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Damage mechanisms of fatigue fracture in a
metastable beta Ti—-15-3 alloy
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The mechanism of crack tip deformation in metastable beta Ti-15-3 alloy under fatigue
loading has been examined. In spite of the small thickness of the test specimens (1 mm), the
plastic zone revealed plane strain conditions which was transformed to a plane stress zone
when its size became 0.25 of the crack length. Slip processes whose density increased with
crack length were the dominant microscopic feature of crack tip plasticity. Microcracks
emanating from the main crack appeared as a result of extensive slip damage. Transmission
electron microscopy (TEM) and X-ray evidence indicate the absence of twinning or phase
transformation and that dislocation processes constitute the microstructural origin of crack
propagation resistance in the alloy. Energy calculations show that the specific energy of slip,
20 MJ m~3, exceeds that of microcracking by three orders of magnitude.

1. Introduction

The magnitude and the type of crack tip damage in a
material determines its resistance to crack propaga-
tion. This phenomenon is commonly modelled as a
plastic zone and is analysed according to principles
of nonlinear fracture mechanics [1-5]. When damage
processes are highly localized in the crack tip region, a
process zone model is invoked [6, 7]. The latter rests
on linear elastic fracture mechanics. Both approaches
regard crack tip damage in a continuum sense. How-
ever, advanced analysis of deformation processes re-
veals that plasticity is a continuum manifestation of
various microstructural transformation such as dis-
location slips, twinning and phase transformation
[8-12].

Each of these processes requires differing energy
expenditure, hence the influence of each on resisting
crack advance should be different. Furthermore, the
density of their occurrence should play an equally
significant role. Accordingly, a complete character-
ization of a material’s fracture toughness demands 2
careful examination of the type and the evolution of
the crack tip damage processes during its propagation.
This paper reports a detailed examination of fatigue
crack tip damage mechanisms in a metastable beta .
Ti—15-3 alloy.

2. Experimental procedure

2.1. Fatigue tests

Single edge notched (SEN) specimens were prepared
from 1 mm thick Ti-15-3 alloy sheets. All the speci-
mens had their longitudinal axis parallel to the rolling
direction in order to maintain identical texture condi-
tions. The gauge dimensions of the specimens were
80 mm x 20 mm with a 60 degree, 1 mm deep notch
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introduced into one edge of each specimen. The sur-
faces of the specimens were polished mechanically,
using 0.3 pm aluminium oxide powder in the final
polishing step to obtain mirror-like surface quality.
This quality is needed in order to conduct optical
observations on the damage zone during and after
fatigue tests. The specimens were fatigued at room
temperature using a servo-hydraulic MTS machine.
The maximum load in the fatigue cycles was kept
constant at 380 MPa which corresponds to 50% of the
yield strength of the alloy. The load cycling frequency
was 0.5 Hz with a sinusoidal waveform. The minimum
to the maximum load ratio was 0.1.

Two sets of specimens were tested. One set was
fatigued until complete fracture occurred. This set was
used for the analysis of the evolution of crack tip
damage zone. The second set was fatigued to certain
crack lengths and unloaded. These cracked, yet un-
fractured, specimens were used to investigate the crack
tip damage mechanisms. Similar mechanistic invest-
igations were also performed on fractured specimens.
Microscopic analyses were made with a Nikon-AFX-
II optical microscope and a Jeol 35 CF scanning
electron microscope (SEM).

2.2. X-ray diffraction analysis

Samples used for X-ray diffraction (XRD) analysis
were cut from as-received material as well as from the
damage zones of propagating cracks (Fig. 1a and b).
The lengths of these cracks were 4 mm and 8 mm
while the critical crack length under our test condi-
tions was 12 mm. The size of the samples was 2 mm
x2mm x 1 mm. X-ray diffraction analyses were per-
formed on a Philips diffractometer system ADP 3520,
with nickel-filtered CuKa monochromatic radiation.
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Figure 1 Optical micrograph of the side view of (a) 4 mm crack
length displaying the V-shape of the damage zone and (b) 8 mm
crack length displaying the circular shape of the damage zone. The
circle indicates the area at which X-ray and TEM analyses were
carried out.

