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ABSTRACT

The effects of microstructural morphology on the fracture behavior of Ti-6AI-4V ELI (extra-low impurity)
alloy in two different heat treatment conditions were examined. Alloy was solution treated above (3 ST)
and below (« + 8 ST) B transus temperature followed by furnace cooling (FC) in order to obtain the fully
lamellar and equiaxed microstructures. Tensile and fracture toughness tests were conducted. The crack
tip opening displacement (CTOD) and strain distribution near the crack tip were measured on the com-
pact tension (CT) specimen surface by digital stereometric method. The crack propagation resistance
(CTOD-R) curves were developed by applying the modified normalization method and critical CTOD val-
ues were determined. To identify the microstructural length scale controlling the fracture resistance of
this alloy, the crack propagation path and fracture surface morphology were evaluated. It was found that
the reduction in the characteristic microstructural dimension of an order of magnitude and significant
change in the o phase aspect ratio contribute to drastic increase in the tensile properties and decrease
in the crack initiation and propagation resistance. The fully lamellar microstructure displays slightly bet-
ter biocompatibility because of the lower elastic modulus and superior fracture resistance. The enhanced
crack propagation resistance of this microstructure is associated with the larger propensity for crack tip
tortuousity, due to the coarser microstructural dimensions (lamellar colony size vs. primary « grain size).
The difference in the crack propagation modes affects the shape and size of the actual crack tip strain dis-
tribution. These results were discussed correlating the complex multiple fracture mechanisms with the
stress state in two microstructures.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

crack initiation and propagation resistance of such an alloy by
impurity content reduction and proper thermomechanical or heat

The mechanical properties of biomedical titanium alloys are
important criteria of their applications for load-bearing orthopedic
devices. The Ti-6AI-4V alloy is extensively used in the manufac-
turing of orthopedic implants, due to its good combination of ten-
sile properties, fatigue strength and fracture toughness [1-4].
However, it is observed that relatively high elastic modulus and
variable fracture resistance of this two-phase o + 8 titanium alloy
are often related to further bone degradation and premature
implant failure [3-6]. The knowledge of fracture behavior and
tailored design of Ti-6Al-4V alloy are essential to prolongate
implants service life.

The fracture properties of titanium alloys are quite sensitive to
the microstructural features, depending on the chemical composi-
tion and processing conditions. Hence, it is possible to optimize the
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treatment [2,4,7-11]. There is extensive literature on the role of
microstructural morphology in affecting the fracture resistance of
o + p titanium alloys [4,7,8,10-20]. It is established that alloy with
a fully lamellar microstructure has superior fracture toughness
compared to ones with an equiaxed or martensitic microstructure.
At the same time lamellar microstructure shows inferior high cycle
fatigue resistance. On the other hand, a bimodal microstructure
provides the highest high cycle performance.

The important microstructural parameters determining the
effective slip length and hence the mechanical properties are the
B grain size, the o colony size, width of the « lamellae, the aspect
ratio of o phase, the volume fraction and size of equiaxed primary
o phase [7,8,12,20]. For the acicular microstructure such as lamel-
lar and martensitic microstructure, the enhancement of fracture
toughness arises from the microcrack propagation in a zig-zag
way along the o platelets or platelet colony boundaries [7,8,18].
Many studies reported that coarsening of acicular o phase
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Nomenclature

CTOD crack tip opening displacement (mm)

CTOD-R (R curve) crack propagation resistance curve

R ultimate tensile strength (MPa)

Rpo22 yield strength at 0.2% offset (MPa)

E elastic modulus (GPa)

A elongation to failure (%)

n strain hardening exponent

Js crack-tip opening displacement defined for a gauge
length of 5 mm (mm)

F applied load (kN)

Aa crack extension (mm)

CMOD crack mouth opening displacement (mm)

CMODy;p CMOD determined using load-line displacement mea-

surement (mm)

CMOD,;  CMOD plastic component (mm)

Pni normalized load (kN/mm?)

