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Abstract: The roles of microstructure in plastic deformation and crack growth mechanisms of a
titanium alloy with a trimodal microstructure have been systematically investigated. The results
show that thick intragranular o lath and a small number of equiaxed « phases avoid the nucleation
of cracks at the grain boundary, resulting in branching and fluctuation of cracks. Based on electron
back-scattered diffraction, the strain partition and plastic deformation ahead of the crack tip were
observed and analyzed in detail. Due to the toughening effect of the softer equiaxed o phase at the
grain boundary, crack arresting and blunting are prevalent, improving the crack growth resistance
and generating a relatively superior fracture toughness performance. These results indicate that a
small amount of large globular « phases is beneficial to increase the crack propagation resistance and,
thus, a good combination of mechanical property is obtained in the trimodal microstructure.
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1. Introduction

Due to their high strength, good corrosion and fatigue resistance, titanium alloys have been
extensively used for aerospace engineering [1,2]. During applications in the aircraft industry, two typical
microstructures of bimodal microstructure and lamellar microstructure are widely used for titanium
alloys [2,3]. Generally, the crack growth resistance is significantly influenced by the volume fraction
and size of the equiaxed « phase as well as the grain boundary [4-6] in bimodal microstructures
and equiaxed microstructures. The propagation of microvoids can be restricted by softer coarse o
particles [7]. For titanium alloys, this is significantly strengthened by the fine secondary « phase [3,8];
crack growth is mainly affected by the thickness of the lamellar o phase, grain boundary « (GB «)
and the « colony size of the lamellar microstructure [4,9]. High fracture toughness could be achieved
in a lamellar microstructure with large « plates and the finest lamellar spacing [10-12]. It has been
reported [11,13,14] that « plates are an effective microstructure unit for controlling fracture toughness
as they can effectively deflect the crack propagation path. In conclusion, the fracture toughness of
titanium alloy is extremely sensitive to microstructural parameters, such as the prior 3 grain size,
a morphology, the width of the grain boundary of « phase and « laths and so on. It has been found
that the lamellar shape of « phase promotes high toughness, while an equiaxed o« phase results in
low toughness; however, the ductility is degraded with the lamellar « phase and improved with the
equiaxed « phase [15]. Due to these contradictions, the microstructure that has high fracture toughness
may lead to an unsatisfactory decrease in other properties.
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Recently, a new type of microstructure, named “trimodal microstructure”, has been reported.
This microstructure contains a primary globular « phase, a lamellar o phase and a transformed
 matrix (Birans: secondary « phase and (3 phase) [16,17]. Hosseini et al. [18] found that the
excellent comprehensive mechanical properties of the trimodal microstructure are achieved when
compared with the widmanstatten microstructure and bimodal microstructure. However, there is little
investigation of the deformation behavior ahead of the crack tip, crack formation and crack growth
in the trimodal microstructure during loading. Especially in the two-phase titanium alloy with high
strength and toughness.

Therefore, in this work, research on the plastic deformation ahead of the crack tip as well as
on the detailed essential relationship between microstructure and crack propagation behavior of the
Ti-6Al-25n-2Zr-3Mo-1Cr-2Nb-0.15i titanium alloy with the trimodal microstructure was carried out
systematically. The present results can be applied to predict the microstructural features that are
required to obtain the desired mechanical properties.

