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THE EVALUATION OF RESISTANCE TO CRACKING OF Ti1l0V2Fe3Al ALLOY CHARACTERIZED BY DIFFERENT MORPHOLOGY
AND VOLUME FRACTION OF a-PHASE PRECIPITATES

The paper presents the results of the Til0V2Fe3 Al alloy crack resistance assessment using the Rice’s J-integral technique as a
function of morphology and volume fraction of a-phase precipitates. Titanium alloys characterized by the two-phase structure a + f
are an interesting alternative to classic steels with high mechanical properties. Despite the high manufacturing costs and processing
of titanium alloys, they are used in heavily loaded constructions in the acrospace industry due to its high strength to density ratio.
The literature lacks detailed data on the influence of microstructure and, in particular, the morphology of a phase precipitates on
fracture toughness in high strength titanium alloys. In the following work an attempt was made to determine the correlation between
the microstructure and resistance to cracking in the Til0V2Fe3Al alloy.
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1. Introduction

Titanium alloys are characterized by high mechanical and
good fracture toughness, comparable to high strength alloy steels
at a much lower specific gravity. They are used in the aircraft
and aerospace industries due to their high specific strength. The
microstructure and mechanical properties of titanium alloys are
strongly related to its chemical composition. High mechanical
properties are obtained in titanium alloys with a £ and (a + f)
microstructure, which are stabilized by alloying additives such
as 'V, Fe, Nb [1-4]. Til0V2Fe3Al is a metastable f-alloy. In this
alloy, the shape and volume fraction of a-phase precipitates can
be controlled by the temperature and time of heating [5-7]. It has
been observed that with the participation of the o phase, below
50% the phenomenon of stress-induced martensite (SIM) [5-6,
8-9] is revealed.

Titanium alloys designed for aircraft constructions should
have high resistance to cracking. A particularly dangerous phe-
nomenon is the formation of low and high cycle fatigue cracks.
This problem has been well described in the literature [10-14].
Another extremely important aspect is the quantitative estima-
tion of fracture toughness. This problem is dealt with by fracture
mechanics [15]. This problem is widely described for the classic
Ti6Al4V alloy [16-18]. In the case of the Til0V2Fe3Al alloy,
there are few papers on the fracture toughness assessment using
classical fracture mechanics [19-21].

For the basic techniques to assess fracture toughness, we
include the stress intensity factor K;. determined in a plane

strain, Rice’s J-integral J;, and the critical value of the crack-
tip opening displacement CTOD. For materials with relatively
high toughness, the best approach to assessing crack resistance
is to use the Rice’s J-integral. In the presented work, the Rice’s
J-integral method was adopted as the criterion for assessing
fracture toughness as determined by the susceptibility technique
in accordance with ASTM E-399.

2. Experimental procedure

The Til0V2Fe3Al alloy provided in the form of a forging
was used for the tests. The chemical composition is shown in
Table 1. The beta transformation temperature was 828°C [5].
The heat treatment of the alloy was carried out in a Nabertherm
P330 tubular furnace under an argon shield. Two heat treatment
schemes were used. The first diagram (8 + (a + f)) consisted of
pre-heating to 900 °C at a speed of 10 K/min and annealing for
20 minutes. The samples were then cooled with the furnace at
a speed of 10 K/min to 700°C and annealing for 15 and 60 min-
utes followed by cooling in water. The second scheme (a + f5)
consisted of heating at a speed of 10 K/min to a temperature

TABLE 1
Chemical composition of Til0V2Fe3Al alloy

Material \Y Al Fe (0] N C Ti
Til0V2Fe3Al 9.9 2.9 1.9 | 0.13 |10.007 [0.002 | Bal.
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of 700°C and annealing for 5 min, the next sample was heated
to 775°C with annealing for 120 min with subsequent cooling
in water. The samples prepared in this way were subjected to
microscopic tests, stereological analysis, mechanical properties,
fracture toughness and fractography observations.

