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Abstract: Ti-5Al1-25n-2Zr-4Mo-4Cr (Til7) is used extensively in turbine engines, where fracture
toughness and fatigue crack growth (FCG) resistance are important properties. However, most
research on the alloy was mainly focused on deformation behavior and microstructural evolution,
and there have been few studies to examine the effect of microstructure on the properties. Accordingly,
the present work studied the influences of the microstructure types (bimodal and lamellar) on the
mechanical properties of Til7 alloy, including fracture toughness, FCG resistance and tensile property.
In addition, the fracture modes associated with different microstructures were also analyzed via the
observation of the fracture surface. The results found that the lamellar microstructure had a much
higher fracture toughness and superior resistance to FCG. These results were discussed in terms of
the tortuous crack path and the intrinsic microstructural contributions.

Keywords: titanium alloys; microstructure; fracture toughness; fatigue crack growth behavior

1. Introduction

With the continuing desire to make engines with a high thrust-to-weight advantage, titanium
alloys are the metals of choice for the gas turbine engine [1], where fracture toughness and resistance
against fatigue failure are important properties. The optimized mechanical properties of titanium
alloys can be achieved via controlling the microstructure. For example, Nalla et al. found that
Ti-6Al-4V with a coarse lamellar microstructure had superior toughness while FCG (fatigue crack
growth) behavior in large cracks was compared with a finer bimodal microstructure [2]. Verdhan et al.
also found that Ti-6Al-2Zr-1.5Mo-1.5V with lamellar and acicular microstructures had lower FCG rates
than that with the bimodal microstructure [3]. In general, three microstructures can be obtained in
(o + B) and B titanium alloys: equiaxed, lamellar, and bimodal, which can be obtained by different
thermomechanical processing [4]. The first is the result of a recrystallization process after minimal
plastic deformation. The second one can be attained by an annealing process above the 3-transus
temperature (Tg) with subsequent cooling to the (« + 3) phase. The third is the result of the annealing
of a sufficiently plastically deformed (« + ) titanium alloy below the T [5].

As a replacement for the conventionally used o + {3 titanium alloys in high-strength airframe
and jet engine structural parts, 3 titanium alloys have attracted a great deal of interest recently.
Take Ti-5A1-25n-2Zr-4Mo-4Cr (Ti17), for example: due to its higher strength level as compared to the
typical « + 3 Ti-6Al-4V alloy [6-8], the alloy has been favored as a jet engine compressor and has
attracted more attention in recent times [6—16]. Luo et al. conducted isothermal compression tests
on Til7 alloy and observed the microstructural evolution [11]. Wang et al. studied the grain growth
kinetics of Til7 alloys in the (3 phase [12]. Teixeira et al. investigated the transformation kinetics and
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microstructural evolution of Til7 titanium alloy during continuous cooling [13]. Tarin et al. assessed
the ultimate tensile strength, yield strength and elongation of Til7 alloy [14]. Xu et al. studied the
effect of globularization behavior of the lamellar alpha on the tensile properties of Til7 alloy and found
that there are linear relationships between tensile properties and the globularization fraction [15].
Moshier et al. investigated the load history effects on the fatigue crack growth threshold of Til7
alloy [16]. Shi et al. studied the effects of lamellar features on the fracture toughness of Til7 titanium
alloy and found that the microstructure with long and thick needle-like « platelets had higher fracture
toughness and strength than that with short rod-like o platelets [9]. It can be found that the previous
research on Til7 alloy was mainly focused on deformation behavior and microstructural evolution.
However, there have been few studies to examine the effects of microstructure on fracture toughness
and FCG behavior.

Thus, in this paper, the influences of the microstructural types (bimodal and lamellar) on the
mechanical properties of Til7 alloy were investigated, including yield stress, ductility, and fracture
toughness as well as FCG properties. To investigate the fracture mode, the fracture surfaces of
specimens after tests were observed by scanning electron microscopy (SEM).

2. Materials and Methods

The material used in this study is Til7 alloy, whose chemical composition is detailed in Table 1.

Table 1. Chemical composition of Til7 (wt. %).

Element Al Sn Zr Mo Cr Fe C N H (0] Ti
wt. %  5.01 1.98 2.02 4.15 4.33 0.30 0.05 0.05 0.0125 0.09 Balance

To obtain two different microstructures of interest, materials were subjected to o« + 3 and
processing route respectively. In o + 3 process, Til7 alloys as received condition were hot forged in the
o + (3 phase field at 850 °C, followed by air cooling to room temperature. Subsequently, the materials
were recrystallized in the « + 3 phase field at 870 °C for 1 h to adjust a low volume fraction of the
primary « phase (o), followed by air cooling to room temperature. Finally, materials were aged 8 h at
580 °C to precipitate fine secondary « (xs). In 3 process, as received materials were first & + 3 forged at
850 °C and then heated to 920 °C into the {3 phase field to coarsen the (3 grain structure for 1 h, followed
by air cooling. At last, these materials were aged at 580 °C for 8 h to precipitate &s. The microstructures
of the o + 3 and 5 processed were observed by SEM on an Apollo 300 (Camscan, Cambridge, UK)
and they are illustrated in Figure 1. It is obvious that the material of the « + 3 processed exhibits the
bimodal microstructure, and that 3 processed yields the lamellar one.