2. Experimental Program

The initial titanium alloy was supplied by the Northwest Institute for Non-ferrous Metals Research
of China. The ingot with diameter of 450-500 mm was obtained after 3 vacuum-consumable electric
arc smelting processes. Subsequently, forging was performed more than a dozen times on the ingot
and then the bar with a diameter of about 350 mm was obtained after forging. The titanium alloy
was finally forged in a two-phase region of 30-50 °C (lower than the phase transition point), and it
was then strengthened with a solution and aging treatment. Vacuum smelting can remove defects
and obtain component uniformity. The chemical composition (wt.%) of H and O was 0.001% and
0.075%. The content of C was low than 0.005%. In present work, the phase transition temperature (Tf3)
was determined by the metallographic method with continuous heating. The « to 3 transformation
temperature was about 945 + 5 °C. Firstly, these samples were heated at 930 °C for 2 h and then air
cooled. Several primary equiaxed « grains (o) were retained and some « laths with 0.5 to 1 um
in width were obtained during this process. Then, the low temperature aging at 600 °C for 4 h
was performed and cooled by air to room temperature. This process was performed to obtain the
secondary « precipitation from the residual 3 matrix. Consequently, a tri-modal microstructure (TM)
was developed consisting of an intermixture of primary equiaxed « grains (), « lath () and a
transformed {3 matrix (secondary o phase (o) in the 3 matrix). A plate-shaped tensile specimen (width:
6 mm; thickness: 2 mm; gage length: 15 mm) was determined according to the national standard of
the People’s Republic of China (GB/T 228-2010) and performed on INSTRON 1195 Testing Machine
(INSTRON, Boston, MA, USA). At least three individual tests were carried out to increase the accuracy
of the tensile property. The compact tensile specimens with a size of 25 mm X 60 mm X 62.5 mm were
used in the present work. After the corresponding heat treatment, the specimens with a notch of a “V”
shape were machined into the compact tensile specimens. Firstly, a prefabricated crack of 2 mm in
length was carried out on MTS 810 machines with sinusoidal waveforms at room temperature (a stress
ratio of R = 0.1). The tensile test was carried out on the Instron 5895 testing machine (INSTRON, Boston,
MA, USA). Three specimens were carried out to increase the accuracy of Kjc. Finally, scanning electron
microscopy (SEM, HITACHI SU6600, Tokyo, Japan) were applied to observe the fractographic surface
and analyze the crack growth behavior. The microstructures were etched by a corrosion solution of
HF:HNO3:H,O = 1:2:5. The microstructures ahead of the crack tip were investigated in detail using a
field emission gun SEM (Carl Zeiss Microscopy GmbH 73447, Carl Zeiss AG, Jena, Germany) equipped
with an electron backscattered diffraction (EBSD) system.
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3. Results

3.1. Microstructures before Deformation

Figure 1 displays the SEM microstructural features before deformation of the TM. The TM contains
three different « morphologies, namely, the equiaxed primary « phase («p), the lamellar « phase (o)
and the acicular secondary « phase («s), as shown in Figure 1a. A few «; are located at the prior 3
grain boundary. Figure 1b displays the magnified image of the morphology of &; and «s in the Birans
matrix, as indicated by the blue box. The grain size, volume fraction and aspect for op are about
5.9 um, 5.0% and 1.5, respectively. The thickness for &) and s is about 554 nm and 133 nm, respectively.
The volume fraction for oy and the Birans matrix is about 32.0% and 62.0%, respectively.

Figure 1. The SEM features of the trimodal microstructure (TM) before deformation: (a) three different o
morphologies, namely, the primary equiaxed « phase («p), the lamellar « phase () and the secondary
o phase(xs); (b) the morphology of o and s in the Brans matrix.

3.2. Mechanical Properties of the Alloy with a TM

The tensile engineering stress—strain curves at room temperature of the TM are shown in Figure 2a,
which indicates that the average value of yield strength, tensile strength and elongation of the TM are
about 1067 MPa, 1186 MPa and 12.1%, respectively. Figure 2b displays the force-displacement curve.
The fracture toughness of the TM is approximately 62 MPa-m'/? and is significantly higher than the
bimodal microstructure and bi-lamellar microstructure [19], which indicates that a small number of the
equiaxed primary o« phases are beneficial to the improvement of fracture toughness. The mechanical
properties and the error of these measurements are listed in Table 1. It can be concluded that a good
comprehensive mechanical property is achieved for the TM in the present work, which has been
reported in other studies [16,18].
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Figure 2. The comparison of mechanical properties of the TM and BLM: (a) the engineering stress—strain
curves; (b) the force-disposition curves.



Metals 2020, 10, 1058 40f11

Table 1. The mechanical properties of the bimodal microstructure and bi-lamellar microstructure.

Microstructures Yield Tensile Elongation/% Fracture
Strength/MPa Strength/MPa & ®  Toughness/MPa-m"?2
™ 1067 + 24 1186 + 4 121+1 62+1

3.3. Fractographic Analyses and the Crack Propagation Behavior

The characteristics of fracture surfaces will provide important information to clarify the fracture
mechanism during the failure process. To reveal the influence of the microstructure on the fracture
mechanisms, the samples with different combinations of o phase were opted for the fracture analysis.
Fracture morphology of the TM is shown in Figure 3. As can be seen, the fracture surface could be
clearly separated into two apparent zones the: crack source zone and crack growth zone (Figure 3a).
To further observe the detailed information regarding the fracture surface, some local fractographs of
the TM were obtained, as shown in Figure 3.

Figure 3. The SEM morphological characteristics of the fracture toughness of the TM fractures: (a) the
transition region from fatigue crack to tensile crack propagation, (b) tear ridges and secondary cracks,
(c) large fracture steps with a zig-zag fracture pattern, (d) big dimples surrounded by ridges.