Observations of the microstructure were performed using
scanning electron microscope JOEL JSM5510LV. Metallo-
graphic samples were polished with 6 and 1 pm diamond pastes
and then chemically etched in a solution of 10 ml HNO; +
20 ml HF + 20 ml glycerine. The volume fraction of the a-phase
was determined using Image J software with a total analysis
field of 1 mm? Hardness measurements were carried out us-
ing the Vickers method at 30 kg load, performing 10 indents
and determining the average. A static tensile test was carried
out on a MTS Criterion Model 43 testing machine at ambient
temperature. Cylindrical samples with a diameter of 5 mm and
a measuring length of 25 mm were used for the tests. To as-
sess the cracking resistance using the Rice’s J-integral method,
a susceptibility method was used to determine J;. using one
sample. The test was carried out on 12 mm wide compact sam-
ples with a previously performed fatigue crack. The procedure
was carried out according to ASTM E-399. In order to control
the development of pre-cracking, the surfaces of the samples
were polished. The pre-cracking process was performed on an
Instron 8511.20 pulsation testing machine using a pulse load
of 100 Hz. The MTS Criterion Model 43 testing machine was
used for the tests. The development of fatigue cracks and break-
throughs was performed on the scanning electron microscope
JOEL JSM5510LV.

3. Results

3.1. Microstructure

The purpose of the heat treatment was to create a micro-
structure with different morphology and volume fraction of the
o phase in the analysed titanium alloy, table 2. The material
was delivered in the form of forgings with deformed bimodal
structure [5]. The first scheme led to recrystallization of the
deformed S phase grains. Annealing above the S-transformation
caused dissolution of the alpha phases. Subsequent cooling
below the S-transition led to the initiation of o phase precipita-

X1.8008 188m

20KV X1,0888  18nm . 28KU

a) b)

tion from the supersaturated f solid solution that formed the
acicular precipitates, Fig. 1a and b. After annealing at 700°C for
15 minutes, the volume fraction of « phase at the level 0f9.1%,
was obtained Fig. 1a. Extending the soaking time to 60 min led
to an increase of alpha phase volume fraction to 62.1%, Fig. 1b.
The use of the second scheme, where the soaking process was
carried out below the f-transformation temperature, resulted in
a different morphology of the precipitates. Annealing at 700°C
for 5 min led to obtaining globular precipitations of the a phase
with a volume fraction of 62.1%. The results shows that extend-
ing the time of annealing doesn’t change the volume fraction
of a phase but leads to a change in the shape of precipitates
from globular to elongated [5,6]. In order to reduce the volume
fraction of a phase, the heating temperature was increased to
775°C and the soaking time to 120 min. This allowed obtaining
globular precipitations of the o phase with a volume fraction
of 15.4%.

TABLE 2

The volume fraction of phase as a function of heat treatment

Morphology and volume

Heat treatment .
fraction of a phase
1 900°C+700°C/ 15 min. acicular: 9.1%
2 900°C+700°C/ 60 min. acicular: 62.1%
3 775°C/ 120 min. globular: 15.4%
4 700°C/ 5 min. globular: 58.5%

3.2. Mechanical properties

The mechanical properties results are summarized in Ta-
ble 3. Hardness measurements didn’t reveal any significant dif-
ferences in the analysed structures. The highest hardness of 292
HYV was observed for the sample after annealing in accordance
with scheme II (a + f) at 700°C for 5 min. The lowest hardness
level of 273 HV was obtained in scheme II (o + f) after annealing
at 775°C for 120 min. The analysis of stretching curves revealed
the occurrence of the phenomenon of martensitic transforma-
tion induced by plastic deformation, Fig. 2 and 3. The SIM was
observed after annealing at 1 and 2 heat treatment. The highest
mechanical properties were observed in the case of the sample
annealing at 700°C for 5 min. The yield strength (YS) was 845
MPa, tensile strength (UTS) 899 MPa at an extension of 15.9%.

