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Abstract: The 2195 aluminum alloy is widely used in cryogenic storage tanks for space vehicles,
where it can reach a temperature of 20 K. In order to explore the reasons for the increased strength
of 2195 aluminum alloys at cryogenic temperatures, uniaxial tensile tests were conducted in the
range of 20 K-298 K. Tensile fracture was observed. In addition, the microstructures under different
temperatures were observed using EBSD (electron back-scattered diffraction) and TEM (transmission
electron microscopy) techniques, and the dislocation density of the material was quantitatively char-
acterized using the modified Williamsone-Hall method based on XRD (X-ray diffraction) analysis.
The results indicated that the ultimate strength increased at an increasing rate with the temperature
decrease, while the elongation increase was insignificant. The fracture’s surface exhibited that dimple
characteristics seemed to be unapparent while the quantity of tearing ridges was enhanced by the
temperature decrease. Meanwhile, the fracture mode changed from ductile to brittle fracture. The mi-
crodeformation degree revealed by KAM images showed an aggravating trend, and the deformation
tended to be more uniform. The increasingly enhanced dislocation density quantitatively revealed by
the modified Williamsone-Hall method also proved this and that the increase in dislocations had a
similar trend to that of tensile strength, which was furtherly revealed by TEM images. This indicated
that the more regions are involved in deformation, the more dislocations are generated in the material
during deformation, resulting in an increase in strength at cryogenic temperatures.

Keywords: 2195-T8; cryogenic temperature; uniaxial tensile tests; microstructure; modified Williamsone—
Hall method

1. Introduction

Aluminum-Lithium (Al-Li) alloys have been promising materials in aviation and
military fields in recent decades. Compared to other aluminum alloys, third generation
(Gen3) Al-Li alloys have high specific strength, a specific modulus, and good weldability.
Therefore, they have been increasingly used in the main structures of aerospace vehicles,
such as airplanes, missiles, rockets, and so on [1-3]. Additionally, some Al-Li alloys have
preferential cryogenic properties, which allows them to be used under severe environments.
Therefore, the 2195 Al-Li alloy is a representative one, which has been successfully applied
to the Space Shuttle external tank [4]. Liquid oxygen (with the boiling point at a pressure
of 1 atm being 90 K) and liquid hydrogen (with the boiling point at a pressure of 1 atm
being 20 K) are the commonly used fuels for rockets. This requires the storage tank to have
excellent performance even at cryogenic temperatures.

Numerous studies on aluminum alloys in cryogenic environments found that the
strength of aluminum alloys increases with decreasing temperatures [5-11]. Wang et al. [5]
compressed 7A85 aluminum alloy forgings at room temperature and low temperatures,
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followed by solution treatment and aging. They asserted that cryogenic plastic deformation
before the solution treatment facilitated the fragmentation of large-sized second-phase
grains, leading to the massive dislocation proliferation. Zhang et al. [6] found that the
strength and elongation of 2195 O-state (annealed state) and W-state (solution treatment)
alloys increased with decreasing deformation temperatures, and that the increasing trend
of elongation of W-state alloys was more evident than that of O-state alloys. The study
by Wang et al. [9] showed that the ultimate strength, yield strength, and elongation of an
annealed 2024 aluminum alloy at 77 K increased by 83.1%, 27.1%, and 47.6%, respectively,
compared with those of the alloy annealed at 298 K. Tensile strength and elongation in-
creased exponentially with decreasing temperature. Moreover, Jiang et al. [10] investigated
the mechanical properties of Al-Mg-Sc alloys after different pretreatments through tensile
testing at 77 K-298 K. They also found that the tensile strength increased exponentially with
decreasing temperatures. They attributed the increase in strength at cryogenic temperatures
to the possibility that the cryogenic temperatures suppressed dynamic recovery during
deformation, thus increasing the dislocation density. This conclusion was made based on
the fact that they observed more dislocations in the samples after cryogenic temperature
treatment by transmission electronic microscopy. However, TEM can only observe the
microstructure in a tiny area, and this experiment only involved several temperature points,
which make it difficult to reflect the process of intensity change with temperature, especially
given the lack of research on the microstructure and properties of materials at ultra-low
temperatures. Niraj Nayan [11] studied the effects of combining and cold working and
stretching prior to aging on the mechanical properties at RT, 77 K and 20 K of an AA2195
alloy. Their results showed that the ultimate strength values increased linearly with the
temperature, which was significantly different to the finding of Wang's study [9], and the
reasons for the increase in strength were not furtherly investigated.

