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Abstract: The anisotropy of tensile properties and fracture toughness of Ti—6Al—4V (Ti64) alloy fabricated by S
forging was investigated. In order to evaluate anisotropic mechanical properties, the microstructure and crystallographic
texture of billets with different orientations were characterized, and the influence of sampling direction on tensile
properties and fracture toughness was studied. The results reveal that the prior f grains of Ti64 billet display
pan-cake-type characteristics. At room temperature, the alloy is mainly composed of o phase, and several o phase
variants produced by f—a phase transformation decrease the o texture intensity. The anisotropy of mechanical
properties is affected by prior £ grain morphology and the slip activation related to o texture. The initiation toughness
was obtained by the J-integral resistance curve method. The initiation toughness was divided into intrinsic and extrinsic
toughness by calculation. The anisotropy of intrinsic toughness is mainly attributed to the size of crack tip plastic zone,
which is affected by prior § grain morphology. In contrast, the extrinsic toughness is affected by zigzag degree of crack,
which is mainly influenced by a lamellae and colonies.
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matching. The fracture toughness of titanium
alloy depends on factors, such as
microstructure [6—12], additive elements [13—15],
texture [16], back stress between different

1 Introduction several

Titanium alloys have excellent comprehensive

properties, such as high specific strength, favorable
fracture toughness and outstanding corrosion
resistance. Thus, they have been widely used in
aerospace and marine fields [1—4]. Currently, the
criteria for evaluating structural materials have
changed from the principle of fail-safe design to
damage tolerance design [5]. Compared with the
near-o. and o titanium alloys, the o + f and near-f
titanium alloys show better strength and toughness

phases [17—19] and slipping deformation [20]. It
has been proven that the fracture toughness of
lamellar structure is higher than those of bimodal
and equiaxed structures. The characteristics of
lamellar structure, such as a lamellae [10], grain
boundary a and o colonies [21,22] also influence
fracture toughness. Owing to the lamellar structure
precipitated after the f phase processing [23], S
heat-treatment or f thermal deformation is usually
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carried out to improve the fracture toughness
and impact properties. However, the anisotropy of
mechanical properties is induced due to f phase
processing. Nonetheless, the structural component
endures the load from different directions under
the actual service condition.  Therefore,
investigating anisotropic mechanical properties is
necessary for the reliability evaluation.

According to the literature, the anisotropy is
partly affected by the texture formation after f
thermal deformation. Moreover, as the forging
reduction increases, the (0002) plane of primary o
rotates and the intensity of the texture
decreases [24]. The {001} g texture is suppressed
by the precipitation of a phase [25], which weakens
the anisotropy. Moreover, the c-axis of a texture is
perpendicular to the crack propagation direction and
the crack plane, resulting in the highest fracture
toughness [16]. The anisotropy in fracture toughness
of metastable § titanium alloys is attributed to S
texture and the crack propagates along the
precipitation free zone [26]. Nevertheless, as a type
of a+ f titanium alloy, the previous experiments
were primarily used to obtain plane stress—strain
fracture toughness due to its medium strength and
high fracture toughness (Kq). Notably, the thickness
of the specimen significantly influences the
assessment of Kq. Thus, Kq could not accurately
reflect the characteristics of fracture toughness.
Furthermore, the effect of f texture on the
anisotropy of Ti64 alloy is weakened due to the
precipitation of a lamellae from prior f grains.
However, the mechanical properties anisotropy of
the billet was still apparent. For the relationships
between their microstructure features and properties
of different orientations, no relevant research work
could be directly referred to. Moreover, the
underlying anisotropy toughening mechanisms have
not been presented in detail.

The initiation toughening mechanism of
different alloys can be divided into two types,
intrinsic toughening and extrinsic toughening [27].
Intrinsic toughening is dominated by the physical
properties of the materials [28,29], while
extrinsic toughening is dominated by fracture
mechanisms [30,31]. However, the anisotropy
based on intrinsic and extrinsic toughness has rarely
been investigated. Moreover, to better comprehend
and quantify the crack propagation process, the
energy conditions that govern the fracture process,

including initiation and propagation toughness,
should also be investigated. However, most studies
on fracture toughness of titanium alloys focused on
fracture initiation toughness (Kqo/Kic).

