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ABSTRACT: This paper deals with the development of a methodology for the prediction of
material failure in metallic aerospace alloys by evaluating changes in surface characteristics directly
prior to unstable fatigue crack propagation. The study is based on in situ nondestructive characterisation of the depression zone ahead of the crack tip of fatigue-pre-cracked titanium alloy
specimens subjected to static loading. A relationship between the surface characteristics of the
deformation zone ahead of the crack and the stress intensity factor of the material was obtained.
This relationship was common to a variety of microstructural conditions such as mill-annealed and
b-annealed microstructures. Based on the analysis, prediction of the impending fracture in cracked
samples of the material was enabled. The outcome of this study can be used for optimising the
service life of structural components.
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Introduction
Extending the life of ageing aircraft beyond their
design life requires knowledge of the fractional life
remaining in the materials of key aircraft components. In this effort, nondestructive testing of critical
components and application of fatigue crack damage-tolerance approaches are essential for predicting
the residual life of key components containing
measurable flaws. Current damage models used to
determine the remaining life of components are,
however, extremely conservative [1]. The conservative approach, known as ‘fail-safe’ standards, not
only prevents failures but also leads to a lower level of
component utilisation or more frequent and costly
inspection. More efficient criteria for predicting fatigue crack failure and optimising service life of ageing
aircraft may arise from recognising the changes in
material properties directly prior to unstable crack
growth. Quantification of the deformation zone at a
crack front may enable prediction of fatigue crack
instability, which leads to component failure [2–4].
This additional knowledge would allow application
of a ‘predict and manage’ philosophy to maintaining
aircraft, rather than the current and less efficient
‘find it and fix it’ maintenance approach.
The objective of this study was to develop a
method for internal damage assessment and residual
life prediction in aerospace materials and components by nondestructive evaluation of changing
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surface characteristics because of cracking. The
material surface characteristics under observation
include the tip of a fatigue crack and the plastic and
elastic zones preceding it.
Titanium alloy specimens were used in this study,
as high-performance aerospace components are often
made of titanium-based materials. Prominent components made of titanium alloys include aircraft
fuselage, gas turbine engine discs and blades, landing
gears, lower wing skins and windshield frames [5].
Many of these are key structural components that
require high-strength and damage-resistant alloys.
Surface and subsurface damage in fracture-resistant
aerospace structural materials such as titanium alloys
can be due to fatigue, corrosion, foreign object
impact and fretting. Subsurface damage caused by
fatigue may be detected on the surface of polished
samples through surface deformation or slip-band
formation in locations where the cracks reach the
surface [6]. It is widely believed that this deformation
zone preceding a crack increases the effective length
of the crack and, therefore, should be considered in
life prediction models [7]. The presence of an effective crack length makes it necessary to develop
methods to characterise and quantify subsurface
damage and plastic deformation through characterisation of the surface, which is the most convenient
location for crack-tip observations. The deformation
is a result of complex stresses and strains at the crack
tip. The presence of these stresses and strains is
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exemplified by necking of the material. The localised
necking creates a depressed volume in front of the
crack tip. When the stresses and strains in the
deformation area combine to reach a critical level,
the conditions for crack propagation are satisfied.
The crack extends through microcrack coalescence or
increased necking, which causes voids to grow larger
[7]. Through the conditions of its existence, the
deformation zone can be considered to measure the
load history of the material ahead of the crack following its last propagation step. The deformation
zone is a combination of elastic and plastic deformations. The elastic deformation can be recovered
while the plastic deformation, caused by a stress
concentration at the crack tip that exceeds the
material’s yield strength, is permanent. Both millannealed and b-annealed titanium alloys were studied. White-light interference profilometry was used
in both cases for in situ topographical data acquisition.