CTOD; crack tip opening displacement at crack initiation
(mm)

CTODg . crack extension of 0.2 mm after crack tip blunting
(mm)

SZW stretched zone width (pum)

CcoD crack opening displacement (mm)

Tmax maximum plastic zone dimension (pm)

Finax maximum applied load (kN)

Om hydrostatic stress (MPa)

. primary o grain size (um)

g spacing between primary o grains (p1m)

increases crack deflection and fracture toughness [17,20]. This
implies that the width of o platelets is most critical parameter in
controlling the fracture toughness of alloys with acicular micro-
structure. Some authors, on the other hand, pointed out that the
o/p colonies are predominant microstructural parameters resulting
in an increase in the crack tip plastic zone [7,8]. In the equiaxed
microstructure, the crack path is almost linear along primary o/o
or primary o/transformed g phase boundaries contributing to the
decrease of fracture toughness [13,18,20]. Since the primary «
phase boundaries become obstacles to microcrack propagation,
the crack tip plasticity decreases as the size of the primary « phase
decreases. The aspect ratio of primary o phase is another parame-
ter which controls the fracture behavior of alloy with equiaxed
microstructure [20].

From these observations, it can be concluded that the assess-
ment of strain distribution around the crack tip is of great impor-
tance in determination of fracture resistance. In order to obtain
the data for calculating fracture mechanics parameters, it is neces-
sary to monitor deformation value ahead of the crack tip which
constantly changes with crack growth. There is also problem in
evaluating the fracture resistance of Ti-6Al-4V alloy, relating to
the damage mechanisms associated with the cracking process.

In this study, the fracture toughness measured by the crack tip
opening displacement (CTOD) and development of a crack propaga-
tion resistance curve (R curve) were investigated for an extra-low
impurity (ELI) Ti-6Al-4V alloy with microstructures obtained un-
der different heat treatments. The values of fracture parameters
and crack extension were determined using three-dimensional
(3D) surface displacement measurements. The stereometric mea-
surements were also applied to obtain the actual crack tip defor-
mation fields. The resistance curves (CTOD-R) were directly
developed using the newly proposed method based on the normal-
ization procedure [21]. In addition, the configuration of crack tip
during loading and fracture surface morphology were examined.
Finally, the relationship between microstructural parameters and
fracture properties of investigated alloy was discussed.

2. Experimental procedure

Two distinct microstructures, fully lamellar and equiaxed, were
produced in Ti-6Al-4V ELI alloy through control of solution
annealing temperature. Alloy bars (38 mm in diameter) supplied
by Krupp VDM GmbH, Germany, were solution treated (ST) above
the p transus temperature at 1000 °C (B ST) and below the 8 tran-
sus temperature at 750 °C (o +  ST) for 1 h and then furnace cooled
(FC). Heat treatment was performed in a protective argon
atmosphere.

The microstructures were examined using the secondary elec-
tron imaging (SEI) mode of a scanning electron microscope (SEM)
operating at 25 keV. The specimens for SEM observations were pol-
ished and etched in Kroll's reagent (10 vol.% HF and 5 vol.% HNO3
in water). The volume fraction of phases and their geometrical
parameters were estimated by image analysis according to the
ASTM: E 1245-03 standard.

Mechanical testing was conducted in a servo hydraulic Instron
1255 testing machine supplied with Control Panel 8500 + compu-
tational data acquisition system for 3D optical measurements
and numerical analysis. Micro tension specimens (MTS), heaving
geometry as shown in Fig. 1a, were used for carrying out tensile
tests in accordance with the ASTM: E8/E8M-11 standard at room
temperature as described previously [22,23]. Ultimate tensile
strength (Ry,), yield strength at 0.2% offset (R,.2), elastic modulus
(E), elongation to failure (A) and strain hardening exponent n in
the Ramberg-0Osgood equation [24] were determined.

Dimensions of the compact tension (CT) specimen for fracture
toughness tests are given in Fig. 1b. The samples were fatigue
pre-cracked and then pulled under displacement control mode un-
til fracture, at a rate of 1 mm/min. The CTOD testing was conducted
at room temperature in accordance with the ASTM: E 1820-11e2
standard. The CTOD defined for a gauge length of 5 mm (Js) was
measured on the specimen surface in the vicinity of the crack tip
by using an object-grating method. Parallel to the CTOD measure-
ments, the near crack tip deformations were monitored by ARAMIS
GOM GmbH stereometric measuring system [25]. During loading,
the displacements of random grating attached to the specimen sur-
face were recorded by two CCD cameras with a resolution of
768 x 572 pixels and 256 gray levels. Displacements of the optical
marks were then captured by digital processing algorithms of the
ARAMIS system in a such way that the 3D displacement field mea-
surements were obtained [26,27]. Using the stereometrical surface
displacements, a load (F) vs. crack tip opening displacement (Js)
curve was plotted. Fig. 2 shows the images of undeformed and
deformed grating structures of a specimen surface along with
experimentally obtained F vs. §s curves. The measurement proce-
dure and numerical analysis of obtained data are described in de-
tails elsewhere [26,27].