This study systematically investigated the
tensile properties and fracture toughness anisotropy
of a+pf Ti64 alloy. The yield strength and
elongation anisotropy were analyzed by prior
grain morphology and o texture. Furthermore, tests
were carried out via the J-integral approach to solve
the Kq that could not meet the plane strain
requirement. Meanwhile, the plane strain initiation
toughness (Kjic) and the propagation toughness (Kss)
were obtained simultaneously. Further, the
quantitative calculation was used to subdivide
initiation toughness into intrinsic and extrinsic
toughness to understand the fracture mechanism of
different orientations. Thus, the factors affecting
fracture toughness anisotropy were further revealed
accurately.

2 Experimental

2.1 Material preparation

The chemical composition of provided Ti64
alloy is listed in Table 1. The f transus temperature
was (975+5) °C, determined by the metallographic
analysis method. The dimensions of the original bar
were d200 mm x 200 mm. The bar was kept at
1030 °C (f phase field) for 1.5 h and subsequently
forged with 60% deformation reduction. The
forging direction is the axial direction (AD) as
shown in Fig. 1(a). Then, the billet with dimensions
of d280 mm x 80 mm was obtained. In order to
eliminate residual stress, the billet was annealed at
750 °C (o + S phase field) for 4 h followed by air
cooling. The heat-treated billet was used for the
following study.

Table 1 Chemical composition of Ti64 billet
Al V Fe C H o N Si Ti
6.47 4.29 0.24 0.02 0.0016 0.16 0.0036 0.01 Bal.

2.2 Tensile properties measurement

The orientation of tensile test specimens
obtained from the billet is shown in Fig. 1(a). Based
on the orientation of the tensile specimens, the
orientations are named radial direction (RD) and
AD. Cylindrical dog-bone-shaped tensile specimens



3350 Han-bo WENG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3348—3363

0.6W=30

0.6W=30

(b)

- =125 -
d=12.5 E % Q '%
Oz !
| O p
SE A_/ 5
———— a 'O — (=]
%
177 7
AR 2
a2 23 w2\ | &
=3 (=]

B=25 =50 B=25 W=50

1251=62.5 1.25W=62.5

Fig. 1 Orientations of CT and tensile specimens (a), size of Kic specimens (b), and size of Jic specimens (c¢) (Unit: mm)

with a length of 60 mm and a radius of 5 mm were
selected. The tensile tests were carried out on a
universal testing machine (TSE504D) with a rate of
0.5 mm/min at ambient temperature in order to
obtain yield strength (YS), ultimate tensile strength
(UTS), and elongation (EL). At least six specimens
in RD along the thickness and at least three
specimens in AD were used to ensure the reliability
of the data. Eventually, the elasticity modulus (£) of
different orientations was measured by the resonant
method.

2.3 Fracture toughness test

The Kic test was performed to determine plane
strain fracture toughness. For ductile fracture,
plastic deformation dominantly occurs at crack tips.
Therefore, fracture toughness is usually described
in the form of a J-integral resistance curve [32]. The
Kic test was performed in accordance with ASTM
E399 [33], and the Jic test followed ASTM
1820 [34]. The compact tension (CT) specimens in
three orientations RD—TD, AD—RD and RD—AD
selected for the tests are shown in Fig. 1(a). The Kic
and Jic specimens were machined with the
dimensions shown in Figs. 1(b) and (c), respectively.
The dimensions of thickness (B), width (W), and the
mechanical notch length ao are marked in the
figures. The Kic test was carried out first, and then
the Jic test was carried out later. The thickness of
the CT specimens selected was B=25 mm, and the