The commonly used methods for the quantitative analysis of dislocation density are
X-ray diffraction (XRD) and electron back-scattered diffraction (EBSD) [12]. Using the
modified Williamson-Hall method, the peak widths of the different diffraction peaks can
be correlated with the dislocation density of the material, and thus an approximate range
of the dislocation density can be deduced. This method has been widely used because of its
early and intuitive nature, and it has been widely used for the semiquantitative calculation
of dislocation density [13-15].

In summary, although there have been many studies on aluminum alloys in cryogenic
environments, these studies mainly focus on cryogenic plastic deformation processes [5-11].
The alloy states studied are mostly annealed, solution-treated, and homogenized, with less
research being conducted on aging-state aluminum alloys. However, the aging state is the
actual use state of most aluminum alloys. There are many nanoprecipitation phases in
aging-state aluminum alloys. These nanoprecipitated phases give aged aluminum alloys
higher strength and are more likely to exhibit properties at low temperatures that are
inconsistent with those of the other states [16,17]. Moreover, for most current studies, the
lowest temperature is 77 K, which is the temperature of liquid nitrogen [18,19]. There are
fewer studies on the evolution of properties and microstructure characteristics at ultralow
temperatures. With the development of the space industry, the liquid hydrogen storage
tank is increasingly widely used. Therefore, it is necessary to study the microstructure and
properties of Al-Li alloys from room temperature to cryogenic environments.

In this study, tensile experiments were performed at 20 K-298 K with a temperature
interval of 20 K, and the mechanical properties at different temperatures were identified.
Fracture observation of the samples was carried out at typical temperatures. The degree
of microzone deformation of the samples after fracture was further analyzed by electron
back-scattered diffraction (EBSD), and the dislocation density in the aluminum alloy was
quantitatively characterized by the modified Williamson-Hall method to explain the low-
temperature enhancement from the dislocation perspective.
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2. Materials and Methods

A typical Gen3 Al-Li alloy 2195 was chosen for this experiment, whose composition
was Al-3.86Cu-0.89Li-0.38Mg-0.28 Ag-0.12Zr-0.04Fe (wt. %). The alloy was supplied as a
15 mm thick plate in the T8 state. The specimens used for the tensile experiments were
taken along the rolling direction; more details about the specimens are shown in Figure 1.
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Figure 1. Illustration of specimen-processing dimensions.

The loading speed was set to 2 mm/min, due to the fact that conventional extensome-
ters cannot be used in cryogenic environments. The crossbeam displacement controlled
the deformation rate before the experiments were start, the sample had to be held at the
target temperature for 15 min. The tensile machine used for experiments in the range of
77 K to 298 K Was MTS WD-3100; the experiments in the range of 93 K to 298 K were
conducted in a cryogenic environmental chamber, where liquid nitrogen was used as the
coolant, using programmable temperature control, and the degree of precision for the
equipment was 1 K; 77 K experiments were directly immersed in liquid nitrogen, at each
temperature for three repeated experiments. The tensile machine used for experiments in
the range of 20 K to 55 K was the ETM-105D model universal stretching machine, using
mechanical refrigeration and programmable temperature control. The degree of precision
for the equipment was 0.5 K, with two repeat experiments at each temperature.

The scanning electron microscope (SEM) model used for the experiments was JEOL
JSM 7001F, and the accelerating voltage was 20~25 KV. The equipment was equipped with
an electronic backscatter diffraction (EBSD) test system for qualitative analysis of the local
strain distribution of the sample. The canning step was 1.00 microns. As shown in Figure 2,
along the stretched samples from the fracture position, samples of 5 mm, 5 mm and 0.5 mm
in length were taken in turn for the XRD, EBSD and TEM observations, respectively. The
surface of observation was perpendicular to the rolling direction.