In order to develop R curve, it is necessary to determine the
crack extension Aa during loading. Its determination by standard
method requires using a crack mouth opening displacement
(CMOD) or load-line displacement (CMOD;p) gauge [21]. However,
the CMOD values can be also estimated from the 3D displacement
field measurements using a grating method. Namely, Gubeljak et
al. [21] showed that CMOD values taken from the displacement
field measurements are exactly the same as those obtained by a
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Fig. 1. Geometry of MTS (a) and CT (b) specimen (all dimensions are in millimeters).
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Fig. 2. Grating structure on specimen surface prior to testing (a) and during loading (stage 66, at load F = 11.5 kN) (b) along with F-d5 curves obtained in five planes around

crack tip (lines 1-5) (c).

conventional CMOD clip gauge measurement technique. Therefore,
the normalization method extended to the use of an indirect dis-
placement was applied in our case for determination of the crack
extension values. The resistance curve, CTOD-Aa, was obtained
by the normalization procedure following the slightly modified
ASTM: E 1820-11e2 standard (we applied a three fitting coeffi-
cients approach as utilized by Gubeljak and coworkers [21] in their
studies). On the basis of the load-calculated CMOD curves, the val-
ues of plastic loading line displacement (CMOD,,;) were obtained.

To find normalization parameters, the normalized load (Py;) was
plotted as a function of CMOD,,. As a final result, the R curves for
tested specimens were developed. For more details of applied nor-
malized method see literature [21,22]. The obtained resistance
curves were used for determining the values of CTOD at crack ini-
tiation (CTOD;) and crack extension of 0.2 mm after crack tip blunt-
ing (CTODo 2/p1).

To characterize the surface crack path in both full lamellar and
equiaxed microstructures, the crack patterns at various loading
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steps were recorded using a digital camera. Fractographic post test
examinations were conducted on the fracture surfaces of speci-
mens using a light microscope (LM) and SEM operating in SEl mode
at 20 keV. The fracture mechanisms and stretched zone width
(SZW) were evaluated.

3. Results and discussion
3.1. Microstructure and tensile properties

Characteristic Ti-6Al-4V ELI alloy microstructures developed
during continuous cooling from p and o + 8 phase field are shown
in Fig. 3. A fully lamellar microstructure with a grain boundary «
phase and colonies of alternate layers of o and p phase distributed
in prior g grains is formed by B ST FC treatment (Fig. 3a). More of
prior B phase is transformed into o phase, so that this microstruc-
ture consists of 12.6 vol.% prior p and the remainder o phase. Due
to the coarse prior B grains and slow cooling from 1000 °C the
resulting microstructure is rather coarse. The average lamellar col-
ony size is 49.8 um within which a mixture of o and g lamellas
3 um and 0.7 pm in size, respectively, is formed.

After oo + B ST FC treatment, the microstructure changed signif-
icantly (Fig. 3b). A two-phase microstructure with no appreciable
difference in the amount of phases compared to fully lamellar
microstructure is obtained. It consists of primary o« grains and
intergranular 8 phase present in an amount of ~14 vol.%. However,
the microstructure formed during cooling from 750 °C shows com-
pletely different morphology. The equiaxed o grains can be distin-
guished in this microstructure. Their dimension is found to be
almost the same to the width of o lamellas and equals to 2.9 pm.
On the other hand, the decrease of the primary « grains aspect ratio
and the change of « grains spacing from 0.7 to 1.1 pm may contrib-
ute to different mechanical behavior.

Average values of tensile properties depending on the alloy
microstructural morphology are given in Table 1. It can be seen
that the tensile behavior of heat treated alloy is influenced by
microstructural characteristics in the great extent.