Fracture Mechanics Approach and
Crack-Tip Deformation
The Griffith theory can reasonably predict the onset
of rapid fracture in somewhat brittle materials, but
fails when applied to ductile materials that experience plastic deformation. In ductile materials, stress
states and energy at the crack tip differ greatly from
the conditions predicted by Griffith. These differences can be related to the amount of plastic
deformation present at the point of fracture of a
ductile material. Plastic deformation represents
absorbed energy. This absorbed energy creates
microscopic shear fracture surfaces instead of
directly contributing to crack propagation [8]. The
Griffith theory is based on the assumption that
crack propagation occurs when an amount of energy
exceeding that required for an increment of crack
advance is absorbed. When plastic deformation is
large in comparison with the crack length, standard
fracture mechanics does not reasonably predict
material failure because it fails to account for the
energy absorbed by plastic deformation [8]. The
stress intensity factor, K, describes the stress state of
a defect within a component. The magnitude of the
stress intensity factor changes based on the amount
of damage preceding a crack. Accurate determination of the stress intensity factor for cracks with
large deformation is difficult. Difficulties arise when
the deformation field data extend into areas of the
material influenced by the geometry of the specimen. It is also difficult to ensure that the surface
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deformations are representative of the displacements occurring throughout the sample bulk. This is
guaranteed by taking measurements outside of the
area one half of the plate thickness away from the
crack tip [9].

Need for New Surface Characterisation
Tools to Quantify Crack-Tip Deformation
Numerous optical examinations of crack-tip deformations have been performed to estimate the stress
state of a crack tip. These techniques include photoelastic methods [10], moiré interferometry [11–15],
electronic speckle pattern interferometry [16], holographic interferometry [17], shearing interferometry
[18], computer vision [19], caustics and numerical
analyses [20], and full-field optical methods [21, 22].
Despite the importance of optical stress-analysis
methods in fracture mechanics, there is a lack of
suitable experimental techniques providing full-field
deformation measurement [23]. In addition, all these
methods have important limitations. For instance,
photoelasticity requires calibration of each batch of
material tested at the time of testing and is limited
to specific materials. Moiré interferometry requires
extensive surface preparation as a physical grating
must be applied to the specimen surface prior to
examination. Holographic and speckle interferometries require two exposures of the specimen surface
on the same film, one reference exposure prior to
deformation and another exposure following deformation.
To overcome the difficulties of traditional optical
techniques, white-light interference profilometry was
used in this study for acquisition of deformation field
data. White-light interference profilometry measures
the same physical properties as other optical methods, but it produces more interpretable topographical
images as it enables non-contact, full-field, real-time,
high-resolution 3-D evaluation of surfaces [24]. A
white light interference profilometer is essentially a
Michelson interferometer with a reference mirror
replaced by the surface to be imaged [25–27] and can
evaluate surfaces with a roughness as high as 500 lm,
with 3 nm vertical resolution and lateral surface
resolution of up to 0.2 lm. Such precision permits
detailed topographic imaging. In addition, the technique is time-effective as imaging cycle time for
medium-resolution scans up to 1 mm2 in size is less
than 5 min. Short scanning times enable in situ
measurements such as the time-dependent measurements of crack front deformation performed in this
study.
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Surface Characteristics of Crack-Tip
Deformation
The deformation observed on the surface of a sample
is a combination of elastic and plastic deformation.
To distinguish the two types of deformation, a technique other than white-light profilometry must be
applied. Standard techniques that identify plastic
deformation include isochromatic-fringe experiments, photoelastic coating methods, etch-pit techniques, electrolytic etching, microhardness methods,
electron channelling, X-ray diffraction, channelling
contrast in scanning electron microscopy and stereographic techniques [7].
Assuming that elastic deformation is negligible, the
size of the deformation zone can be estimated using
standard fracture mechanics equations that calculate
the radius, ry, of plastic deformation,
ry ¼

K2
npr2yx

(1)

with n = 6 for plane strain conditions and n = 2 for
plane stress conditions; where ryx is the yield stress in
the loading direction and K is the stress intensity
factor.
Equation (1) is valid for applications where
monotonic stress is present. When cyclic stresses are
applied, the size of the plastic zone is greatly reduced.
The cyclic deformation zone is estimated to be onefifth the size of a monotonically loaded deformation
zone [7]. A plane stress equation is used for plastic
deformation radius equations in this study. The
plane stress condition is valid for this study both
because of the thickness of the samples and the
comparison of plastic deformation calculations with
surface deformation measurements. First of all, the
samples were thin enough for the plane stress state to
exist throughout the thickness of the sample. Secondly, this study is based on deformation measurements on the surface of the sample where the plane
stress state is guaranteed to be present, regardless of
the sample thickness, due to the lack of the 3-D stress
state on the sample surface.
The shape of the plastic zone also affects the life of
structural components. Equation (1) simply supplies
the average radius of the plastic zone. Theoretical
plastic zone shapes are not circular so an angular
dependent radius of plastic deformation equation is
needed, as shown in Equation (2):

ry ¼



K2
2h
2h
cos
1
þ
3
sin
2
2
2pr2yx
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(2)