The fracture surface of the TM is characterized by a high amount of ductile tearing ridges and
secondary cracks resulting in transgranular crack propagation of the whole crack propagation region,
which indicates a dimple-type fracture (ductile fracture), as shown in Figure 3a,b. The large number of
tearing ridges that appear on the fracture surface and the fibrous zones imply a transgranular fracture
(Figure 3b), which has previously been reported in titanium alloy [3,20]. The fracture toughness can be
improved by the tearing ridges, which indicates that the higher the number of ridges, the higher the
achievable K¢ of the titanium alloy [21]. Furthermore, a large amplitude of fracture steps with zig-zag
fracture patterns are present in the crack propagation region (Figure 3c), which indicates that the crack
alters direction and causes crack bifurcation, zigzagging and formation of secondary cracks, that is,
much more fracture energy is consumed [22,23]. Thus, it can be concluded that the considerable steps
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were induced by large crack deviation. Figure 3d exhibits a significant number of inhomogeneous and
deep ductile dimples and microvoids, which reveals that the fracture is caused by the typical ductile
mechanism of microvoid nucleation, growth, and coalescence [24].

It has been reported that the fracture toughness was mainly affected by the tortuosity of the crack
path and plastic deformation ahead of the crack tip [25]. In general, the improvement in tortuosity and
plasticity is beneficial to the process of enhancing the fracture toughness of material [26]. The crack
front profiles of the fractured specimen of TM are shown in Figure 4. Figure 4a is the main crack
propagation path of the TM. The letters b, ¢, d and e denote the regions that are selected for detailed
observation and analysis. The larger deflection and bifurcation of the crack with the local regions
are achieved, as shown in Figure 4b, and the fluctuation of the crack can be up to 60 pm. Due to the
existence of the equiaxed « phase at the grain boundary, the main crack does not further propagate
along the (3 grain boundary, but changes the direction of propagation away from the GB, even though
some microcracks initiate at the equiaxed « interface in front of the crack tip (Figure 4c). This result
indicates that the equiaxed o phase at the GB could be the obstacle to the crack growth and lead to
branching of the crack of about 90 pm in length. Figure 4d displays the characteristics of the secondary
crack initiation near the main crack. It is suggested that although the crack is created at the grain
boundary, it connects with the interface crack of intragranular « laths, thus avoiding the propagation
along the  grain boundary. It has been reported that cracks tend to grow by passing through rather
than cutting the thick o lath [15]. This can be further illustrated by Figure 4e, in which the crack mainly
propagates along the long axis of the o laths. Additionally, it deviates from the grain boundary with
an angle of 58° when it encounters the equiaxed « phase located at the GB (Figure 4e), which improves
the crack growth resistance and is beneficial to improving the fracture toughness of the microstructure.
These results indicate that a small amount of equiaxed primary « phases located at the grain boundary
is instrumental in the deflection and bifurcation of the main crack propagation.

Figure 5a shows that the interface between the primary « lath and the 3¢rans matrix is the preferable
location for crack creation. Cracks mainly form at the « lath interface and propagate along the long
axis of the primary o lath, forming cracks related to the orientation of the primary o lath. The width of
the primary « lath in the TM is almost equal to the thickness of the grain boundary «, and there are a
small number of equiaxed « phases with large sizes at the 3 grain boundary, as shown in Figure 5b.
Figure 5¢,d (c and d regions in Figure 5b) represent the plastic deformation behavior of the primary
equiaxed « phase at the GB and trimodal (3 grain boundaries, respectively. The equiaxed o phase at the
f grain boundary is relatively soft, and reaches yielding first, producing abundant of slip bands. It has
been reported that the multi-slip bands with different orientation are preferably created in the equiaxed
primary o phase [27,28]. Cracks easily grew along the slip bands in the equiaxed o phase, because the
slip bands provided a low energy channel for crack propagation [29]. As displayed in Figure 5c¢, there is
a certain intersection angle of about 70 degrees between the slip bands in the equiaxed « phase and the
direction of the (3 grain boundary. It changes the propagation direction away from the GB, as the main
crack propagation encounters the equiaxed o phase because the slip band is not parallel to the 3 grain
boundary. This result can be validated by Figure 4e. Excellent plastic deformation of the equiaxed
o phase results in the blunting effect at the GB, which reduces the crack growth rate [30]. Figure 5d
shows that the dislocation slip band occurs both in the GB « phase and the primary « lath, that is,
the plastic deformation is not only confined to the GB « phase. At the trimodal 3 grain boundary,
the plastic deformation takes place both at the GB « and the primary o phase near the grain boundary
simultaneously, which reduces the local plastic deformation at the grain boundary, making the strain
distribution near the grain boundary more uniform, and reducing the strain concentration at 3 grain
boundary to some extent.