corresponding width was W=50 mm for both Kic
and Jic tests. The initial crack length was ap=22 mm
for Kic test and ao=27 mm for Jic test. The
prefabricated fatigue crack was introduced at
AK=20 MPa-m'?. In order to meet the requirements
of 045W<a<0.55W in Kic test and
045W<a<0.7W in Jic test, the length of
prefabricated crack was selected to be 3 mm. The
tests were operated using a fatigue testing system
(MTS 809), while the pre-cracked specimens were
stretched to break with a rate of 0.5 kN/s for Kic
test. The cracks propagated to a certain length with
a rate of 1 mm/min for Jic test. Subsequently, the
curves of crack opening displacement and load
were plotted, and the values of Pq and Pmax Were
obtained from the curves. The Pq was obtained by
95% slope intersection, and Pmax Was acquired from
the maximum of the force. After the experimental
calculation of Ko, the plane strain fracture
toughness needs to be verified. The quantitative
verification can be carried out by using Egs. (1) and

(2) [35]:

L (1)
P
Q
K 2
B,a,(W —a)> 2.5(Y—I§j (2)

However, the Ko obtained from experiments
does not meet the requirements mentioned above.
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Although the plane strain requirement was not
satisfied, it was required to analyze the crack
propagation using Kq specimens. Furthermore, the
Jic test was required to be conducted, which
required a smaller specimen size. For the Jic test,
the multi-specimen method was adopted, which
involved at least five wvalid specimens. The
experiments were analyzed by the curves of crack
tip opening displacement (CTOD) versus load,
which contained plastic and elastic parts.
Equations (3) and (4) were used to calculate Ko,
where Pu=Pq, ai=ao. Equations (3)—(8) were used
to calculate Jg.

K. zif(ﬁJ (3)
(i) (BBNW)1/2 W

2
f{ﬂj:{(2+&j{0.866+4.64ﬂ—13.32[&j +
W W W w

3 4 3/2
14.72(“’) —5.6(0’) }} / [1—0”) (4)
W w w

where K(; is the linear-elastic stress intensity factor,
P is the ultimate load, By is the thickness of
specimens excluding grooves, and a; denotes the
total crack length of each specimen after the test.
For the Kic specimens, the specimens had no side
grooves, while for the Jic specimens, they had side
grooves after prefabricating the crack.

2

Ki
J=J, +JPI=#+JPI (%)

where J is the J-integral value, J and J, denote the
elastic and plastic components of J-integral,
respectively and E=F in plane stress or E'=E/(1-1%)
in plane strain (u is the Poisson’s ratio).

J. = nplApl

= 6
pl BNbO ( )

where A, is the plastic zone area of each load—
displacement curve, 7,(=2+0.522b,/W) is the
load-line displacement is wused for A, and
bo(=W—ap) [34] is the initial ligament length. The
J-integral value calculated from Egs. (3)—(7) should
be corrected for crack growth.

Jpl
= el (7)
(a — 0.5) Aa
1+

a+0.5)b,

where 0=0.9 for CT specimen.
Aa=a—ao (®)

where Aa is the increment of crack propagation.
The Aa values of each specimen are determined by
averaging the measured values of nine points within
the thickness span. Before stretching to fracture,
it is required to oxidize the specimens at 500 °C
for 1 h additionally in order to measure Aa. Then,
the J-integral versus crack propagation for CT
specimens can be recorded. After calculation and
measurement, a point is assigned for each sample.
Then, a J-integral curve is fitted according to these
points. The equation of the fitting curve is as
follows: J=CAa“ (Ci is the scaling constant,
and C; is the the toughening index). The points on
the curve need to meet specific requirements before
proceeding to the next step. The construction line is
determined according to the equation: J=2ovAa,
oy=(YS+UTS)/2. Built the construction line, and
then plot a deviation line parallel to the construction
line intersecting the abscissa at 0.2 mm. The
intersection of the 0.2 mm deviation line and the
fitting curve is determined as Jo (Jo is the
provisional J-integral values). Eventually, Jo is
equivalent to Jic only if the following equations
Egs. (9) and (10) are satisfied:

B>10Jo/oy )
bo>10Jo/oy (10)