TEM

/
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Figure 2. Illustration of sampling location for microstructure observation.

The dislocation density was calculated according to the modified Williamson-Hall
method using the full width at half maximum (FWHM) of the X-ray diffraction peak. The
equipment model was Bruker D8 Advance X with a Cu K« radiation (A = 0.15418 nm). The
working voltage was 40 kV and the current was 40 mA. The range of the incident angle was
10° to 90° at the scanning rate of 1°/min, while the canning step was 0.02°. The obtained
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data were fitted using the Lorentz function to obtain the value of the FWHM. The details of
the calculation method are described in later chapters.

The samples for EBSD were roughly ground by sandpaper, and mechanically polished,
and then they were electrolytically polished using a solution of 10% HCIO4 and 90%
CyHs0OH at 30 V for 7 s. The model of the transmission electron microscope was Tecnai
G2F20S-TWIN. The thin foils for TEM observation were initially prepared by mechanical
grinding to a thickness of 50 um, and then polished in a solution at 241 K with a twin-jet
electropolisher operating at 15 V. The solution consisted of 25% CH3;OH and 75% HNO3.

3. Results and Discussion
3.1. Mechanical Properties

Figure 3 shows the stress—engineering strain curves and mechanical properties of the
2195-T8 at different temperatures, including the yield strength (YS), the ultimate strength
(UTS), and the elongation to fracture (EL). When the temperature is above 133 K, the
ultimate strength increases slowly, and the strength increases sharply after the temperature
continues to decrease. The ultimate strength of the value at 298 K is 614 MPa. When the
temperature drops to 20 K, the value increases to 859 MPa, and the incremental percentage
is 39.9%. While the yield strength increases slowly with the decrease in temperature, the
overall curve is linear. The yield strength of the value at 298 K is 586 MPa. When the tem-
perature drops to 20 K, the value increases to 724 MPa, and the incremental percentage is
23.5%. In the range of 133 K to 298 K, the gap between ultimate strength and yield strength
is maintained at about 30 MPa; when the temperature drops below 133 K, the gap becomes
larger and larger, going up to 135 MPa at 20 K. The elongation is about 11% in the range
of 93 K-298 K, and increases to 14% after the temperature drops to 55 K. From the stress—
engineering strain curves at 33 K and 20 K, we can see the jumps in the deforming stress,
which has been termed “serrated deformation” (SD). Unlike the Portevin-Le Chatelier
effect (PLC) [18,20,21], SD has also been found in ultralow temperature tensile experiments
on pure metals, and it has been found that plastic deformation at low temperatures is often
intermittent, which is considered to be one of the most important characteristics of low
temperature plasticity [22]. Furthermore, the lower the temperature, the more severe the
sawtooth phenomenon. As shown in the figure, only slight fluctuations appear on the
stress—strain curve at 33 K, while large sawtooth oscillations appear at 20 K conditions. Pus-
tovalov [22] correlates the jumps with an avalanche-like nucleation of mobile dislocations
or with dislocation pileups breaking through barriers.

The relationship between yield stress and temperature in aluminum alloys can be
explained by the dislocation theory, in which the yield stress is equal to the sum of the
short-range and long-range resistance to the available dislocations. As the lattice thermal
vibration energy becomes smaller at low temperatures, the external force required for
dislocation movement across the potential barrier increases, i.e., the short-range resistance
(Peierls—Nabarro force) increases with the decrease in temperature; for the long-range force,
the long-range resistance does not change much with the decrease in temperature because
the external force required for dislocation climbing is not very large, so the yield strength
increases at low temperatures. After entering the plastic deformation stage, the dislocation
proliferation, slip and other behaviors are limited because of the low temperature, and the
dislocation movement is suppressed, which reduces the frequency of cross-slipping. After
entering the plastic deformation stage, the dislocation proliferation and slip are restricted
because of the low temperature, and the dislocation motion is inhibited, which reduces
the frequency of cross-slipping, so the tensile strength also increases with the decrease
in temperature. In summary, the tensile properties of the alloy increase significantly at
cryogenic temperatures.
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Figure 3. Uniaxial tensile behavior and stress-strain curves of the 2195-T8 alloy at different temperatures.

