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Based on the extracted results of the continuous tension loading-unloading
testing, and observations of the corresponding cracks and fracture surfaces for
the high-Niobium-Titanium-Aluminum alloys, both tensile damage and fracture
mechanism were systematically studied. From the acquired results, it was
demonstrated that the continuous tension loading-unloading did not affect the
elastic modulus of the alloy. However, it decreased in fracture stress, fracture
strain, and fracture work per unit area, and increased in irreversible strain. This
result shows that the irreversible strain is notmainly caused by the volume effect of
microcracks, but by the plastic strain of the materials. Although the density of the
micro-cracks produced by multi-loading and unloading was small, most of the
micro-cracks were concentrated on a certain section area, which results in an
obvious area effect caused by the damage of the microcrack. In addition, the
further propagation of the main crack under lower re-loading stress was not
caused by the application of higher normal stress but by the residual tensile stress,
which depends on the deterioration of the material at the crack tip during the
unloading process of the alloy. These small amounts of microcracks are usually
concentrated on the cross-sectional area, and the area effect caused by the
microcracks damage is also obvious, which leads to a reduction of the fracture
performance. Therefore, the area effect ultimately induces a decrease in fracture
stress.
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Introduction

High Nb-TiAl alloys have excellent high-temperature mechanical properties with low
densities, and they are regarded as the best candidate materials for the turbine blades used in
gas turbines and aircraft engines (Lin et al., 2011; Imayev et al., 2021). The addition of Nb can
significantly improve the creep and oxidation resistance of TiAl alloys (Ding et al., 2018).
Compared with conventional Titanium alloys, the density of TiAl alloys is about 15% lower.
Nevertheless, the high-temperature tolerance of the high Nb-TiAl alloys is twice that of the
conventional titanium alloys (Wang et al., 2020a; Wang et al., 2020b; LIN et al., 2022).
Moreover, compared with the traditional Nickel-based superalloys, the mass of the high Nb-
TiAl alloys with the same volume is smaller than half in the temperature range of
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600°C–850°C (CAO et al., 2018). High Nb-TiAl alloys have also
many comparative advantages, such as low density, high specific
strength, good toughness, and good creep resistance. Thus, they are
considered potential materials for replacing Titanium alloys and
Nickel-base super alloys for aerospace applications (Bewlay et al.,
2016; Guyon et al., 2016). However, the application of TiAl-based
alloys is restricted due to their poor ductility at room temperature
and intrinsic brittleness as an intermetallic compound.

The addition of Nb may improve the mechanical properties and
ductility of the TiAl-based alloys at room temperature by refining
the grains, whereas a trace quantity of boron may also improve the
ductility of the TiAl-based alloys (Hu et al., 2012; Vorobjova et al.,
2020). Therefore, TiAl-based alloys are considered a new generation
of materials with broad development prospects in the field of
aerospace.

At present, there are many works in the literature on the damage
and fracture of TiAl-based alloys under static loading (Lin et al., 2014;
Cui et al., 2016; Xu et al., 2019). Along these lines, Makoto Hasegawa
found that the deformation constraints at grains play major roles in
the local damage behaviour of the TiAl-based alloys (Hasegawa et al.,
2019). The TiAl possesses high tensile strength and good tensile
elongation due to the anomalous strengthening behaviour of the
intermetallic layers, as well as the presence of the multilayer interfaces
(Shen et al., 2018; Gong et al., 2021a; Schnabel and Scheider, 2021; Yu
et al., 2022). The crack initiation and propagation are directly related
to the applied load, deflection, and acoustic emission events, while the
crack tends to propagate along the precipitated phases and the
lamellar interface (Feng et al., 2017; Lapin et al., 2018; Wang et al.,
2018). J. Lapin found the important influence of coarse carbide
particles on the crack initiation and propagation mechanism of the
high Nb-TiAl alloys and the residual strains (Lapin et al., 2019).
Additionally, various factors for improving the crack tip plasticity and
fracture toughness were investigated (Appel et al., 2018). A
combination of the microscopic toughening mechanisms including
crack deflection, shear ligaments, plasticity, and microcracking
significantly contributes to the toughness of the TiAl-based alloys
(Liu et al., 2017; Sun et al., 2018; Zhu et al., 2018).