2.3. Transmission electron microscopy
analysis

Samples used for TEM analysis were removed from
the same locations shown in Fig. 1a and b, as well as
from as-received material. These samples were care-
fully ground to about 0.1 mm thickness on a grinding
wheel with 600 mesh emery papers. Then, discettes
with 3 mm diameter were punched out from the speci-
mens. The discettes were further thinned using a
Struer Tenupol twin-jet electropolishing system. In
such a system, the polishing current was automatically
cut off as soon as a small hole formed in the polished
discette. The electropolishing solution was 6% per-
chloric acid, 35% butanol n-butyl alcohol and 59%
methanol by volume. The solution temperature was
kept at — 40 °C, the current density was 15 mA mm~?
and the voltage was 25 V. After polishing, the TEM
foils were washed in methanol prior to TEM exam-
ination. That examination was performed on a Philips
400T TEM.

3. Results and discussion
3.1. Evolution of the crack tip damage

zone
Results of this study are presented in three statements.
The first deals with the evolution of the crack tip
damage as a continuum, i.e., plastic zone as a function
of crack advance. The second examines the structural
origin of the damage processes. In the third statement,
an energy analysis is carried out to assess the specific
energy of the identified damage processes. In a sub-
sequent publication, we employ the Crack Layer
theory to evaluate the specific energy of fracture [13]
which will be compared with the present results.
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The shapes of the crack tip damage zone which are
displayed in Fig. la and b are typically observed at
short and long cracks, respectively. With crack
growth, that zone experienced shape change and its
size increased. In the early stages of crack propaga-
tion, the damage zone had a V-shaped (Fig. 1a). As the
crack propagated, a gradual merge of the two edges of
the damage zone caused it to assume a circular leading
edge (Fig. 1b). The crack propagated preceded by the
circular front of the damage zone till the final rupture.

Obviously, the shape change of the damage zone
reflects a gradual change in the stress state with crack
depth. At short crack, plane strain conditions pre-
vailed, giving rise to the V-shape of the damage zone.
Subsequently, plane stress conditions prevailed with
the increase of the crack depth exhibiting the circular
shape of the damage zone [14].

Plastic deformation process during crack propaga-
tion caused lateral contraction due to yielding within
the damage zone. The extent of yielding increased with
the crack length. Fig. 2 is a composite micrograph of
one half of a fatigue-broken specimen. In the be-
ginning, the crack propagates through a plane normal
to the applied load as is evident from the flat appear-
ance of the fracture surface. This region coincides with
plane strain conditions. As the crack is dominated by
plane stress, it propagated in a plane that slanted.
These phenomena can be better examined from cross-
sections of fractured specimen. Fig. 3a—d are optical
micrographs of cross-sections at 3, 6, 9 and 12 mm
crack length, respectively. There is no noticeable
thickness reduction or fracture surface slanting at
short crack (Fig. 3a). However, with crack propaga-
tion the magnitude of fracture surface yielding as well
as slanting increased remarkably (Fig. 3b and c). At
the critical crack length, the specimen fractured in the
loading portion of fatigue cycle showing a fracture
surface similar to that created under monotonic load-
ing (Fig. 3d). It should be noted, however, that the
progressive slanting of the fracture surface is an addi-
tional indication of the stress state change at the crack
tip, from plane strain to plane stress [15]. In spite of
the fact that fatigue tests were performed on 1 mm
thick specimen, yet the plane strain conditions pre-
vailed at the tip of short crack.

It is worth noting that the maximum thickness
reduction took place at the fracture .surface. This
reflects the maximum yielding strain in the damage
zone preceding the crack tip. The thickness ¢ at the
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Figure 2 A composite optical micrograph of one half of fatigue-
broken specimen showing the yielding as well as the slanting of the
fracture surface.



Figure 3 Cross-section of the specimen shown in Fig. 2 at (a) 3, (b) 6,
(¢} 9 and (d) 12 mm crack length.

fracture surface was measured for different crack in-
crements and normalized to the initial specimen thick-
ness t,. The normalized thickness t/t, was taken as a
measure of the maximum yielding of the crack tip
damage zone and was plotted as a function of the
crack length in Fig. 4. The local yielding seems un-
noticeable during the first millimetre of the crack
propagation. Beyond this length yielding increased at
a steady rate reaching 50% at the critical crack length.