Figure 6 shows the plastic deformation and strain distribution in front of the main crack. Three (3
grains named grain 1, grain 2, and grain 3 are observed in Figure 6a. Several primary o, particles
are located at the grain boundary, such as Xpl, Kp2, Xp3, Cps, and op7 (Figure 6a). Two oy colonies
are observed (named colonyl and colony2). From the inverse pole figure (IPF) map of the « phase,
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the crystal orientations of op1 to o7 are (=13 -21), (-4.11 -70), (17 -8 —6), (=12 -10), (17 -80),
(=13 —20) and (=12 -1 —1), respectively (the direction is perpendicular to the surface). This indicates
that the anisotropy displays between these o, particles. It displays the IPF map of the 3 grains in
Figure 6c, which shows that the crystal orientation for grain 1, grain 2 and grain 3 is (315), (435) and
(546), respectively. The Schmid factors of basal slip for op1 to a7 are 0.3,0.11, 0.25, 0.14, 0.36 and 0.5,
respectively, while value of colonyl and colony?2 is 0.43 and 0.44, respectively (Figure 6d). However,
relatively higher Schmid factor values of prismatic slip of the «y, particles are observed in Figure 6e,
except for oy, with 0.01 and o7 with 0.25. Additionally, the Schmid factor values for colony1 and
colony?2 are 0.34 and 0.31, respectively. Figure 6f shows the strain distribution ahead of the crack
tip, which indicates that the plastic strain is relatively inhomogeneous and forms a partition with
the p grain interior instead of concentrating at the grain boundary. Even if slightly higher strain
concentration is observed at the boundaries of colonyl and colony2 in Figure 6f, this strain partition
effect effectively avoids the crack initiation and propagation at the grain boundary. Thus, the crack
initiation and propagation mainly happens at the boundaries of o colonies within the 3 grains, as can
be seen in Figure 5a.

Figure 4. The crack front profiles of the fractured specimen of TM: (a) the propagation path of the
main crack; (b) high fluctuation of about 60 um of the propagation path is observed in microregion,
(c) the crack initiates from the «;, interface but not connects with the main crack, which indicates that
ap inhibits the crack growth along the GB; (d) although the crack forms at the GB, it propagates into
the grain interior through connecting with the microcrack in «j, (e) the main cracks propagate along
the grain boundaries and deviate from grain boundaries with about 58° when encounter oq and oy,
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Figure 5. The plastic deformation and crack initiation behavior of the TM: (a) the crack initiates in oy;
(b) the equiaxed alpha phase (o) in the 3 GB; (c) the multi-slip bands in the globular « phase, (d) the
dislocation slip bands occur both in the GB « phase and «; the plastic deformation is not confined to
the GB « phase.
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Figure 6. The plastic deformation and strain distribution in front of the main crack: (a) the o, particles
located at the grain boundary; (b) the inverse pole figure (IPF) map of the « phase; (c) the IPF map of
the 3 phase; (d) the Schmid factor of basal slip of the « phase; (e) the Schmid factor of prismatic slip of
the « phase; (f) the strain distribution near the grain boundary.

4. Discussion

The main difference of trimodal microstructure is that it contains a small amount of primary
equiaxed « phases (about 5% in volume fraction) besides the primary o lath and the Pans matrix.
As Chan [30] reported, the softer equiaxed « phase can preferentially coordinate plastic incompatibility
and cause blunting of cracks to achieve toughening. Consequently, a certain strain can be produced in
the adjoin matrix, and the strain distribution near the grain boundary is more uniform and does not
cause the formation of microcracks on the adjacent grain boundary or phase boundary, thus improving
the fracture toughness. This can be seen in Figure 5, which shows that the plastic deformation is not
only confined to the GB « phase, but occurs both in the «;, phase and the neighbor primary « lath.
Based on EBSD, the strain partition within the grain interior that could reduce the stress concentration
at the grain boundary to some extent was observed (Figure 6f).