However, the impact of micro-damage and macro-properties of
the TiAl-based alloys change after performing repeated loading and
unloading has been scarcely reported in the literature. Besides, it is
not clear how exactly the damage in the previous stage affects the
damage in the subsequent stage. Under this direction in this work,
the underlying damage mechanism of the high Nb-TiAl alloys was
further studied by performing continuous tension and unloading
experiments, which provides a solid theoretical basis for the design

and application of engineering components composed of high Nb-
TiAl alloys.

Materials and methods

The high Nb-TiAl alloy that was used in this experiment was
formed after 1 h of vacuum heat treatment of less than 0.1 Pa at the
temperature value of 1,300°C and cooled with furnace. Its chemical
composition is shown in Table 1.

The plate specimens that were cut by using the CKX-2AJ wire
electrical discharge machine (WEDM) are shown in Figure 1.
The length of the specimens in Figure 1 is 70 mm, the width is
10 mm, and the thickness is 2 mm. All samples have undergone
mechanical polishing and surface inspection to ensure that there
are no cracks or other defects on the surface before conducting
tensile testing on the specimens. Microstructure of the high Nb-
TiAl alloy is shown in Figure 2. A number of short rods of boride
cross the lamellae can be seen (Kartavykh et al., 2014; Li et al.,
2018; Huo et al., 2023). Under the room temperature and load-
controlled loading mode, the specimens were unloaded under
different applied stress values on the INSTRON-1341 test
machine, which is manufactured by American Instron
Engineering Corporation and then were unloaded under the
pre-specified load. By gradually increasing the unloaded stresses,
after repeating the tension and unloading processes many times,
the specimen was finally tensile fracture.

The load-displacement curves during loading and unloading
were automatically recorded by the testing machine. After the
application of the same continuous tension, the other batch of
specimens does not break the specimens in the final stage.
However, the specimens were unloaded under the corresponding
load in the final unloading stage. Then, the surface and internal
structures of the specimens unloaded under different loads were
observed by using an JSM6700F scanning electron microscope
(SEM), which is manufactured by Japan Electronics Co., Ltd.
From the acquired images, it was proven that the surface and
internal cracks determine the damage parameters, whereas the

FIGURE 1
Shape of the continuous tensile and unloading specimens (The unit is mm).

TABLE 1 Chemical compositions of the high Nb-TiAl alloys.

C&E Al Nb Hf Si B Ti

wt% 44 8.0 2.0 0.2 1.0 Bal

Note: C&E, Chemical element; wt%, Weight percent; Bal, Banlance.
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impact of the damage parameters on the final mechanical properties
of the material was also thoroughly investigated.

The fracture morphology of the specimen after tension unloading
was observed by SEM imaging, and the initial and final fractured parts
were determined during the preloading procedure. The area along the

surface and the river grain were systematically analysed. At the same
time, this area was associated and analysed by taking into account the
fracture morphology and the surface crack.

Results and discussion

Data analysis of the continuous tensile
unloading test for the high Nb-TiAl alloys

The macroscopic experimental results of the multiple tension and
unloading process obtained in this experiment are shown in Tables 2, 3.
The crack densities (π) in Table 3 were obtained by observing the SEM of
the sample surface during the loading-unloading process, as shown in
Figure 3, and counting the number of cracks on each sample surface.
Whereas some correspondingmacroscopic curves are depicted inFigure 4.

Figure 4A illustrates the stress-strain curves of the specimen
SN04 after stretching to 41.78 MPa, 81.75 MPa, 159.76 MPa,
324.21 MPa, and continuously loading-unloading- loading until
breaking. As can be observed, the tensile and unloading paths
coincide basically when the specimen undergoes unloading stress
before the value of 159.76 MPa, indicating that no obvious
irreversible strain exists. At this time, there is also no obvious
change in the fracture stress of the specimen. When specimen
SN04 is stretched to the value of 324.21 MPa, a small irreversible
strain is observed, and the fracture stress begins to show a
decreasing trend. Figure 4B displays the stress-strain curve of

FIGURE 2
Microstructure of the high Nb-TiAl alloy.

TABLE 2 Results of the continuous tension and unloading test for the high Nb-TiAl alloys.