Fig. 5 is a composite micrograph of the side view of
two halves of a fractured specimen. The width of the
damage zone increased about eight-fold from crack
initiation to the critical crack length marked by a..
The damage features do not cover the entire damage
zone as they appear in Fig. 1. A close up of different
regions ‘along the crack trajectory shows that the
damage process involves discrete microstructural dis-
continuities. Surface traces (due to dislocation slips
and/or twinning) and secondary cracking are evident
along the primary crack path as shown in Fig. 5. The
density of the surface traces increased remarkably
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Figure 4 Normalized sample thickness 1/t plotted versus the crack
length. The vertical arrow indicates the critical crack length.

with the crack length (Fig. 5, regions 1-3). Obviously,
this is a direct indication of the progressive increase in
the intensity of plastic deformation at the crack tip
which resulted in elongation of the grains along the
direction of load application (Fig. 5, region 3). In
addition to the surface traces, microcracks emanating
from the main crack were also observed along the
main crack trajectory. Their density progressively in-
creased with the crack depth as shown in Fig. 5,
regions 4-6.

The above characterization of the crack tip damage
zone showed the shape and the size evolution of that
zone with crack length. It also showed the progressive
increase in the density of damage features with the
crack advance. However, the origin (i.e., dislocation
slips and/or twinning) of the surface traces observed
has to be identified. In addition, the question, whether
there is a phase transformation at the crack tip has to
be answered. Therefore, XRD and TEM techniques
were used in an attempt to answer these fundamental
questions.

3.2. Microstructural origin of damage

Current literature suggests that metastable beta tita-
nium alloys deforms by a mixture of mechanisms
involving dislocation slips, twinning and phase trans-
formation [16-20]. Thus, in a previous publication
[21] we have employed this information to assume
that a similar mixture of mechanisms dominates the
damage zone. A transition in the crack propagation
behaviour was thus considered due to change in the
composition of the dominant damage species. It was
noted, in this study however, that the crack propaga-
tion undergoes plane strain—plane stress transition at
about 6 mm crack length (Figs 1 and 2). This trans-
ition is usually associated with the change from brit-
tle-to-ductile behaviour. The importance of this alloy

Figure 5 Dark field composite optical micrograph shows the evolu-
tion of the damage zone size. The evolution of the surface traces and
microcracks densities are also shown.
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Figure 6 X-ray diffraction of spectra of (a) as-received (undamaged)
material, (b) damage zone of 4 mm crack length and (c) damage zone
of 8 mm crack length.

and the significance of the phenomena demanded a
more detailed examination of the mechanisms in-
volved employing tools of microstructural analysis.
This is to ascertain the very nature of the damage
species and the manner by which they evolve in
response to the change in the crack tip stress state. In
addition, the fact that the present knowledge of the
deformation mechanisms in this alloy [16-20] is gen-
erated under the effect of monotonic loading which is
known to impose a stress state different from that
imposed by the crack tip. This emphasizes the need for
this detailed microstructural analysis.

X-ray diffractometer traces of samples removed
from as-received material and from the damage zones
of 4 mm (plane strain) and 8 mm (plane stress) crack
lengths are shown in Fig. 6a, b and c. X-ray diffraction
intensity is scanned from 35 to 130 degs in diffrac-
tion angle (26). The {110}, {200}, {211}, {220},
{310}, {222} and {312} of the body centre cubic
titanium alloy peaks are shown. In either Fig. 6b
and ¢, no additional peaks are observed. This indicates
that no significant phase transformation could be
detected in the damage zone. The b cc lattice structure
of the undamaged (virgin) material remained intact in
spite of the extensive plastic deformation the lattice
experienced.