2.4 Microstructure and fracture surface

characterization

The specimens for metallographic structure
observation were prepared by mechanical grinding,
polishing, and etching for about 5s. The etching
reagent consisted of 3 vol.% HF, 3 vol.% HNOs,
and 94 vol.% H,O. The orientations of the
metallographic were extracted from RD—AD and
RD-TD planes, and the observation was carried out
by optical microscopy (OM, Axiovert 200 MAT)
and scanning electron microscope (SEM, MIRA3).
The electron backscatter diffraction (EBSD,
NordlysMax3) was carried out at a step size of
6 um, and the data were analyzed with Channel 5
software. The reconstruction S phase was calculated
by MATLAB with the MTEX toolbox [36].
Calculations were carried out following the
procedure mentioned in the phase transition section

of the parent f phase reconstruction in titanium
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alloys. The computations are based on the Burgers
orientation relationship that aligns (110) plane of
the f# phase with the (0001) plane of the a phase and
the [111] direction of the S phase with the [2110]
direction of the a phase. The cross-section was
taken from the center of the Ko specimens in order
to analyze the crack zigzag degree. The cross-
section and the macroscopic appearance of the
fracture surface were photographed using a digital
microscope (DM, VHX-1000). Moreover, the
fracture surfaces of the tensile specimens and the
Kq specimens were characterized by SEM.

3 Results and discussion

3.1 Microstructure

Figures 2(a) and (b) exhibit the microstructure
of Ti64 billet. The microstructure shows an elongated
prior f grain morphology with narrow width and
relatively zigzag prior f grain boundaries. The
elongated prior § grains are the contributory cause
of mechanical properties anisotropy [26]. A typical
lamellar structure is demonstrated at high
magnification, as shown in Figs. 2(c) and (d). The g
lamellae are arranged vertically or deflected at an
angle on both sides of the grain boundary. The S
phases are joined together and arranged in neat
rows. Moreover, little difference is observed at

grain boundary between different orientations.

Figure 3 shows a texture and reconstructed /3
texture of Ti64 alloy, which exhibits that the o
texture is (0001)//RD and (1120)//AD. Moreover,
there exists a variant selection phenomenon of
transition from S phase to a phase. When adjacent
prior S grains have a common (110) orientation, the
c-axis of the secondary a phase precipitated on both
sides of the grain boundary are along this common
(110) orientation, which results in o texture in f
forging billet [35]. Therefore, the intensity of the
original f# texture is higher than that of the
reconstructed S texture.

3.2 Tensile properties

The tensile properties of Ti64 billet in RD and
AD are presented in Table 2. Furthermore, Fig. 4
exhibits the engineering stress—strain curves at
different orientations. The curves clearly illustrate
the difference between the tensile properties
corresponding to RD and AD. RD exhibits higher
YS (861 MPa) and EL (8.9%) than those in AD.
The anisotropy of UTS is unapparent. However,
UTS in RD is still slightly larger than that in AD.

The RD specimen consists of many elongated
prior S grains on cross-section parallel to the
fracture surface, as shown in Fig. 2(b). Compared
with large equiaxed prior f grains in AD specimen,

boundary of a in different planes: (c¢) RD—TD plane; (d) RD—AD plane (The dotted line represents the interface of

adjacent prior f grains)
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Fig. 3 Inverse pole figure (IPF) map (a) and pole figure (c) of reconstructed f phase in RD—AD plane, and IPF map (b)

and pole figure (d) of a phase in RD—AD plane

Table 2 Tensile properties with different orientations

Tensile orientation YS/MPa UTS/MPa EL/%
RD 861+14 935+16 8.9+2.1
AD 780+15 91449 7.7£2.3
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g 400 M AD 112
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Fig. 4 Engineering stress—strain curves with different
tensile orientations