No. Se/㎜2 σui/MPa σf/MPa

σu1 σu2 σu3 σu4 σu5 σu5
SN01 3.98*1.88 40.96 549.72

SN02 4.02*1.95 40.14 80.19 535.29

SN03 4.00*2.01 39.89 79.25 160.36 517.74

SN04 3.96*1.92 41.87 81.75 159.76 324.21 513.88

SN05 4.02*1.98 40.93 80.53 160.43 321.45 401.32 482.64

SN06 4.00*1.99 41.43 80.72 161.77 320.94 395.20 442.23 467.03

Note: No, Specimen number; Se, Effective area of original cross-section in the specimen’s ligament; σui, Unloading stress, and ‘i’ is the order of unloading; σf, Fracture stress.

TABLE 3 Analysis of the cracks in the high Nb-TiAl alloys after continuous tension and unloading.

No. Se/㎜2 σui/MPa π/(strip/㎜2)

σu1 σu2 σu3 σu4 σu5 σu6
SN07 4.04*1.96 40.65 12.76

SN08 4.00*1.92 41.28 80.23 17.23

SN09 4.04*1.94 39.86 81.49 160.25 26.52

SN10 4.00*1.92 41.74 80.35 161.62 319.45 32.86

SN11 3.98*2.00 40.15 79.27 160.55 320.73 402.61 28.75

SN12 4.02*1.94 41.33 80.84 159.54 319.03 393.14 436.04 30.68

Note: No, Specimen number; Se, Effective area of original cross-section in the specimen’s ligament; σui, Unloading stress, and ‘i’ is the order of unloading; π, crack fracture density.
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the sample SN06 after performing the same continuously
stretching and unloading of the sample SN04 by stretching to
the value of 442.23 MPa and unloading, and then stretching to the
fracture. Figure 4B depicts that the irreversible strain occurs when
the specimen is unloaded after stretching to the value of
442.23 MPa, and the residual strain after the unloading process
is about 0.001, at which time the fracture stress is decreased
significantly. Figure 4C presents the stress-strain curve of the
sample SN10 after enforcing the strain values of 41.72 MPa,

80.35 MPa, 161.62 MPa, and continuous tension unloading
process and then unloading at the strain value of 319.45 MPa.
Figure 4D shows the stress-strain curve of the specimen
SN12 unloaded at the values of 436.04 MPa after the
implementation of the 41.33 MPa, 80.84 MPa, 159.54 MPa,
319.03 MPa, 393.14 MPa stress loads, and then the continuous
tensile unloading process was applied. As can be observed from
Figures 4C, D, if a microcrack occurs in the material, it will not
propagate under small stress values but will propagate only when it

FIGURE 3
Surface of the high Nb-TiAl alloy tensile-unloaded specimens: (A) sample SN11 at 320.73 MPa, (B) sample SN12 at 319.03 MPa.

FIGURE 4
Stress-strain curve of the continuous tension loading and unloading of samples SN04 (A), SN06 (B), SN10 (C), and SN12 (D).
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is stretched to the unloading stress. The cracks generated before
unloading will not propagate during their unloading process. Only
after unloading to zero and reloading to the unloading stress can
the crack further propagate. At this point, the crack will be longer
than when it was first loaded to the unloading stress. This situation
can be observed during the tensile test.

By combining the extracted outcomes reported inTables 2, 3; Figure 4,
it was found that the elastic modulus of the TiAl-based alloy remained
unchanged regardless of the application of numerous tension and
unloading cycles. The fracture stress, fracture strain, and fracture work
per unit area hardly changed before the unloading stress was below the
value of 159.76MPa.When the unloading stress was higher than the value
of 159.76MPa, these macro-performance indicators decreased
significantly. Hence, it can be argued that the material will not be

damaged until a certain unloading stress value is reached (CAO, 2006;
CAO, 2020).On top of that, the damage does not affect the elasticmodulus
of the material (Li et al., 2004; Bonora et al., 2011).