Figure 1: Shape of theoretical plastic deformation

Plotting this radius provides the theoretical plastic
deformation shape for plane stress conditions of
a crack at a particular stress intensity value [12]. This
theoretical shape resembles a butterfly as seen in
Figure 1.

Materials and Testing
Both mill-annealed and b-annealed Ti-6Al-4V alloys
were studied. Ti-6Al-4V cross-rolled sheet material
1.35 mm thick, annealed at 700 °C, was used in this
study. The mill-annealed microstructure had grain
sizes of approximately 5 lm in the transverse
direction and 20 lm in the longitudinal direction.
The b-annealed sheet examined in this study was
identical to the mill-annealed material. It was vacuum heat-treated above the b-transus at 930 °C for
6 h and then furnace-cooled. It was then vacuumannealed at 700 °C for 1 h and 40 min and aircooled. Most colony sizes were between 100 and
200 lm. Preparation of b-annealed specimens
included etching of the specimen surface prior to
crack initiation. Etching revealed the microstructure
of the specimen and enabled evaluation of the
influence of each large grain on surface deformation
orientation and shape.
Flat, Ti-6Al-4V dogbone samples were used in
this study (Figure 2). Through electrodischarge
machining, a 0.4 mm long notch was cut into the
edge of the centre of the reduced section of each
specimen to provide a stress concentration for crack
initiation. All specimens were polished to a low
surface roughness (root mean square  250 nm)
prior to testing to provide a uniform surface finish
and enable detailed examination of changes in surface topography.
Fatigue cracks were initiated from the notch of
each specimen by high cycle fatigue loading. The
specimens were subjected to low stress (c. 25% of
yield stress) cyclic loading at a stress ratio of 0.1. In
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Figure 2: Specimen dimensions

order to initiate a short crack, 10 000 cycles were run
during each set. Following each set of cycles, the
specimen surface was examined with a travelling
optical microscope. Once a visible crack was detected,
the stress was reduced by 10% and the specimen was
subjected to additional sets of 1000 cycles. Prior to
each additional set, the stress was reduced by another
10%. This stress reduction was repeated several times
to sharpen the crack front and reduce the initial
surface deformation area (see Equation 1). The crack
length ranged from 0.05 to 0.25 lm. Including the
notch, effective crack length ranged from 0.45 to
0.8 lm.

Following crack initiation, the specimens were
loaded into a portable static 4.5 kN load frame.
The load frame was placed under a white-light
interference profilometer for in situ topographical
data acquisition in both cases, mill-annealed and
b-annealed titanium alloys.

Results and Discussion
The crack-tip deformation zone size of fatigue-precracked material was monitored under increasing
load until failure. The extent of deformation was

Figure 3: Profilometry images of accumulating deformation in a mill-annealed specimen
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quantified using threshold calculations of surfaceprofiling data acquired by white-light interference
microscopy. The threshold method is based on setting a numerical cutoff between the areas of depression and the gradual slope of the material into the
background. All pixel points representing regions
lower than the threshold value are summed for an
area calculation. A value of zero, which corresponds
to the height of the bulk sample, is the cutoff for area
calculations used for evaluation of the data.
Profilometry images for mill-annealed and
b-annealed materials, obtained under static load
at incrementally increased levels, are shown in
Figures 3 and 4, respectively. The presence of a distinct region of deformation ahead of the crack is
observed in Figure 3. However, the deformation in
b-annealed specimens (Figure 4) is uneven and varies
from specimen to specimen as expected for a very