as shown in Fig. 2(a), the number of prior f§ grains
in RD is significantly larger than that in AD.
The phenomenon conforms to the Hall-Petch
relationship, which results in higher YS in RD
specimens [6]. Figure 5(a) displays the IPF map of
three orientations. Figure 5(b) shows Schmid factor
(SF) contour map for different slip systems. The
critical shear stress of the (c+a) slip system is
extremely high. Thus, it is extremely difficult to be
activated in the process of tensile testing at ambient
temperature. The critical shear stress of basal plane
slip is larger than that of prismatic slip. Thus, the
probability of basal plane slip is low. Comparative
analysis of Figs. 5(a) and (b) shows that the texture
(1120)//AD promotes prismatic slip with SF of
0.45. Figures 5(c)—(e) exhibit the SF distribution
of prismatic slip along RD and AD. The SF of AD
is 0.4, which accounts for 67.9% of the total
prismatic slip. For RD, it is only 24.4%. Thus, it
can be concluded that texture decreases YS in AD.
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Fig. 5 IPF map of a phase with different orientations (a), SF contour maps of a phase with different slip systems (b), SF
map of prismatic slip in RD (c), SF map of prismatic slip in AD (d), and quantitative statistics of SF distribution with

prismatic slip (e)

However, the EL in AD is lower than that in RD,
which could be explained by the anisotropy being
dominated by elongated prior § grains. According
to the previous studies, the tensile ductility is
determined by the shear stress direction and the
grain boundary effective slip length [37]. In this
experiment, the effective slip lengths of RD and AD
are consistent. Nevertheless, AD loading leads to
linear propagation of cracks after crack nucleation,
resulting in the reduction of EL in AD. This
phenomenon can be verified by the fracture surface
and the cross-section perpendicular to the fracture
surface of the tensile specimens.

Figure 6 presents the tensile fracture surfaces
of Ti64 alloy in RD and AD. Figures 6(a)—(c)
demonstrate a rough fracture surface consisting of
several cleavage facets, tearing ridges and dimples,
which is consistent with the results reported in
previous studies [38]. Figures 6(d)—(f) illustrate
that the fracture surface of AD specimens is mainly
dominated by several steps and facets. The
formation mechanism of the steps originates from

void and microcrack at lamellae junction or grain
boundary. Figures 6(d)—(f) illustrate many flat
facets, which is due to the normal stress being
perpendicular to the long axis of prior f grains. The
crack propagates easily after nucleation, which is
related to low EL of AD. Furthermore, the fracture
surface illustrates that RD has more prior § grains
than AD. The phenomenon proves that the prior f
grain size of cross-section and the YS meet the
Hall-Patch relationship. Figures 7(a) and (b)
show cross-sections perpendicular to the fracture
surface of the RD and AD tensile specimens,
respectively. The cracks pass through massive prior
p grains for RD specimens, which results in
significant deflection of the crack. While for AD
specimens, most of the cracks propagate
horizontally inside the prior £ grains, and a small
portion of the cracks may propagate along the
colony boundaries. Consequently, the anisotropy
of tensile properties is mainly controlled by prior
f grain morphology and then influenced by «
texture.
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3.3 Fracture toughness

The Kq values with different orientations are
summarized in Table 3. The measured value of Kq
exceeds the plane strain requirements, indicating
that the specimens are in the state of plane stress—
strain mixed mode. Thus, the Ko cannot meet the
linear elastic fracture mechanics according to Egs. (1)
and (2). Table 3 also presents the thickness that
meets the plane strain fracture toughness requirements.
In order to obtain effective fracture toughness, a
total of 17 Jic values of specimens were tested.
Values of Jic and Kjic are listed in Table 4. The Jic
values in RD-TD, AD-RD, and RD-AD
orientations are 63, 51, and 72 kJ/m?, respectively.
Moreover, the converted value of Jic to Kic is Kjc.
The reduction equation is demonstrated in Eq. (11):

EJ. /G
Kye = < 2IC 1n
\ 1-u

Table 3 K values with different orientations

Orientation Ko/(MPa'm'?) (2.5(Ko/YS)?)/mm Pg/kN

RD-TD 102 35 57
AD-RD 98 40 56
RD-AD 120 49 68

Table4 Jic, Kjc, and Kss values with different
orientations

Orientation Jic/(k]'m2) Kyjc/(MPa-m'?) Kss/(MPa-m'"?)