Fracture surfaces analysis of the high Nb-
TiAl alloy continuous tension unloading
specimens

The micro-crack characteristics of the TiAl-based alloy under
the application of continuous tension and unloading are shown in
Figure 5, whereas the calculation of the number of micro-cracks is
shown in Table 3. The B, C, D, and E in Figure 5A correspond to the
four figures in Figures 5B–E. Figure 5 depicts that most of the

FIGURE 5
Sample surface and fracture surface of the high Nb-TiAl alloy tensile-unloaded: (A~E) sample SN10 at 319.45 MPa, (F) fracture surface of the sample
SN12.
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microcracks initiate and propagate along the inter-lamellar
direction, as shown in Figures 5B, E. The size of the microcracks
is also closely related to the size of the layer clusters, and the
generated microcracks by stretching are also related to the
direction of the inter-lamellar and stretching axes, as shown in
Figure 5A. The origins of this effect are associated with the fact that
normal stress is considered the main driving force for the initiation
and expansion of a microcrack in the material, while the inter-
lamellar strength is much lower than that of the trans-lamellar
strength.

Previous reports in the literature have found that the crack
initiation and propagation processes are not only dependent on
the relative orientation of the layer and the stretching axis but also
can be affected by the grain boundary orientation (Zhang et al.,
2020; Gong et al., 2021b; Guo et al., 2022; Peng et al., 2023).
Therefore, after unloading under different loading stress values,
most of the observed microcracks were inter-lamellar cracks, as
shown in Figure 5C. As far as the plate tension specimens are
concerned, because the stress was basically uniform in the range of
the gauge, the crack initiation will take place in the most
advantageous weak inter-lamellar crack, which is the area
where the applied stress is easiest to reach the stress of the
crack initiation. Thus, when the applied loading stress is
relatively small, a large number of inter-lamellar cracks will be
observed, as shown in Figures 5B, C, E.

With the increase in the unloading stress, a small number of
trans-lamellar cracks will appear, as shown in Figure 5D. Finally, the
specimen will fracture when the applied stress is reached, where
most trans-lamellar cracks appear, as shown in Figure 5F. As can be
seen from Table 3; Figure 5, the number of cracks does not increase
with the increase of the unloading stress, and the length of the cracks
does not increase with the increase of unloading stress.

The composition analysis was conducted on the position of the
fracture zone in the middle of the sample arc, and the XRD diffraction
pattern is shown in Figure 6. In the fracture zone rich in boride, the
main components are TiAl, Ti3Al, and TiB, and other components
are not highlighted in the XRD diffraction pattern due to low content.
According to the crystal orientation and microstructure of boride, the
elongated microstructure in Figure 5 is TiB. Most boride were
distributed along the tensile axis at the boundary of the cluster,
that is, perpendicular to the normal stress direction, which had a
certain blocking effect on the crack growth and played a toughening
role to a certain extent. This result proves that with the increase in the
unloading stress, no damage increasing trend was found in using
microcracks to characterize material damage.

Figure 7 illustrates the fracture morphology of the sample
SN04 after performing loading-unloading cycles. More
specifically, Figure 7A shows that a crack initiation area
appeared on the left side of the fracture surface, whereas the
enlargement of these surfaces is shown in Figure 7B. This area

FIGURE 6
XRD pattern of SN12 tensile-unloaded specimen.
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is composed of many small inter-lamellar surfaces, where no
obvious river pattern can be detected. When the specimen is
loaded to a high stress, a Griffiths crack source of a certain size
is first generated at the weak internal structure of a material near its
maximum stress section, and then quickly propagates towards
multiple favorable orientations, inducing cleavage fracture of the
entire sample, as shown in Figure 8.

Some inter-lamellar surfaces were generated during the
implementation of the loading process before the fracture. From left to
right, the whole specimen presents several cleavage planes with obvious

river pattern trend, as shown in Figure 7C, which were formed when the
crack passed through the residual section of the specimen at the final
fracture. The orientation of the river pattern in Figure 7C is basically
consistent with the fracture direction shown in Figure 8. On the entire
fracture surface, the main surface is trans-lamellar fracture, with only a
small portion of the inter-lamellar fracture surface being found, as shown
in Figure 7D. The red area in the bottom left corner of Figure 8 is the
initiation zone, the thick blue line is the main fracture path, and the thin
blue line is the secondary fracture path. Therefore, the non-directional
inter-lamellar surfaces and the directional cleavage surfaces on the fracture
surface can be qualitatively regarded as the main criterion for crack
formation during the loading-unloading cycles or at the final fracture.