coarse-grained material. The general shape of the
deformation remains the same from the beginning of
loading to development of crack instability. The
deformation continues to accumulate as the magnitude of the load is increased. The symmetrical shape
shown in Figure 3 is typical of relatively fine-grained
materials like the mill-annealed microstructure used
in this study. Coarse-grained or highly textured
materials like the b-annealed microstructure develop
a less symmetric plastic zone because the plastic
deformation slip activity ahead of the crack tends to
follow large grains oriented for easier slip or a
preferred crystallographic orientation (Figure 4).
Comparing Figures 3 and 4 clearly illustrates the
dependence of deformation shape on the microstructure of the material.
Figure 5 shows optical images of cracks in both
mill-annealed and b-annealed material prior to static

Figure 4: Profilometry images of accumulating deformation in a b-annealed specimen
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loading and after release of a near-critical load. The
deformation zone of the mill-annealed material is
contained within the area marked by residual shear
bands (Figure 5B). The deformation zone of the
b-annealed material extends beyond the crack-tip
opening (compare Figures 5D and 4). The crack front
of the b-annealed material is more jagged because it
follows the grains of the coarse microstructure. The
area ahead of the crack front in the b-annealed
material contains several small cracks that were created by crack branching. In addition, the crack length
of both materials remained constant throughout
loading until the point of unstable crack growth
(Figure 5B,D).

A correlation between the observed surface deformation and plastic deformation is necessary to relate
this work with accepted fracture mechanics laws. A
rough comparison of theoretical plastic deformation
and surface deformation was created by plotting the
theoretical radius of plastic deformation for a K-level
equivalent to that documented for a surface deformation image. The theoretical equation plotted
(Equation 2) describes the radius of plastic deformation of a material in the plane stress condition and is
based on an in-plane 2-D model. This equation is
valid as the samples used in this study are thin
enough for the plane stress condition to exist
throughout their entire cross-section, but is only a

(A)

(B)

(C)

(D)

Figure 5: Optical images of deformation near crack tip. Mill-annealed material (A) prior to loading and (B) after unloading from
3425 N. b-annealed material (C) prior to loading and (D) following unloading of 2890 N

Figure 6: Theoretical plastic zone compared to surface deformation of mill-annealed material at 3114 N load
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broad comparison as the surface deformations
represent out-of-plane displacement or displacement
perpendicular to the theoretical modelling plane.
The theoretical radius was calculated, plotted as a
function of h, and then sized to correlate with the
figure over which it was overlaid. The theoretical
plastic deformation shape did not represent the
surface deformation (Figure 6). The difference in
shape was justified because the kidney shape represents the in-plane material behaviour and the shape
seen on the surface is the result of out-of-plane displacement.
The discrepancy in size may also result from the
inclusion of both elastic and plastic contributions to
the surface deformation. If these contributions were
separated, one may discover that only the deepest
area of deformation is representative of plastic
deformation. With such consideration, the theoretical plastic zone size may more closely represent the
experimental plastic zone size.
Based on fracture mechanics considerations, it is
assumed that the deformation zone size would rapidly increase when the applied load developed to
stress intensity levels, K, close to the critical stress
intensity factor. The critical stress intensity factor for
plane stress, KQ, is referred to here instead of the
critical stress intensity factor for plane strain, KIC,
because the stress state is dependent on the thickness
of the thin samples used in this study. When the
K-level in the cracked component reached the KQ
value, fast fracture developed. The KQ values were
easily obtained from valid plain stress fracture
toughness tests. When the KQ value was reached it
was impossible to stop or slow the failure. For this
reason, the surface area of the deformation and
volume of the depression zone, as determined by the
surface profiling data, were plotted against the stress
intensity factor. A relationship resulted from trends
in the changes of surface deformation during the
approach to KQ.
Quantified data from the incrementally increased
static load tests are shown in Figure 7. Area and volume data were calculated through analysis of images
contained in Figures 3 and 4. The region of deformation ahead of the crack increased exponentially
both in area and volume with the increasing stress
intensity factor. Directly prior to failure, the area of
deformation retracts (Figure 7A). Unlike area, the
deformation volume continually increases with K
until the final failure (Figure 7B). Data analysis
indicates an exponential increase in the slope of
the deformation volume versus stress intensity
factor that indicates an upcoming plastic instability.
Detection of this sudden increase in the slope of
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deformation volume over stress intensity factor may
become a useful tool in anticipating eventual instability and may be a basis for methods to detect the
beginning of fast fracture in structural components
with sharp notches or existing cracks.
The surface deformation investigated throughout
this work includes both plastic and elastic contributions. A substantial amount of the elastic
(A)