RD-TD 63 92 119
AD-RD 51 80 117
RD—-AD 72 98 130

where Gic is the strain energy release rate. £ values
in RD and AD are 119 and 112 GPa, respectively.
The u is selected as 0.33. After converting to K,
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the values in RD-TD, AD-RD, and RD—-AD
orientations are 92, 80, and 98 MPa-m'?,
respectively. The fracture toughness of RD—AD
orientation is the highest, which is 18 MPa-m'?
higher than that of AD—RD orientation. The Kjic
and Kss with different orientations are presented in
Fig. 8. The value of Kgs is the intersection of
Aa=1.0 mm and J-integral curves [39], calculated
by Eq.(11) for conversion. The Kss values in
RD-TD, AD—RD, and RD—AD orientations are 119,
117, and 130 MPa-m'?2. Notably, the Kyc and Kss
show the same trend. It is well known that the
fracture toughness and YS of the same materials
generally show an inverse trend [7,8]. Nevertheless,
in this study, the fracture toughness increases with
the increase of YS with different orientations. The
fracture toughness of RD—AD and RD-TD
corresponds to the YS of RD. The fracture
toughness of AD—RD corresponds to the YS of AD.
The fracture toughness of RD—AD and RD-TD is
higher than that of AD—RD, and the YS of RD is
higher than that of AD. Therefore, a proportional
relationship exists between YS and fracture
toughness. Although the trend is not apparent, it
could still provide a theoretical basis for future

research.
200 —
I: i%RD—AD ”‘—’;
J=20y(Aa—02) ! LA
E [ A
150 1 /K i) Nt T
f, 100 |
< 1Aa=1.0 mm
=~ E(Jss/Kss)
501 5
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ADRD e AD-RD
| . 5 ARD-AD
0 0.5 1.0 1.5 2.0 25
Aa/mm

Fig. 8 J-integral fitting curves with different orientations

Fracture toughness is often used as a criterion
for materials to resist crack propagation. Fracture
toughness Kj- can also be related to the rate
of strain energy release Gjc as indicated by
Eq. (11) [40]. Both linear elastic deformation and
plastic deformation exist in the material. Therefore,
the following equation could be obtained according
to Griffith—Orowan—Irwin theory [41]:

Gic =2(ps +7p) = 2)egr (12)

where ys is the surface energy per unit of crack
instability propagation, yp denotes the energy
consumed by plastic deformation of the crack
surface, and y.r is the unit effective surface energy.
The default specimen in the equation is plane
strain fracture toughness specimen, for which the
plasticity at the shear lip is ignored. Moreover,
previous studies also investigated the energy A.
consumed by a specific deformation in fracture,
which is related to the energy y.x consumed by
crack surface generation as follows:

Ae szyeffF (13)

il
where V[thdbj is failure volume and F=hdb

is the surface area of the newly created crack. / is
related to the long axis of the CTPZ. The CTPZ is
approximated as an ellipse, the diameter of the
ellipse perpendicular to the crack is db, and the
diameter parallel to the crack is 4 [42].

il

2y :?A (14)

and A. could be obtained by the following equation:

YS
B (8u - ?)(YS'FUTS) YSZ

A, = + 15
e 3 E (15)
where &, is uniform elongation.
n _ | mEA,
VA=
(16)

o _ | WEA I
Ky = 2 -1
41— u7) 1(0)

where /) is the real length of the propagation path,
and /(o is the characteristic constant of length.