-

Fig. 1. SEM micrographs of specimen with different heat treatment: a) acicular a phase in # matrix (900°C+700°C/15 min), b) acicular a phase
in £ matrix (900°C+700°C/60 min), ¢) globular a phase in £ matrix (775°C/120 min), d) globular a phase in § matrix (700°C/5 min)
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TABLE 3
Mechanical properties of titanium Ti-10V-2Fe-3 Al alloy after different heat treatments
VS /YS Hardness
Heat treatment 0.2" ' ©025IM UTS, [MPa] Elongation [%] Standard
[MPa] HV30 o
deviation
. 454

1 900°C+700°C/15 min 700¥ 880 19.0 288 6.05

2 900°C+700°C/60 min 772 820 12.2 289 6.61

3 775°C/ 120 min 851633* 881 17.8 273 4.03

4 700°C/ 5 min 845 899 15.9 292 7.12
* — the second yield strength.
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Fig. 2. Stress-strain curves for samples with globular alpha phase as a
function of heat treatment. The graph shows the method of determining
SIM triggering stress and the second yield stress

The lowest strength and elongation was obtained in the 2 heat
treatment. The Y'S was 772 MPa, UTS 820 MPa and elongation
12.2%. The highest elongation was obtained in the 900°C+700°C
scheme after annealing for 15 min and amounted to 9.1%.

3.3. Mechanical fracture

The Rice integral criterion using the susceptibility method
was used to assess fracture toughness. The analysis of the de-
velopment of fatigue cracks revealed that in the case of particles
of the a phase in a globular form, it runs between the particles,
Fig. 4c and d. A different mechanism was observed for the
acicular particles. The process of fatigue cracking proceeded
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Fig. 3. Stress-strain curves for samples with acicular alpha phase as a
function of heat treatment. The graph shows the method of determining
SIM triggering stress and the second yield stress

between particles as well as particles. At the same time, there
was a tendency to change the direction of crack growth after
crossing the barrier, in the form of acicular particles, Fig. 4a
and b.

The susceptibility method used to determine fracture
toughness is based on cyclic unloaded compact samples. In this
way, a characteristic course of the graph is obtained as shown
in Fig. 5. On the basis of the value of energy absorbed by the
sample, the value of potential energy change in the fracture area
was determined, whereas the value of the crack growth was
determined on the basis of the change in the angle of inclination
of subsequent strains. As a result, a graphical dependence of the
potential energy change J in the crack growth function Da was
obtained, as shown in Figure 6.

c)

Fig. 4. Propagation of fatigue cracks in the microstructure after heat treatment: a) 900°C+700°C/15 min, b) 900°C+700°C/60 min, ¢) 775°C/

120 min, d) 700°C/ 5 min.
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Fig. 5. Diagram of force dependence as a function of crack opening
for tested samples

The value of the critical J-integral of Rice’s (J;.), was de-
fined as the point of intersection of the curve R with the blunt line
shifted to the value of 0.2 mm, Fig. 6. On the basis of the defined
critical value of the J, the critical plane strain fracture toughness
K. was determined, table 4. The results obtained are summarized
in Table 4. It was observed that the highest cracking resistance
was found in the sample after annealing in accordance with 2 heat
treatment and it was .J;. = 156 kJ/m? and K;. = 114 MPa m™'2,
The lowest crack resistance was characterized by the sample
after annealing at 775 °C for 120 min. The fracture toughness
values were 55 kJ/m? and 82 MPa m™"/2, respectively.

Fractographic observations of samples after Rice’s integral
revealed that in all analysed fractures, characteristic microvoids
are visible, showing that the cracking was ductile, Fig. 7.
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Fig. 6. The determination of the critical value J;. for the heat treatment 900°+700°C 60 min.

TABLE 4
Results of resistance to cracking as a function of heat treatment
. . ., Critical plane strain fracture .
Heat treatment Critical J-mti%;ﬁ:zm Rice’s - Jp, toughness — K Volume fra(E:c)l/o]n of a phase

MPa m™/2 0

1 900°C+700°C/15 min. 97 96 9.1

2 900°C+700°C/60 min. 156 114 62.1

3 775°C/120 min. 55 82 15.4

4 700°C/ 5 min. 122 100 58.5

.
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Fig. 7. Topography of fractures of samples after the study of Rice’s integral: a) 900°C+700°C/15 min, b) 900°C+700°C/60 min, c¢) 775°C/120

min, d) 700°C/5 min.