(B)

Figure 7: Deformation and stress factor relationship of
Ti-6Al-4V for (A) area of deformation and (B) volume of
depression for b-annealed and mill-annealed microstructures

Figure 8: Deformation relaxation after release of load for millannealed material
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(A)

(B)

Figure 9: Rate of change in Deformation vs. stress intensity factor for Ti-6Al-4V for (A) area of deformation and (B) volume of
depression, for b-annealed and mill-annealed microstructures

deformation was expected to relax upon release of
the static load. To track this deformation retraction,
images of the specimen were taken under load and
then directly following release of the load. Measurements showed a minimal decrease in the
deformation area. This strain release was timedependent and could be traced over a period of
several hours. An additional study was performed
to determine if the relative amount of elastic to
plastic deformation decreased as deformation size
increased. The relationship between elastic and
plastic deformation was tracked by loading a specimen to a specific load, imaging the sample under
load, releasing the load and immediately imaging
the sample without load. The result of this test
is presented in Figure 8. The duration of time the
sample was under load was relatively constant
for all load steps. The percentage of relaxed
deformation was calculated at each load step using
Equation (3).

% of relaxed deformation ¼

Deformation under load  Deformation with no load
 100
Deformation with no load

At loads up to half the critical load of the sample,
just over 20% of the deformation relaxed upon
release of the load. At loads over half of the critical
load, 60% of the deformation relaxed. Most importantly, after deformation relaxation the exponential
relationship between the deformation size and the
stress intensity factor remained.
Examination of the common relationship between
deformation zone size and the stress intensity factor
indicates that criteria for failure may be extracted
from surface deformation data. The suggested crite-
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rion for failure is a critical rate of change of depression volume, rc ¼ dV=dK, at a determined point
prior to failure. This criterion is further supported by
Figure 9A,B. Figure 9A shows the rate of change in
area of deformation versus the stress intensity
factor for Ti-6Al-4V material with b-annealed and
mill-annealed microstructures. Based on this plot, a
critical value of K, where rapid change occurs in the
area of deformation, cannot be clearly defined. This is
attributed to the fact that the area of deformation
retracts directly prior to failure (Figure 7A). However,
the deformation volume continually increases with K
until the final failure (Figure 7B). As a result, a critical
rate of change in the volume of depression, which
corresponds to the slope of the size of deformation
over the stress intensity factor at a determined
point prior to failure, can be easily determined
(Figure 9B). Based on this analysis, the critical stress
intensity factor for plane stress, KQ, was determined
for Ti-6Al-4V specimens: KQ = 33.5 MPa Öm for

(3)

b-annealed microstructure, and KQ = 32.8 MPa Öm
for mill-annealed microstructure.

Conclusion
Profiling measurements using white-light interference microscopy quantified the surface area, volume
and shape of the deformation zone ahead of the
crack tip of fatigue pre-cracked titanium alloy specimens subjected to static loading. An exponential
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relationship between the surface area and volume of
the deformation zone and the stress intensity factor
of the cracked sample was obtained. This relationship
was found to be common to different microstructural
conditions, such as mill-annealed and b-annealed
microstructures. These observations enabled the
determination of a critical rate of change in volume
of depression at a crack tip versus the stress intensity
factor that can be used to predict catastrophic failure
of the material. As a result, the critical stress intensity factor for plane stress, KQ, was determined for
Ti-6Al-4V specimens with both b-annealed and
mill-annealed microstructures. Additional observations include time-dependent crack-tip depression
zone enlargement under sustained load, crack-tip
deformation relaxation following load release and
discrepancies between surface deformation and
theoretical plastic deformation shapes. The outcome
of this study can have important implications for
optimising the service life of airframe structural
components.
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