Secondaty o

(a) (b)

Figure 1. Microstructure of Til7: (a) bimodal; (b) lamellar.
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The quasi-static tensile tests were conducted at room temperature and in the laboratory
air environment using a fully automated, closed-loop servo-hydraulic machine (INSTRON 8801).
The specimens were made of a dog-bone shape (Figure 2a) and deformed to failure at a constant strain
rate of 1073-s~1. These tests yielded basic mechanical properties such as yield strength, tensile strength
and ductility.
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Figure 2. Specimens for (a) tensile; (b) fracture toughness and fatigue crack growth tests.

Fatigue and fracture toughness measurements were also carried out using the servo-hydraulic
testing machine INSTRON 8801 and performed at room temperature. Mode I fracture toughness tests
were performed using three-point (3P) bending specimens, with the geometry as described in Figure 2b.
The specimens were loaded according to the standard three-point bending method gripped all along
their width and fatigue precracks were initiated to a depth of 8§ mm. Subsequently, monotonic loading
was applied to the specimen until the crack propagated catastrophically to fracture. Further calculation
details of fracture toughness were according to the B57448-1:1991 standards. Fatigue crack growth
experiments were conducted on the same specimens, in according with ASTM E647-93 standard.
FCG experiments were carried out on with a frequency of 6 Hz under constants tress ratio R = 0.1 and
the fatigue crack length (2) was monitored using compliance method.

For a given variant, three specimens were tested and the average values of the mechanical
properties were determined. In addition to mechanical testing, the fracture surfaces of the failed
specimens with different microstructures were examined by SEM to determine the macroscopic
fracture mode and mechanisms.

3. Results and Discussion

3.1. Tensile Properties

The average values of the tensile properties of the tested specimens are summarized in
Table 2, including yield strength (YS), ultimate tensile strength (US) and percentage elongation (A%).
The values listed are an average of three tests. It can be found that the bimodal microstructure has
a slightly increasing strength and higher plasticity than the lamellar one, indicative of a comparable
tensile strength and a higher ductility of the former. The tensile ductility of x-f3 titanium alloys is
mainly determined by two parameters, crack nucleation resistance and crack propagation resistance,
and the former is the dominating parameter. Gungor et al. pointed out that colony boundaries and
« at prior 3 grain boundaries served as void nucleation sites [17]. Thus, the increasing volume of
op phases in the bimodal microstructure decreased the slip length and initiated more sites of void
nucleation, leading to the higher ductility.

Table 2. Mechanical properties of Til7 alloy with bimodal and lamellar structure.

Specimens US/MPa YS/MPa A/% CTOD/um

Bimodal structure 1220 1165 13 12
Lamellar structure 1205 1150 9.8 68
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Representative fractographs of the tensile specimens are shown in Figure 3, which reveal the
specific role played by the microstructural effects on strength and ductility properties. As Figure 3a
depicted, some randomly distributed ductile dimples in globular shapes cover the transgranular
fracture regions, suggesting locally ductile failure occurred in the bimodal microstructure. In the
case of the lamellar microstructure, the fracture surface was similar to the counterpart of the bimodal
microstructure, i.e., some elongated dimples in the center of Figure 3b could also be noted. However,
the dimples were smaller than in the former, corresponding to the lower value of percentage
elongation. Assisting with the features observation of the fracture surfaces, it can be concluded
that the ductile failure mechanism governed the tensile response of Til7 alloy with both bimodal and
lamellar microstructures.

@) (b)

Figure 3. Tensile fracture surfaces of Til7: (a) bimodal; (b) lamellar.

3.2. Fracture Toughness

A preliminary calculation revealed that, for the specimen size considered in these investigations,
a valid plane strain fracture toughness, Kjc, could not be obtained. Hence, the crack tip opening
displacement (CTOD), at the onset of crack initiation, was chosen as the critical fracture toughness
of specimens. The average CTOD values were also enumerated in Table 2 and each value listed is
an average of three tests. It can be observed that the lamellar microstructure exhibits higher fracture
toughness as compared with the bimodal microstructure. Therefore, from the point of the damage
tolerance design concept, titanium alloy with a lamellar microstructure is more significant than that
with a bimodal microstructure, which is in agreement with the previous report [18].

Representative SEM micrographs depicting the fracture surfaces of bimodal and lamellar
microstructures are shown in Figure 4. It is evident that fracture surfaces of both were covered
with dense dimples. Crack propagated in ductile mode, which was also found in Reference [7].
However, some big differences between the two microstructures were observed. On one hand, the
dimples on the fracture surfaces shown in Figure 4a are obviously bigger and deeper than those shown
in Figure 4b. This indicates that the bimodal microstructure has higher plasticity than the lamellar
microstructure, which is consistent with the tensile results shown in Table 2. On the other hand, the
fracture surface of the lamellar microstructure is characterized by secondary cracks and a big fracture
step, which increases the toughness.