Namely, increase in solution treatment temperature from
750 °C to 1000 °C and development of fully lamellar microstruc-
ture leads to evident decrease in all tensile properties. Compared
with the alloy in « + g ST FC condition, the yield strength and ulti-
mate tensile strength of the g ST FC treated alloy are lower by
336 MPa and 346 MPa, respectively. Their values also indicate that
heat treatment in the $ field leads to smaller strain hardening (R,;,—
Rpo2 =36 MPa) than in the case of alloy heat treated in o + f field
(Rm—Rpo2 =56 MPa). In general, the slip length occurring during
plastic deformation determines the resistance against dislocation
motion and, consequently, the strength level. Decrease in effective
slip length with refining of the microstructural dimensions leads to

increase in tensile strength. Therefore, the enhancement in
strength with the solution treatment temperature is primarily
due to the microstructural refinement of the examined alloy. The
higher strength of equiaxed microstructure is a result of a much
shorter effective slip length in comparison with the fully lamellar
microstructure. A similar width of the « lamellae and the primary
o grain allows us to infer that the « colony size is the major micro-
structural parameter determining the tensile strength of fully
lamellar microstructure. Since the colony size is more influential
on the strength than the o lamellae width, the change of effective
slip length from the lamellar colony width to the width of a single
primary o grain contributes to a drastic increase in yield strength
and ultimate tensile strength. This observation is in agreement
with the results of Lee et al. [12] and Liitjering [7].

The equiaxed microstructure also exhibits the much higher
elastic modulus. Its value is about 11 GPa higher than that of fully
lamellar microstructure, indicating that alloy in o + g ST FC condi-
tion has lower biomechanical compatibility with human bone.
Since the implant elastic modulus greater than that of natural bone
is associated with stress mismatching which leads to bone resorp-
tion and joint loosening, it is very important to increase a bone
density by using a lower modulus device [5]. According to this,
the fully lamellar microstructure tends to be beneficial in reducing
adverse stress shielding effect.

However, the equiaxed microstructure shows better combina-
tion of strength, elastic modulus and ductility. Although this
microstructure has high yield and tensile strength, its elongation
to fracture is almost three times higher as compared with a fully
lamellar microstructure. Decrease in effective slip length and high-
er amount of softer  phase than in the fully lamellar microstruc-
ture contribute to the enhancement in alloy ductility.

3.2. Fracture resistance

The experimentally obtained F vs. 65 measured by a stereomet-
rical method and F vs. CMOD curves for fully lamellar and equiaxed
microstructures are shown in Fig. 4. The presented results prove
that microstructural morphology has a great influence on the frac-
ture resistance of the Ti-6Al-4V ELI alloy. Although the alloy in
both heat treatment conditions is highly resistant to fracture, the

Table 1
Tensile properties of Ti-6Al-4V ELI alloy with different microstructures at room
temperature.

Heat Microstructure E Rpo2 R A n
treatment (GPa) (MPa) (MPa) (%)

B ST FC Fully lamellar  124.8 737 773 54 0.03
o+ p ST FC Equiaxed 136.0 1063 1119 15.1 0.04

(a)

(b)

Fig. 3. SEM micrographs showing the Ti-6AI-4V ELI alloy microstructure obtained by 8 ST FC (a) and o + 8 ST FC (b) treatment. Phase contrast: o-gray, f-white.
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fully lamellar microstructure appears to display the better fracture
properties.

The R curves along with Py; vs. CMOD,,; diagrams are given in
Fig. 5. The CTOD values are relatively high, regardless of the applied
heat treatment. However, the CTOD of the alloy with equiaxed
microstructure is lower than that of the fully lamellar microstruc-
ture. There is also a considerable difference in the shape of the frac-
ture resistance curves particularly in the early stage of crack
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propagation. Such behavior is also experimentally observed by
some authors [18]. The both crack initiation and crack propagation
resistance are greatly dependent on the changes in the microstruc-
ture. In comparison to equiaxed microstructure, the fully lamellar
microstructure results in significantly higher fracture resistance.
The both CTOD parameters indicating the crack initiation resis-
tance show the same tendency with solution treatment tempera-
ture and in turn the microstructural morphology. The CTOD;
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Fig. 4. F vs. J5 obtained in plane designated as line 1 (a) and F vs. CMOD (b) curves for Ti-6A1-4V ELI alloy in different heat treatment conditions.
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Fig. 5. Py; vs. CMODy, plot for the fully lamellar (a) and equiaxed (b) microstructures along with R curves for Ti-6A1-4V ELI alloy in different heat treatment conditions (c).
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values obtained for the alloy in g ST FC and o + 8 ST FC heat treat-
ment condition are 0.158 mm and 0.090 mm, respectively. Appar-
ently, an increase of both g phase volume fraction and « phase
spacing, that is mean free path through p matrix, decreases the
crack initiation resistance of the examined alloy.