The crack length is shown in Fig. 9. In order to
accurately assess the differences among the cracks
with different orientations. The crack length /) was
measured using Image Pro Plus 6. The length of /)
is the horizontal length of the crack corresponding
to /). The ratios of /) to [ in RD—TD, AD—RD,
RD-AD orientations are 1.31, 1.22 and 1.35,
respectively, and these differences are used to
calculate quantitatively to distinguish intrinsic
toughness and extrinsic toughness by Eq. (16).
After the calculation, the intrinsic toughness and
extrinsic toughness are shown in Table 5.
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Fig. 9 Cracks zigzag degree of Ko specimens with
different orientations: (a) RD—TD specimen; (b) AD—RD
specimen; (¢) RD—AD specimen

Table 5 Intrinsic and extrinsic toughness with different

orientations
Orientation Kiic/ Ko/ PrOpOLt fon
(MPa-m'?)  (MPa-m'?) ©f Ko /%
RD-TD 80.4 11.6 12.6
AD-RD 72.4 7.6 9.5
RD-AD 84.4 13.6 13.9

The crack surfaces of Ko specimens with
different orientations are shown in Figs. 10(a), (c)
and (e). The red dotted line in the figure indicates

the zigzag degree of crack and the size of the shear
lip. Consequently, the shear lip size of RD—TD and
RD-AD specimens is slightly larger than that of
AD-RD specimen. There is little difference between
RD-TD and RD—-AD in intrinsic toughness.
Moreover, AD—RD exhibits a low intrinsic
toughness, which is mainly controlled by the size of
CTPZ, as shown in Figs. 10(b), (d) and (f).
Therefore, it indicates that the elongated prior S
grain morphology limits the size of CTPZ, thus
reducing the intrinsic toughness of AD-RD
specimen.

The extrinsic toughness of specimens is
mainly controlled by the zigzag degree of crack.
Therefore, the fracture morphology was studied.
The fracture surfaces of K specimens are shown in
Fig. 11. Figures 11(a), (d) and (g) exhibit the shear
lips, revealing that the specimens are in the state of
plane stress—strain. Furthermore, the RD-TD
specimen shows a river pattern that is parallel to the
direction of crack growth. In contrast, the cleavage
facets are spread over the fracture surface of
AD-RD specimen, as shown in Fig. 11(e). The
crack propagates preferentially along the cleavage
facet [43], indicating that the resistance to crack

Fig. 10 Crack surfaces of Kq specimens and schematic illustration of influence of prior f grain morphology on CTPZ
size: (a, b) RD—TD specimen; (¢, d) AD—RD specimen; (e, f) RD—AD specimen
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propagation is smaller than that in the other two
orientations. In RD—AD specimen, the river pattern
perpendicular to the direction of crack propagation
is observed, as shown in Figs. 11(h) and (i). At the
same time, the fracture toughness of RD—AD
specimen is characterized by a large amplitude of
ravines with steep ups and downs, which need to
consume higher energy. Moreover, the secondary
cracks could be observed in RD—AD specimen, as
shown in Fig. 11(i). The formation of secondary
cracks requires additional energy that promotes
fracture toughness [44]. In general, significant
differences exist among the fracture surfaces in
different orientations. The formation mechanism of
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cleavage facets and dimples is shown in Fig. 12.
Clearly, dimples are formed when the lamellae are
perpendicular to the direction of crack propagation.
In contrast, the cleavage facet is formed when the
lamellae are parallel to the direction of crack
propagation. Therefore, as the crack propagates
parallel to the long axis of elongated prior £ grains
in AD—RD specimen, more lamellae are parallel
to the crack propagation direction, resulting in
massive cleavage facets.

Furthermore, the macroscopic zigzag degree of
cracks was analyzed. In ductile metallic materials
with lamellar structures, fracture toughness is
enhanced due to cracks propagating in deflection,

Fig. 11 Fracture surfaces of Kq specimens with different orientations: (a—c) RD—TD specimen; (d—f) AD—RD specimen;

(g—1) RD—AD specimen

@) Dimples

p
¥ ,
7 2
7
ZL;