In order to determine the basic origin of the
mechanism(s) involved in the fracture process, TEM
analysis was employed. Fig. 7 shows the structure of
the dislocations in the as-received material. An ap-
preciable density of dislocations is observed. Such a
high dislocation density is apparently due to the
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Figure 7 Bright field image of the structure of dislocations in the as-
received material.

thermomechanical processes experienced during prep-
aration. The electron diffraction pattern of the as-
received material (Fig. 8) indicates a bcc structure.
The absence of detectable streaking or distortion in
the diffraction spots indicates no lattice distortion
[22]. Similarly, samples obtained from the damage
zones at 4 mm and 8 mm cracks display no additional
diffraction spots, thus suggesting that the bcc struc-
ture remained intact during deformation. This implies
that neither twinning, nor stress-induced phase trans-
formation were formed within the damage zone. This
finding by TEM analysis supports the X-ray data.
Additional evidence can also be drawn from the TEM
micrographs of the damaged specimens of 4 mm and
8 mm cracks shown in Figs 9 and 10. Nevertheless, the
density of dislocations is much higher in the damage
zones compared to undeformed specimens. Also, the
structure of the dislocations: is aligned on {110} slip

Figure 8 Electron diffraction pattern of as-received material, zone
axis z = [001].
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Figure 9 Bright field image of the structure of dislocations in the
damage zone of 4 mm crack length.

Figure 10 Bright field image of the structure of dislocations in the
damage zone of 8 mm crack length.

planes in the damage zones with no evidence of
twinning.

The evidence given by X-ray and TEM techniques
along with that provided by optical and SEM obser-
vation have answered the fundamental question we
raised. They clearly indicate that dislocation slips and
microcracking are the only damage mechanisms act-
ing at the crack tip in Ti~15-3 alloy. However, it is of
interest to know -which mechanism is dictating the
resistance of the alloy to crack propagation. In other
words, which mechanism constitutes a major energy
sink and controls the behaviour of crack. This can be
achieved by calculating the specific energy of the
formation of each mechanism.

3.3. Energy analysis
The total strain energy of dislocations per unit length

U can be calculated using the following equation [23]

Gb*

U = i In(R/ro) (1)
where G is the shear modulus, R is the outer radius of
dislocation, r, is the core radius of dislocation and 4 is
the Burger’s vector. The shear modulus was approx-
imated as 0.375E (where E is the Young’s modulus)
assuming that Poisson’s ratio is 0.35, which is a
reasonable approximation for most metals. The value
of R was taken as the average half distance between
dislocation lines and was found to be equal to 0.01 pm.
The core radius of dislocation r, was taken to be equal
to 0.3 nm. The Burger’s vector is equal to one-half of
the body diagonal of the bcc unit cell of the present
alloy. The lattice parameter a is equal to 0.3263 nm
[24].

With all parameters of Equation I determined, the
value of U is 5.7 x 10~ ? N. The density of dislocations
was calculated as the total length of dislocations per
unit volume. The average thickness of the TEM foil
was estimated as 0.1 pm. Figs 9 and 10 were used to
measure the average density of dislocations which is
about 3.5 x 10*> mm 3. Multiplying the total density
of dislocations by U, we obtain the total strain energy
of dislocations U, per unit damage zone volume as
20 MIm~3.

The specific energy, in Jm ™3, expended on micro-
crack formation was also calculated. The density of
the microcracks was estimated as the total area cre-
ated by the microcracks per unit volume in m?m™3,
The total area of microcracks was approximated by
measuring the total length of microcracks and multi-
plying it by the specimen thickness. The surface energy
of Tiis 1.7 Jm ™2 [25]. Accordingly, the total energy
expended on microcracking is 4 KJm™3. This value
compared to the energy expended on dislocation slips
is obviously negligible. This analysis indicates the
minor role of microcracking as a toughening mech-
anism. More importantly, the low value of the micro-
cracking specific energy compared to that of disloca-
tion slips is concrete evidence that the main energy
sink at the crack tip is the dislocation slips.

4. Conclusions

1. Plane strain conditions dominate the initial stage
of fatigue crack tip in thin specimens of Ti-15-3. A
transition to plane stress is experienced when the
plastic zone size exceeds 0.25 of the crack length.

2. Dislocation slips appear to be the sole mech-
anism of crack tip plasticity. Microcracking near the
crack plane occurs as a result of extensive slip damage.

3. The energy of dislocation slips within the plastic
zone is three orders of magnitude higher than the
energy of microcracking. Thus, it is suggested that
the former plays the major role in resisting crack
propagation.
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