The values of CTOD; are determined by intersection of vertical
axis with the R curves, because it is assumed that the crack exten-
sion for blunting is small. The SEM examination of the fracture sur-
faces confirms this assumption. Namely, different macro fracture
appearances shown in Fig. 6a and b indicate that the fracture
features are strongly affected by the microstructural morphology.
Detailed SEM observations of the fracture surface near the crack
tip (Fig. 6¢ and d) reveal a narrow stretched zone, which is formed

as a result of blunting and stretching at a crack tip during fracture
process. Since the stretched zone is hardly observed especially in
the case of the fully lamellar microstructure, extent of crack tip
blunting is identified as a small. The value of SZW obtained for
the equiaxed microstructure is 21.4 um, while the stretched zone
in the fully lamellar microstructure is not clearly visible and there-
fore it is not measured. This implies that the crack tip blunting in
the fully lamellar microstructure is negligible, but it influences
the fracture process in the equiaxed microstructure.

The CTODg 5 values of 0.182 mm and 0.104 mm are greater
than the CTOD; ones. However, the fully lamellar microstructure
has a greater CTODy 5, than the equiaxed microstructure. As can
be seen, the critical CTOD values for the fully lamellar microstruc-

Fig. 6. LM (a), (b) and SEM (c)-(h) micrographs showing the CT specimen fracture surface of Ti-6Al1-4V ELI alloy with the fully lamellar (a), (c), (e), (g) and equiaxed (b), (d),

(), (h) microstructure.
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ture are almost two times higher than for the equiaxed microstruc-
ture. This is consistent with a much lower yield strength exhibited
by the fully lamellar microstructure. Namely, the crack opening
displacement (COD) depends on the extent of straining in the plas-
tic zone ahead of the crack tip and decreases sharply with increas-
ing yield strength [28]. Since the local ductility is a measure of the
critical strain for the onset of crack propagation, its reduction con-
tributes to the loss in fracture toughness. The strain hardening re-
duces sensitivity to localization and hence reduces COD.

From obtained R curves, it is evident that alloy with fully lamel-
lar microstructure also shows a higher resistance to crack propaga-
tion which can be attributed to the o phase morphological changes.
The gradient of R curves is obviously different and increases as the
equiaxed morphology of « phase changes to the lamellar one. Hor-
iya and Kishi [18] reported that this difference in CTOD values,
especially at small crack extensions, is related with the existence
of the microcracks extended from the notch tip before the maxi-
mum load. In order to explain crack propagation behavior of the al-
loy, we combine in situ observations of surface crack extension
during loading and fractographic examinations of the fracture sur-
faces morphology. Because the crack advance is controlled by the
size of the plastic zone ahead of the crack tip, strain distributions
around the crack tip at various loading stages are recorded.

3.3. Crack tip strain distribution and crack propagation path

Figs. 7 and 8 show the crack patterns at various loading levels
and diagrams of corresponding strain distribution around the crack
tip. During the stereometric test the load was tracked at 78 (equi-
axed microstructure) and 98 (fully lamellar microstructure) levels.
It is observed that the strain at the crack tip is higher than in the
rest of the specimen surface. Also, the size and shape of the crack
tip strain field varies with a crack propagation mode. In the case
of the fully lamellar microstructure, the large plastically deformed
zone is established. Plastic zone of significant size and with a devi-
ation angle between its maximum dimension 1,4 and symmetrical
axis of ~45¢° is visible even at low loading levels (Fig. 7b, d, f and h).
As the load increases the plastically deformed zone in the vicinity
of crack tip increases, as well and a change in its shape becomes
more and more evident. Namely, angle between direction of the
maximum plastic zone dimension r,. and crack propagation
direction reduces. The observed changes in the plastic zone size
are associated with the onset of crack extension and subsequent
crack advance. Fig. 7a depicts the pattern of specimen surface near
the crack tip when microcrack is initiated. From Fig. 7c, it is appar-
ent that microcrack is extended before the maximum load F,qy is
reached. Expanded microcrack is inclined to the main crack prop-
agation direction and extends further with increasing loads. Near
the Fn.x the path of surface crack propagation changes and be-
comes less tortuous (Fig. 7e). Final fracture develops when the
crack trajectory is significant in length (Fig. 7g).