Previous investigations found that there was a positive correlation between the crack path length
and the fracture toughness [7,19,20]. Therefore, the crack path geometry has to be taken into account as
a parameter responsible for the different fracture toughness. As depicted in Figure 5 (the nominal crack
propagation direction is indicated by the arrow), bimodal and lamellar microstructures both fractured
in tortuous paths during the fracture process, but the lamellar microstructure displays a more tortuous
and deflected crack path than the former. Such increased crack-path tortuosity is a major contributor to
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the higher toughness of the lamellar microstructure. The tortuous and deflected crack path consumed
much more energy than the flat one, leading to the higher fracture toughness. Cracks grew along a
more tortuous and deflected crack path in lamellar microstructures, which over-compensated the lower
ductility, resulting in the higher fracture toughness. The tortuous and deflected crack path was related
with the more discontinuous o precipitates at the grain boundary. Therefore, it can be concluded that
the long and thick o platelets in the lamellar microstructure can realize a good combination of fracture
toughness and strength.

@ o (b)

Figure 5. Metallographic profile of the crack path in Til7: (a) bimodal; (b) lamellar.

3.3. Fatigue Crack Growth Behavior

The variation in FCG rates in bimodal and lamellar microstructures is presented in Figure 6.

The fracture mechanics based on the Paris Power equation, given below, were used to analyze the
experimental results.

da/dN = C(AK)" 1)

where da/dN is the FCG rate, AK is the stress intensity factor range, and the exponent “m” and
coefficient “C” are the slope and the intercept of the line on the log-log plot respectively, and both
are constant.
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Figure 6. FCG behavior of bimodal and lamellar microstructures.

The Paris Power law relations (in units of mm/cycle, MPam?!/2) of bimodal and lamellar

microstructures are shown as follows.

da

N 1.54 x 108 x (AK)*®*(Bimodal structure) 2)
jTL\Z] = 1.14 x 108 x (AK)***(Lamellar structure) 3)

Although the differences are not large, in the lamellar structure, FCG rates (da/dN) were
consistently lower and the threshold is higher than that in the bimodal microstructure. Thus, the
lamellar structure clearly provides superior FCG resistance compared to the bimodal structure, which
can primarily be traced to the increased tortuosity in the crack path in the lamellar structure. As shown
in Figure 7, the crack path in the bimodal microstructure is straight, but it appears more deflected in
the lamellar microstructure (the nominal crack propagation direction is indicated by the arrow).

(b)

Figure 7. A typical crack profile observed for the (a) bimodal and (b) lamellar microstructure.

The tortuous crack path in the lamellar structure resulted in a far rougher fracture surface,
as shown by the SEM in Figure 8a,b for bimodal and lamellar structures, respectively. Typical fatigue
striations and secondary cracks were observed on both fracture surfaces. However, the fracture surface
of the lamellar microstructure is much rougher than that of the bimodal microstructure. In addition,
there are more microscopic cracks detected in Figure 8b. Due to the tortuous nature of the cracks, the
lamellar microstructure had a higher FCG resistance than the bimodal microstructure, which was also
observed in the FCG behavior of a near-« Ti alloy [3].
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(b)

Figure 8. Fracture topography of Til7 in Regime II of FCG: (a) bimodal; (b) lamellar.

The different damage modes are consistent with the microstructures. As Nalla et al. found,
the crack paths in titanium alloys were strongly influenced by the orientation of neighboring
colonies [2]. In the present study, the lamellar microstructure had big colonies of lath « and f3,
which acted as an effective slip barrier to prevent the transmission of slip to neighboring colonies.
The cracks changed direction when they crossed the boundary between colonies. Thus, they caused
crack branching and secondary crack creation. The occurrence of secondary cracking effectively
reduced the local crack tip driving force due to the redistribution of stresses [21], resulting in the lower
FCG rates of the lamellar microstructure. In the case of the bimodal microstructure, there were no
obvious colonies and the fatigue crack grew in a straight way, resulting in a relatively higher FCG rate
than the lamellar microstructure.

4. Conclusions

Based on the study of the mechanical properties of Til7 alloys with bimodal and lamellar
microstructure, the following conclusions can be made:

(1) The lamellar microstructure showed a superior fracture toughness over the bimodal structure,
which was associated with the intrinsic microstructural contributions and tortuous crack path.

(2) The lamellar microstructure had a higher threshold stress intensity factor and a greater FCG
resistance than the bimodal microstructure.
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Abbreviations

The following abbreviations are used in this manuscript:

o Hexagonal phase in titanium alloys

B Body-centered cubic phase in titanium alloys
Tg Beta-transus temperature

a Crack length

C,m Parameters of the Paris-Erdogan equation
da/dN Fatigue crack growth rate

AK Cyclic stress intensity factor

N Number of cycles
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