

2. The grains of TC4 titanium alloy are broken and refined during the tensile process.
With the increase in strain, the local strain will first concentrate in the secondary α
grains and then crack, and the stress concentration position will shift to complete
fracture. Under the same yield stage, the stress concentration area of titanium alloy in
low-temperature deformation environment is more, and twinning behavior is more
likely to occur.

3. The micro-fractures of TC4 titanium alloy at room temperature and low temperature
show ductile fracture. The size of dimples is equiaxed. The number of dimples at
low temperature is more than that at room temperature. The depth of dimples at low
temperature is shallower and the overall performance is more even.
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