Different behavior is observed for the equiaxed microstructure.
In this case, the actual crack path is rather flat (Fig. 8a, ¢, e and g).
As can be seen, a small load does not lead to microcrack develop-
ment. The plastic flow at the crack tip blunts the crack and micro-
crack does not appear until load reaches value near the F,4, which
is significantly smaller then in the case of the fully lamellar micro-
structure. The microcrack extends with increasing load, but at load
just before the F,,q, the unstable fracture occurs, so that the length
of the microcrack extension before the main crack development is
comparatively small. Due to the crack tip blunting exhibiting the
strong effect on the crack tip strain field, the plastic zone ahead
of the crack tip is smaller than in the case of the fully lamellar
microstructure (Fig. 8b). The higher loading level, the larger the
plastic zone size (Fig. 8d and f). However, the extent of the plastic
zone is smaller in the equiaxed microstructure than in the fully

lamellar one for the same loading level. Further, a deviation angle
of the r,,. direction is lower than 45° and has a tendency to de-
crease with increasing loads. Thus, the r,4 direction of the plastic
zone makes a lower angle with the crack propagation direction
than in the case of the fully lamellar microstructure, corresponding
to a flat appearance of the crack path (Fig. 8h). This can be attrib-
uted to the difference in the strain hardening exponent n of the two
microstructures (see Table 1) according to Dodds et al. [29], who
examined the influence of n value on the plastic zone shape by
using finite element method (FEM) calculations.

These observations indicate the significant influence of near tip
microstructure on the local crack path. The critical microstructural
feature controlling the crack propagation has different dimensions.
This can be explained by a fact that a crack prefers the damaged
microconstituents enclosed in the plastic zone [30]. The larger
the plastic zone size, the greater the amount of microconstituent
boundary areas is falling within it. The lamellar colony size is found
to be this critical feature in the case of the fully lamellar micro-
structure, which is characterized by a larger plastic zone. The «
lamellae boundaries provide fairly low resistance to the crack
propagation, so that crack extends by interlamellar or translamel-
lar fracture and changes direction when crossing the colony
boundaries. The changes in the crack direction cause the crack
branching and secondary crack formation, so that crack propaga-
tion through the differently oriented neighboring colonies requires
additional energy. As the colony boundaries become the effective
obstacles for the crack propagation, they play an important role
in the crack propagation response of this microstructure. Thus,
the propensity for crack path tortuousity and in turn crack propa-
gation resistance increases with increasing lamellar colony size. In
the finer-scale equiaxed microstructure, the primary o grain size
becomes the microstructural feature controlling the crack propa-
gation resistance. With increasing applied load, the plastic zone
grows until it becomes large enough to provide the crack propaga-
tion along the primary o grain boundaries. Additionally, a lower as-
pect ratio of the primary o grain contributes to the decrease of the
crack deflection. Since the lamellar colonies are more than one or-
der of magnitude larger than primary « grains, the crack path in the
fully lamellar microstructure is more tortuous improving the crack
propagation resistance of the g ST FC treated alloy. This is in accor-
dance with the results of Nakajima et al. [31], who reported that
the change of primary « grain size even from 2.2 pm to 5.5 pm in-
creases crack deflection and in turn crack propagation resistance of
the o + g type Ti-4.5A1-3V-2Mo-2Fe alloy. In the present investi-
gation, the reduced crack path deflection across the primary o
grain boundaries results in more straight crack propagation path
and less rough fracture surface, as shown by SEM micrographs in
Fig. 6¢c-h.