3.2. Microstructures after the Tensile Test
3.2.1. Fracture Surfaces Analyses

As can be seen from Figure 3, the ultimate strength increases at an accelerated rate
when the temperature drops below 113 K. In order to investigate the effect of temperature
on tensile properties, we chose four temperatures, 298 K, 213 K, 113 K and 20 K, for the
observation of sample fracture. The results are shown in Figure 4. It can be seen that the
fracture morphology mainly consists of dimples and tearing ribs with different lengths. At
room temperature, the fracture surface undulates, the tearing ribs are short, and there are
many dimples dispersedly distributed on the fracture surface. The fracture mode for the
sample at room temperature is ductile fracture. As the temperature decreases, the number
of dimples gradually decreases, and the tearing ribs become longer and more profound.
When the temperature is 20 K, as shown in Figure 4g h, the fracture morphology appears to
be an obvious platform while its surface is relatively smooth. Steps exist between platforms,
dimples almost disappear, and tearing ribs become deeper. At this moment, the fracture
mode is typical brittle fracture. As for the samples at 213 K and 113 K, both ductile and
brittle characteristics can be perceived and a transformation from ductile fracture to brittle
fracture is exhibited. The variability of fracture morphology for the same loading rate
and specimen size can be attributed to the decrease in deformation temperature, which
implicitly suggests that low temperatures lead to a shift in the material fracture mode from
ductile fracture to brittle fracture.

3.2.2. EBSD Analyses

In order to furtherly investigate the microstructure under various cryogenic temper-
atures, EBSD analysis was employed to reveal the details. Figure 5 shows the samples’
kernel average misorientation (KAM) at different stretching temperatures. KAM is the
most commonly used method in regional mismatch angle analysis [23,24]. It is particularly
suitable for illustrating the local strain distribution within a crystalline material after defor-
mation. In the Figure 6, the orientation difference of the first nearest neighbor is calculated.
The average KAM of the graphs a, b, ¢, and d are 0.97, 1.09, 1.24, and 1.36, respectively;
warm colors indicate more significant local strains, while cool colors indicate more minor
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ones. As the temperature decreases, the color gradually becomes warm-toned, and the
proportion of the area occupied by warm tones increases. This indicates the greater degree
of plastic deformation in the samples and that more areas are involved in the deformation.
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Figure 4. Fracture surface morphologies of 2195-T8 at different temperatures: (a,b) 298 K; (c,d) 213 K;
(e,f) 113 K; and (g,h) 20 K.
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Figure 5. KAM diagrams of fractured samples at different temperatures: (a) 298 K; (b) 213 K; (¢) 113 K;
and (d) 20 K.
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Figure 6. KAM chart of fractured samples at different temperatures: (a) 298 K; (b) 213 K; (c) 113 K;
and (d) 20 K.

For tensile testing aluminum alloys, plastic deformation is mainly accomplished by
dislocation slip. During the initial stage of deformation, different grains have different
Schmidt coefficients. Grains with high Schmidt coefficients are more likely to activate
the slip system, while the lower the Schmidt coefficient, the less likely the grains are to
slip, so plastic deformation tends to be uneven [25]. The Schmidt factor was calculated
as shown in Figure 7 and statistics of the data were shown in Figure 8, from which we
can see that the lower the temperature, the higher the Schmidt factor of the samples
after stretching, indicating greater deformation in this direction. This may be because the
movement of dislocations is suppressed when deforming at lower temperatures. The lower
the temperature, the lower the cross-slipping frequency of dislocations. Therefore, during
deformation at low temperatures, the slip of grains with higher Schmidt factors is hindered,
thus diminishing the role of Schmidt factors in plastic deformation and facilitating the
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deformation of grains with different Schmidt factors, which leads to an increase in the
Schmidt factor of deformation in a specific orientation. [26].