As can be ascertained fromFigures 5–7, after the loading, unloading
and reloading processes, the material’s modulus of elasticity on the
stress-strain curve of tensile fracture has not changed, and no decrease
was observed. This outcome indicates that the volume effect caused by
microcrack damage is not obvious since the increased rate of the applied
stress remains basically unchanged when the specimen is continuously
loaded. Additionally, at a relatively fast loading rate, there is not enough
time for the formation of microcracks. In the high Nb-TiAl alloys, the
surface density of microcracks becomes bigger with the increase of the
stress during the loading-unloading process, but the trend is not
obvious. The grain size of the whole layer structure of these
materials is also smaller, which limits the volume effect caused by
the generation microcracks. At the same time, because the stress of the
whole plate material is basically uniform, the generated micro-cracks
are closely related to the orientation of the layer and the grain size.

FIGURE 7
Fracture surface of the high Nb-TiAl alloy specimen SN04 in the tensile: (A) full view of fracture surface, (B) crack initiation area, (C) river pattern and
fracture direction, and (D) trans-lamellar fracture and inter-lamellar fracture surface.

FIGURE 8
Fracture process of the high Nb-TiAl alloys tensile specimen.

Frontiers in Materials frontiersin.org07

Zhong and Lin 10.3389/fmats.2023.1214873

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1214873


Hence, there is no trend that the micro-cracks increase obviously with
the increase of the unloading stress.

Microcracks sometimes do not appear before the final fracture in
the continuous tension loading-unloading of the high Nb-TiAl alloys.
Therefore, no obvious drop curve in the stress-strain curve is
recorded. In this case, the difference in the number and length of
the microcracks caused by the implementation of the different
preloading and different loading processes cannot be compensated
in the final loading process. This result shows that different preloading
and different loading processes have some impact on fracture stress.
For the plate tension test, somemicro-cracks were firstly generated on
the weakest surface under the application of a small load, and micro-
cracks were continuously generated with continuous tension.

When the applied stress reached a certain level, the density of
microcracks will be increased obviously, and many microcracks will
appear on one of the weak surfaces. This result indicates that the area
effect caused by the micro-crack damage of the high Nb-TiAl-based
alloy is obvious.With the increase in the applied stress, themicro-cracks
on the weak surface will connect with each other, while brittle fracture
will occur at the same time. Therefore, the fracture morphology only
shows some inter-lamellar and trans-lamellar surface, and the early
cracking takes place generally in a small inter-lamellar surfaces. Of
course, there will be a few obvious river patterns on the final fracture
surface. However, the proportion of the river pattern area is very small.

In the future, studies on the influence of damage of this material
on its engineering service life can be carried out. It was suggested to
strengthen the safety and reliability analysis of its materials for
practical application. Under the condition of ensuring certain
reliability, it is suggested to expand the application of this
material in relevant industrial fields.

Conclusion

From the analysis of the continuous cyclic loading-unloading
test of the high Nb-TiAl alloy, it deeply studied the damage
evolution process of the material, and improved the theory of
fracture mechanics. Some main conclusions were as follows:

1) The volume effect caused by microcrack damage was not
obvious, and the area effect caused by microcrack damage was
very obvious. Although the density of the micro-cracks produced
by multi-loading and unloading was small, most of the micro-
cracks were concentrated on a certain section area, which results
in an obvious area effect caused by themicro-crack damage of the
high Nb-TiAl-based alloy. This leads to a decrease in the fracture
properties. The test indicated that the area effect ultimately leads
to a decrease in the fracture stress.

2) The volume effect caused by microcrack damage was not obvious.
This result shows that the irreversible strain is not mainly caused
by the volume effect of microcracks, but by the plastic strain of the
materials, i.e., the irreversible strain during loading-unloading-
reloading including a large number of plastic strains and a small
number of strains caused by microcracks. The fracture stress of the
high Nb-TiAl alloy decreased after conducting repeated cyclic
loading and larger unloading stress cycles, and the fracture strain
and fracture work per unit area began to decrease, while the
irreversible strain gradually increased.

3) It was demonstrated that the elastic modulus of the material is not
affected by performing repeated tensile loading-unloading cycles.

4) Boride have a certain blocking effect on the crack growth and
play a toughening role to a certain extent.

5) The further propagation of the main crack is not caused by the
application of higher normal stress but by the residual tensile
stress under the lower re-loading stress of the high Nb-TiAl
alloy. Therefore, the further propagation of the main crack
under lower re-loading stress strongly depends on the
deterioration of the material at the crack tip during the
unloading process.
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