Due to the thick oy phase (32.0% in volume fraction), cracks nucleated mainly at the «; phase
within the grain interior in the trimodal microstructure instead of at the 3 grain boundary, which was
different with the lamellar microstructure or widmannstatten microstructure [31], as shown in Figure 5a.
Furthermore, it has been reported that cracks are both deviated and arrested when they reached an
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o phase unfavorably oriented for prismatic slip in a two-phase titanium alloy [32]. As can be seen
in Figure 6e, a very low Schmid factor value of approximately 0.01 of prismatic slip was obtained in
the primary o,» phases. It seems that crack arresting and crack path deviation will happen when the
crack tip encounters these unfavorably oriented phases. Retardation of the crack growth occurs due
to the crack arresting and deviation, as it requires more energy to expand the crack to a lower stress
position, subsequently improving the crack propagation resistance of the trimodal microstructure.
As the crack continues to grow, the crack tip tends to stop propagation, blunting or deviate from the
grain boundary when it penetrates the equiaxed « phase, as shown in Figure 4c,e. Crack propagation
will deflect along the long axis direction of the primary « lath or the direction of slip bands within the
equiaxed primary o phase at the grain boundary, avoiding propagation along the 3 grain boundary
and promoting the transgranular fracture. It can be seen that a high fluctuation (up to 90 pm) of the
crack path is observed in the microregion of the TM, which increases the flexibility of crack growth
and enhances the resistance of crack growth (Figure 4c).

Moreover, although the width of the GB « in the TM is about 640 nm, it displays a distinct
characteristic of discontinuous and zig-zag features as marked by the blue dotted lines in Figure 7a.
The width and continuity of the GB « can significantly influence the fracture toughness [33].
Researchers have reported that the thicker and continuous GB « would lead to a preferable crack
propagation path and induce a detrimental influence on the fracture toughness [4,22]. However,
the crack propagation is much more difficult to pass through the discontinuous grain boundary «,
which is beneficial to the heightening of fracture toughness [14,33]. In contrast, in the widmannstatten
microstructure, because of the lack of toughening effect of the primary equiaxed o« phase, cracks are
easy to initiate at grain boundaries and propagate along the 3 grain boundary, which results in low
plasticity [31]. According to the present experiments and theoretical analysis, the schematic diagram is
carried out to illustrate the effect of x morphology on the crack nucleation and growth behavior of
titanium alloy, as shown in Figure 7b. It indicates that the crack mainly initiates at the primary « lath
(1), and it avoids the initiation of the crack at the 3 grain boundary. Cracks will change the direction
of propagation when they encounter the equiaxed o, phase at the 3 grain boundary, which leads to a
tortuous crack growth path. This study can provide theoretical support to tailor the microstructure
and the mechanical properties of titanium alloys that contain both the & and 3 phase. For instance,
a small number of equiaxed primary « phases are needed if high ductility and fracture toughness are
required. It also indicates that a large primary equiaxed « phase is not always detrimental to fracture
toughness. If the appropriate amount of the equiaxed ay, phase is obtained, the fracture toughness of
the trimodal or bimodal microstructure may be higher than that of the lamellar microstructure.

(b) Crack growth: Difficult

B grain boundary

O/ N\
5 )

Single slip bands
Shear bands Deviation away from GB

Figure 7. The features of the grain boundary « phase and the schematic diagram of crack growth
behavior: (a) the discontinuous and “zig-zag” GB « phase, (b) the crack mainly initiates at o, and it will
change the direction of propagation when it encounters the equiaxed « phase at the 3 grain boundary,
which leads to an intergranular fracture.
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5. Conclusions

The plastic deformation and crack propagation behavior of the titanium alloy with a trimodal
microstructure were systematically investigated during fracture toughness tests. According to the
present work, the following conclusions are drawn: A higher fracture toughness of 62 MPa-m'? is
obtained for the trimodal microstructure, which offers a preferable combination of strength (1186 MPa)
and ductility (12.1%). In addition to dimples, a large number of tearing edges and secondary cracks are
produced in the trimodal microstructure, showing transgranular fracture characteristics. The coarser
and longer intragranular « lath and a small number of equiaxed x phases, as well as the discontinuous
GB «, lead to a high number of branches and fluctuation of the cracks. Because of the toughening effect
of the softer phase at the GB, the equiaxed « phase can preferentially coordinate plastic incompatibility
and cause arresting and blunting of cracks, which improves the crack growth resistance in the trimodal
microstructure. These results indicate that a small amount of the primary globular « phases located at
the grain boundary will be good for improving the resistance to crack propagation. The present work
can provide a theoretical support to tailor the microstructure and mechanical properties of titanium
alloys in the future.
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