Figure 7. Schmid factor diagrams of fractured samples using {111} <1-10> at different temperatures:
(a) 298 K; (b) 213 K; (c) 113 K; and (d) 20 K.
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Figure 8. Schmid Factor of fractured samples at different temperatures.

3.2.3. Dislocation Density Measurements

Through EBSD analysis, we found that the material deforms more uniformly and
to a greater extent at cryogenic temperatures. At a lower deformation temperature, the
related characteristics are more obvious. However, this only gives a phenomenological
interpretation, which does not fundamentally explain the reason for the increased ultimate
strength of the material.

The strength of a metallic material is highly dependent on how the dislocations
move in the presence of external forces on the material. The more the dislocations are
obstructed in the process of movement, the stronger the material is. In actual processes, the
movement of dislocations is more complicated when plastic deformation of the material
occurs; dislocations react with each other, dislocations are constantly blocked, and the
second phase in the material hinders the movement of dislocations, thus increasing the
strength of the material [27,28]. It is more difficult for atomic motion to at cryogenic
temperatures; dislocation becomes more complex, and new dislocations are more likely to
be created under increased stress, leading to an increased dislocation density. To verify this
idea, we performed a dislocation density analysis on the postfracture sample.

Ideally, when Bragg diffraction occurs in crystals, the diffraction peak should be a
function of & and the peak width should be zero. In reality, the diffraction peak shows a
certain peak shape and is accompanied by a broadening of the diffraction peak because both
the instrument and the sample are not ideal. The peak width caused by the instrument can
be corrected by measuring the standard sample, while the peak width caused by the sample
itself depends on the grain size, microstrain caused by defects such as dislocations, stacking
fault and twins, elemental concentration gradients, etc. [29]. The study of the peak shape of
Bragg diffraction peaks has become an important tool used to characterize defects within a
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material [13-15], and the corresponding theoretical model is needed to relate the defects
of a material to the variation in the peak shape [30,31]. The modified Williamson-Hall
method can relate the peak widths of different diffraction peaks to the dislocation density of
a material, and then derive the approximate range of the dislocation density. This method
has been widely used for the semiquantitative calculation of dislocation density because
it was proposed earlier and is intuitive and easy to understand. The formula is shown as

follows [30].
0.9

1
AK::4¥~+<05nA2W>/1f”KCV2
L
In the formula, AK = cos 0 [A(20)]/A; K = 2sinB /A, where 0 is the diffraction angle,
A(20) is the half-height width of the diffraction peak, A is the wavelength of X-rays, L is
the coherent scattering volume size; and A is a dimensionless constant and depends on
the effective outer cutoff radius of the dislocation, whose specific meaning and expression

are detailed in the literature [32]. b is the Burgers vector, and C is the average contrast
factor of dislocations on a particular crystal plane, its value being influenced by the elastic
constant of the crystal, the dislocation type, and the crystal plane index. The formula is
shown as follows.
h2k2 + K212 + W22

h2 + k2412

In the formula, £, k, and [ are the Miller factors of the diffracted crystal plane, and C
and g depend on the elastic constants C1; C1, and Cy4 of the material lattice; the detailed
expressions are given in the literature [33-35].

Figure 9 shows the XRD data of the samples after stretching at different temperature
conditions. The grain statistics of the samples after fracture at different temperatures are
shown in Figure 10, which are extracted from above EBSD observations. It is clear that
the stretching temperature has no significant effect on the grain size. Because the grain
size of the material used in this experiment is around 40 pm, we can confidently attribute
the broadening of the peak entirely to the increase in dislocation density. The density of
dislocations in the material is positively correlated with the ratio of AK?> and K*C. The
modified Williamsone-Hall Plots for the materials under various cryogenic temperatures
are obtained according to the above equation, as shown in Figure 11a. The curves shows
a good fit with the ideal linear, hence, the dislocation density can be calculated by this
method versus the ambient temperature, as shown in Figure 11b.
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Figure 9. XRD patterns of the sample after fracture at different aging temperatures.