3.4. Fracture mechanisms

It can be noted that the differences in the fracture surface
roughness between two microstructures are quite significant. The
fracture surface for the fully lamellar microstructure is very rough,
with long and relatively high cleavage steps ahead the stretched
zone (Fig. 6¢). The damage mechanism is predominantly transgran-
ular quasi-cleavage fracture through the colonies (Fig. 6e). Namely,
the large quasi-cleavage facets surrounded by ridges at which the
crack changes propagation direction are almost equal to the lamel-
lar colony size. The presence of fine and relatively deep transgran-
ular dimples mixed with intergranular dimples clustered in very
narrow areas parallel to the long axis direction of the « lamellas
suggests that the fracture process is complex and involves different
mechanisms. Numerous microvoids initiated preferentially at the
o/p lamellar interfaces and secondary cracks created by their link-
age are observed on the fracture surface (Fig. 6g), indicating the



L. Cvijovic-Alagi¢ et al./ Materials and Design 53 (2014) 870-880 877

(9)

(b)

(d)

(h)

Fig. 7. Crack patterns (a), (c), (e), (g) and strain distributions around crack tip (b), (d), (f), (h) obtained at different loading levels for the alloy with fully lamellar
microstructure. (a), (b) Stage 45, F=11.0 kN, (c), (d) stage 56, F=13.0 kN, (e), (f) stage 65, F=12.0 kN and (g), (h) stage 98, F= 7.5 kN.

crack propagation direction. As the most microvoids nucleate be-
fore cracking at p side of the o/B interface, the crack deviates
around o lamellas. Richards [17] reported that the crack would
deviate past the colony or around « platelets if the energy to frac-
ture the o platelets is greater than that involved in circumventing
the o colony. Otherwise the crack would propagate through o
platelets.

Helbert et al. [32] experimentally and numerically investigated
damage initiation and kinetics in different «/p titanium alloys and
identified the nucleation limits of voids located at the «/f inter-
faces. They showed that the triaxiality and plastic strain have a
strong influence on the nucleation strain for this kind of voids.
The nucleation plastic strain increases with hydrostatic stress o,

decreasing. On the other hand, the ¢, needed for void nucleation
at the o/p interface decreases when saturated internal stress in-
creases. In other words, with high internal stress, less hydrostatic
stress will be necessary to rich the critical nucleation stress. Hence,
low internal stresses delay void initiation and break down damage
development. Same authors also demonstrated that the strain-
stress distribution near the «/p interface depends on the amount
and aspect ratio of « phase. The saturated internal stress is maximal
for 60-70% of o phase. With further increasing of the o phase vol-
ume fraction, saturated internal stress decreases. However, a
change in the o« phase morphology results in the saturated internal
stress modification. An increase of its aspect ratio increases the sat-
urated internal stress and modifies the volume fraction of the o
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(a)

(c)

(9)

(b)

(d)

(h)

Fig. 8. Crack patterns (a), (c), (e), (g) and strain distributions around crack tip (b), (d), (), (h) obtained at different loading levels for the alloy with equiaxed microstructure.
(a), (b) Stage 43, F=5.5kN, (c), (d) stage 57, F=8.0 kN, (e), (f) stage 60, F=7.0 kN and (g), (h) stage 78, F= 1.5 kN.

phase for which the internal stress has a maximum value [32]. As a
result, the local hydrostatic stress for microvoid nucleation will be
smaller in the acicular microstructure with the greater amount of
the « phase distributed over shorter distances. From these observa-
tions, it appears that the microvoids initiate earlier in the fully
lamellar microstructure. The lower yield stress and strain harden-
ing rate then in the case of equiaxed microstructure accelerate
the onset of the microvoid growth and coalescence process, so that
interlinking of microvoids occurs more readily. However, devel-
oped microcracks do not link up with the main crack before the Fy,4
is reached. The large scale meandering slows the main crack prop-
agation, contributing beneficially to fracture resistance.