4, Discussion

The applied heat treatment made it possible to obtain differ-
ent morphology and volume fraction of & phase in TilOV2Fe3Al
alloy. The increase in the volume fraction of alpha phase led
to an increase in hardness. With the participation of the alpha
phase below 16%, the occurrence of martensitic transformation
induced by plastic strain was observed, Fig. 2 and 3, which was
confirmed in the works [2,5-6].

The SIM phenomenon slightly improves the durability,
measured during the tensile test. The best combinations of me-
chanical properties were obtained in scheme II after annealing
at 700°C for 5 min. With the volume fraction of the globular a
phase 58.5%, yield strengths were found at 845 MPa and UTS
at 899 MPa, with an elongation of 15.9%.

It was observed that higher mechanical properties were
obtained in samples with globular o phase particles. The reason
for this is probably the morphology of a particles that have
aregular globular shape and are evenly distributed in the matrix.
The lower strength in 1 and 2 heat treatment should be explained
by the presence of the a phase in the form of acicular. Probably
during plastic deformation, the needle-like a precipitates cracks
brittle which may cause nucleation of microcracks that weaken
the material.

The increase in ductility of the material is one of the ways
to improve fracture toughness. Phenomena such as phase trans-
formation, occurrence of the second phase in the matrix may
also contribute to the improvement of fracture toughness. In the
analysed alloy it was observed that the crack resistance measured
by Rice J-integral is the highest for the sample characterized by
the highest volume fraction of the acicular a phase. The value
156 kJ/m? was obtained after annealing according to 2 heat
treatment where the volume of acicular phase was 62.1%. The
lowest crack resistance of 55 kJ/m” was recorded in the structure
characterized by globular precipitation of the a phase and the
volume of 15.4%.

The lower resistance to cracking of samples with the phe-
nomenon of SIM was interesting. It was assumed that martensitic
transformation induced by plastic deformation, occurring on the
forehead of the fracture, will constitute an additional energy
contribution leading to an increase in resistance to cracking.
In TRIP (Transformation-Induced Plasticity) steel, martensitic
transformation induced by plastic deformation, occurring be-
fore breakage, is associated with local increase of compressive
stresses which inhibits crack propagation [22]. In titanium al-
loys, martensitic transformation is an ineffective mechanism of
strengthening compared to steel, hence probably its low impact
on the crack inhibition process in the tested Til0V2Fe3 Al alloy.

Higher resistance to cracking of the microstructure with
a high proportion of particles a phase can be explained by block-
ing the propagation of the crack by acicular precipitates. This
mechanism is based on a change in the direction of crack propa-
gation, which in turn leads to an increase in cracking energy. This
phenomenon was observed in the case of the development of
fatigue cracks, Fig. 4a and b, where a change in the direction of
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crack propagation at the matrix-needle interface of the a phase
was observed. It seems to have a beneficial effect on the inhibi-
tion of crack propagation in the vicinity of sharp failure

An increase in the volume fraction of acicular alpha phase
caused a decrease in ductility in a static tensile test. The decohe-
sion process in this test is related to the nucleation of microvoids
around the precipitates, their growth and coalescence. As ob-
served in [7], the crack nucleation process in the tested titanium
alloy depends on the orientation of secondary precipitates to the
direction of the load. When the particles of the acicular alpha
phase are orientated perpendicularly to the load direction, this
leads to local concentration of stresses and acceleration of the
nucleation and propagation of the crack.

High resistance to cracking in all analysed structures was
confirmed by observations of the topography of fractures ob-
tained after the Rice’a J-integral samples. The fractures of the
observed samples were of a ductility nature. It was observed that
samples with the highest Jic value showed features of greater
plastic deformability. This is evidenced by stronger warp defor-
mation in the areas of microvoids, Fig. 7b and d.

5. Conclusions

1. The applied heat treatment allowed to obtain different mor-
phology and volume fraction of a phase in Til0V2Fe3Al
alloy.

2. The highest mechanical properties were obtained for the
alloy with globular particles with a volume fraction of
58.5%.

3. The highest resistance to cracking was characterized by
microstructure with acicular particles with a volume frac-
tion of 62.1%.

4. There was no effect of the SIM transformation on the
increase of resistance to cracking. The lowest resistance
to cracking was found in samples with the lowest volume
fraction of the a phase.
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