Metals 2023, 13, 740 10 0f 13

o ‘ ‘ | | ‘ ‘ .
ool
s e

s Bt i

(a) (b) (c) (d)
Figure 10. Grain size of fractured samples at different temperatures: (a) 298 K; (b) 213 K; (c) 113 K;
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Figure 11. Modified Williamsone—Hall plots and dislocation density of the sample after fracture at
different temperatures; (a) modified Williamsone—Hall plots; (b) dislocation density.

As the temperature decreases, the dislocation densities are 2 x 104 m=—2,2.4 x 104 m~2,
3.5 x 10 m~2 and 5 x 10'* m~2, respectively. The dislocation density value at a tempera-
ture of 20 K possesses a magnitude of more than two times value than that of 298 K. It can
be seen that dislocation density varies exponentially with temperature. The trend of disloca-
tion density with temperature is consistent with the variation of intensity with temperature.

In order to investigate the evolution of dislocation density during low-temperature
stretching, we conducted experiments on the same material with different stretching
amounts. As shown in Figure 12a, after the material reached the yield, the material
was controlled to produce different deformations at different temperatures within the
fracture limit. Then, the samples were cut at the parallel section of the sample for XRD
analysis, the dislocation densities in the samples at different temperatures and different
deformation conditions were obtained by calculation, and the details were consistent
with those described previously. Figure 12b shows the dislocation density after different
deformations at different temperatures. It can be seen that when increasing the same
amount of deformation, the lower the temperature is, the more the dislocation increases,
which indicates that the lower the temperature is, the more difficult it is for deformation to
occur and the more excellent the resistance to deformation is. This is an essential reason for
the increased strength of the material at cryogenic temperatures.

3.2.4. Dislocation Structures

In order to furtherly analyze the dislocations in the sample after fracture, TEM obser-
vations were performed on the samples at the same temperatures, as shown in Figure 13.
Here we can see that high dislocation densities can be observed in the samples after fracture.
The lower the temperature, the more obvious the dislocation characteristics. Especially for
the samples at 113 K and 20 K, the dislocation distribution is quite dense. Additionally,
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we can see that the dislocations are evenly distributed in the matrix. while no obvious
dislocated cells are observed. From previous studies, it is known that the T; phase is an
important strengthening phase for the 2195 Al-Li alloy, and that it is disc-shaped, and
diffusely distributed in the aluminum matrix [16]. For the present alloy under cryogenic
temperatures, the numerous and evenly distributed dislocations make it hard for the in-
teraction between dislocations and the T; phase to occur. Meanwhile, the temperature
decrease also sets barriers for dislocation movement and the frequency of cross-slipping is
reduced. Furthermore, the increase in dislocation density with the decrease in deformation
temperature furtherly exacerbates this. Finally, the strength of the alloy is apparently
enhanced under cryogenic temperatures.
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Figure 12. Stress—strain diagram and dislocation density of the sample at different temperatures
with different deformation amounts; (a) stress—strain diagram; (b) dislocation density.

Figure 13. Bright field TEM images showing the dislocation density seen in the sample after fracture;
(a) 298 K; (b) 213 K; (c) 113 K; and (d) 20 K.
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4. Conclusions

We can obtain the following conclusions by exploring the tensile properties and
microstructure observation of the aged 2195 aluminum alloy at different temperatures.

(1) As the temperature decreases, the strength of the 2195-T8 alloy gradually increases;
the lower the temperature, the more significant the increase in strength. However,
elongation hardly changes.

(2) Dislocation cross-slipping becomes more difficult as the temperature decreases. The
increase in strength at cryogenic temperatures happens because more areas are in-
volved in the deformation and because the deformation is more uniform. As the
temperature decreases, the fracture mode gradually changes, and ductile fracture
characteristics gradually disappear.

(3) As the temperature decreases, the dislocation density follows the same trend as the
material strength, and the increase in dislocation density is an important reason for
the increase in material strength.
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