The overall appearance of « + 8 ST FC treated alloy fracture sur-
face is very flat (Fig. 6f), due to the refined equiaxed microstruc-
ture. However, the damage mechanisms associated with the
cracking process are of the same kind as those in the fully lamellar
microstructure: quasi-cleavage and dimple fractures (Fig. 6h). The
size of quasi-cleavage facets is comparable to primary « grain size
dimension, while ductile fracture with void nucleation, growth and
coalescence is governed by the globular g grains. Transgranular
dimples mixed with dimples on the walls of the ridges are larger
compared with those of the fully lamellar microstructure, which
indicates that the crack path is strongly affected by the primary
o grain size, 1, and spacing between primary o grains, iz The
coarse and deep dimples located at the boundaries between planar
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facets and surrounded areas with smaller dimples suggest that the
voids arise at the «/p interfaces in the first stage of plastic flow. The
larger number of microvoids also observed along the «/p interfaces
(Fig. 6h) indicates that these dimples nucleate in greater fraction
than in the fully lamellar microstructure. This is in agreement with
the results of Helbert et al. [32]. If the o phase volume fraction is
lower and in turn internal stresses are greater, the void initiation
appears to be quicker. However, their growth is less pronounced
due to the local stress state [33]. Only a few short secondary cracks
are visible on the fracture surface (Fig. 6f). As discussed above, the
yield stress and strain hardening influence the void growth and
coalescence process. Also, the crack tip blunting changes the local
triaxiality rate, involving in void growth [32]. In addition, the void
coalescence is highly dependent on the initial void spacing which
is attributed to a change in the initial aspect ratio of the voids
[32,34,35]. At the earlier stage of plastic strain the void growth pro-
duces spherical voids, irrespective of the void initiation site. With
strain increasing, the shape of voids changes so that most of them
become elliptic in shape. The existence of the some elliptical-
shaped microvoids near the notch tip is evident in both the fully
lamellar and equiaxed microstructures of Ti-6Al-4V alloy [18].
However, these microvoids observed in equiaxed microstructure
coalesced at the notch front just when the maximum load is at-
tained and a main crack developed from the notch tip, resulting
in unstable fracture.

4. Conclusions

Fracture resistance and crack tip strain distribution in Ti-6Al-
4V ELI alloy with fully lamellar and equiaxed microstructure were
examined in order to identify the most important microstructural
parameter determining the damage behavior of this alloy for bio-
medical applications. From the obtained results, the following con-
clusions can be made:

(1) The difference in applied heat treatments significantly
affects the tensile and fracture properties of investigated
o+ B titanium alloy. The decrease of solution treatment
temperature from 1000 °C to 750 °C results in finer-scale
microstructure, showing a changed volume fraction and
morphology of the individual phases. The fully lamellar
microstructure with 87 vol.% of the o« phase and thex
colonies ~50 pm in size developed during slow cooling from
1000 °C changes in the equiaxed microstructure with
86 vol.% of the primary o phase 2.9 um in size.

(2) The refinement of microstructure improves the tensile
properties. The equiaxed microstructure exhibits the
significantly higher yield strength, ultimate tensile strength,
elastic modulus and elongation to fracture due to the
decrease in effective slip length that is more than one order
of magnitude less than in the lamellar microstructure.
However, the fully lamellar microstructure possesses

better tensile strength/elastic modulus combination,
which may be beneficial in improving biomechanical
compatibility.

(3) The fully lamellar microstructure also has a beneficial effect
on the fracture resistance. The critical CTOD values and R
curves show that this microstructure, having a coarser
characteristic microstructural dimensions, displays superior
crack initiation and propagation resistance to the equiaxed
one. This improvement is governed by much lower yield
strength, smaller strain hardening effect and morphological
characteristics of the fully lamellar microstructure.

(4) Among all microstructural parameters the « colony size and
aspect ratio of the o phase have the strongest influence on

the fracture behavior of the fully lamellar microstructure.
The increase of the crack deflection and more tortuous crack
path, resulting in rougher fracture surface, improve the crack
propagation resistance. In the case of the equiaxed micro-
structure the primary o grain size is critical microstructural
feature controlling the crack propagation path and
resistance.

(5) The appearance of the crack is associated with the extent of
the plastic zone ahead of the crack tip. Smaller plastically
deformed zone corresponds to a flat crack path in the case
of the equiaxed microstructure. Differences in the plasticity
levels at the crack tip result in more blunted crack tip in the
equiaxed microstructure The application of digital stereo-
metric method enables the accurate determination of actual
crack tip strain distribution along with stable crack
initiation.

(6) The complex fracture process involves two main mecha-
nisms: quasi-cleavage and dimple fractures. The dominant
fracture mode varies with microstructural morphology,
leading to difference in the fracture surface roughness. In
the fully lamellar microstructure the transgranular quasi-
cleavage fracture is predominant damage mechanism, while
ductile fracture characterized by the void nucleation and
growth at the «/p interfaces is most significant in the equi-
axed microstructure.
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