Crack
propagation
plane

Cleavage facet

=

20 um

Fig. 12 Schematic illustration showing formation (a) and SEM image (b) of cleavage facet and dimples
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branching, bridging, and delamination [12]. As
mentioned previously, most of the cracks propagate
parallel to o and f lamellae, occasionally along the
grain boundary a [43]. Figures 13(a), (c) and (e)
show the prior f grain morphology during crack
propagation in different orientations. As shown in
Figs. 13(b), (d) and (f), the direction of crack
propagation is deflected with different angles of
lamellae, and presents a small scale deflection.
Figures 13(b) and (f) show the voids nucleation
and crack propagation in RD-TD and RD-AD
orientations. Owing to the inconsistency of the
hardness between the a phase and the § phase, the
strain inhomogeneity between the precipitated a
lamellae and the f lamellae leads to interfacial
plastic incompatibility, resulting in micro-voids [45]
and secondary cracks near the main cracks. When

L 2

specimen; (e, f) RD—AD specimen

Fig. 13 Crack propagation paths of Kq specimens with different orientations: (a, b) RD—TD specimen; (c, d) AD—RD

the crack propagates through the void and
secondary crack, the zigzag degree of the crack and
the energy dissipation of the crack propagation
increase. Figures 13(b) and (f) illustrate that
secondary cracks and voids are easily generated in
the a phase matrix and propagate parallel to the
lamellar § phase. Furthermore, the prior f grain
boundaries (or S lamellae) in AD—RD specimen are
parallel to the orientation of crack propagation, as
shown in Fig. 13(d), which leads to the formation of
the cleavage facet, thus reducing the zigzag degree
of cracks. Figures 13(e) and (f) demonstrate that the
elongated prior f grains are perpendicular to the
direction of crack propagation, and the cracks pass
through more prior § grains during the process of
crack propagation. However, most of the cracks
do not deviate during the crack crossing the prior

7 " Secondary
crack

50 pm
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grain boundaries as shown in Figs. 13(a), (c) and (e),
and only a few cracks propagate along the f lamellae
at a small distance during the crack crossing the
prior S grain boundaries. The colonies formed by
plenty of orderly lamellae arrangements strongly
affect the inhibition of cracks than prior f grain
boundaries. Therefore, the larger zigzag degree
of cracks in RD—AD specimen can be attributed
to the influence of different colonies [9,10] on
its deflection, as shown in Figs. 13(e) and (f)
and Fig. 14(c), and this phenomenon leads to
delamination, which increases extrinsic toughness.
Furthermore, Figs. 14(a) and (b) demonstrate
that the crystal orientation of colonies has almost no
effect on the crack zigzag degree of RD—TD and
AD-RD specimens. The crack is deflected by
colonies of different crystal orientations for
RD-AD specimen. Moreover, Fig. 14(c) exhibits

that the intensity of a texture in forged billet is low,
which results in the small effect of o texture on the
anisotropy of fracture toughness.

4 Conclusions

(1) The intensity of prior S texture in Ti64
billet manufactured by f forging is high in single
phase region. However, the intensity of o texture is
lower at ambient temperature, which is attributed to
a large number of a phases precipitated inside the
prior 8 grains without variant selection. Only a part
of o phases at grain boundaries undergo variant
selection and inherit a small portion of the prior 8
texture.

(2) The anisotropic tensile properties are
affected by elongated prior § grains and a texture.
The elongated prior f grains of the cross-section

Fig. 14 Crystallographic orientation characterization of prior § grains and « colonies near crack of Kq specimens with
different orientations: (a) RD—TD specimen; (b) AD—RD specimen; (c) RD—AD specimen
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parallel to the fracture surface increase the yield
strength of the radial direction specimens relative to
axial direction. The a texture of (1120)//AD
increases the probability of prismatic slip and
reduces the yield strength of AD specimens.
However, the normal stress perpendicular to the
long axis of the prior f grains makes the crack
propagate horizontally in AD specimens, thus
reducing the elongation of AD specimens.

(3) The initiation toughness of different
orientations was subdivided into intrinsic and
extrinsic toughness by calculation. The intrinsic
toughness of anisotropy is attributed to the effect of
prior S grain morphology on the size of the crack
tip plastic zone, while the anisotropic extrinsic
toughness is related to the influence of a colonies
on zigzag degree of cracks.
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