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Ultrasonic fatigue tests were conducted at the stress ratios of —1, —0.5, —0.1, 0.1 and 0.5 for a Ti-6Al-4V
alloy in high-cycle and very-high-cycle fatigue regimes. Experimental results showed that faceted crack
initiation was the main failure mode for specimens at the stress ratios of —0.1, 0.1 and 0.5, and multi-site
faceted crack initiation was observed at the stress ratios of 0.1 and 0.5. The measurements indicated that
the number of facets increased with the increase of stress ratio. Based on the observations, the
mechanism of faceted crack initiation was proposed, i.e., (i) cleavage of isolated primary o grains in
cluster; (ii) gradual growth of originated cracks (facets), and the coalescence of adjacent facets; and
(iii) coalesced facets forming a main crack in the cluster. Moreover, a model based on Poisson defect
distribution is proposed to describe the effects of stress ratio on faceted crack initiation, which is in
agreement with the experimental results.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Very-high-cycle fatigue (VHCF) behavior of metallic materials
has been drawing increased attention because many engineering
components such as high-speed train axles, turbine blade and
automobile cylinders require 10% or even more loading cycles of
safe performance [1-5]. Titanium alloys are widely used as struc-
tural materials in aircraft engineering due to their high strength-
to-weight ratio, corrosion resistance and high-temperature
resistance [6,7]. Recently, faceted crack initiation was observed in
high-cycle fatigue (HCF) and VHCF regimes of titanium alloys,
which resulted in the sharp decrease of fatigue strength [8]. Two
types of fatigue fracture surface for faceted crack initiation, i.e.
surface-with-facets (crack initiation from the surface of specimen
with subsurface facets) and interior-with-facets (crack initiation
from the interior of specimen with facets) were reported in HCF
and VHCF regimes of a Ti-6Al-4V alloys, and no pre-existed
defects were observed in the crack initiation region [9]. The faceted
morphology was in relation with the cleavage of primary o grains
[10], and the groups of primary o grains that formed facets were
regarded as the clusters of primary o grains [11]. For a titanium
alloy that is free of defects (inclusions and micro-voids), the facets
in the cluster are crack initiation origins. Moreover, the clusters of
primary o grains in the specimen have significant effects on the
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failure types of titanium alloys in HCF and VHCF regimes [12].
Therefore, facets and clusters are the major concerns in the inves-
tigation of faceted crack initiation.

The mechanism of crack initiation is crucial in the HCF and
VHCF regimes since more than 90% of the fatigue life is consumed
in the crack initiation stage [13-15]. Thus, the mechanism of
faceted crack initiation is an important topic in the HCF and VHCF
regimes of titanium alloys. The faceted crack initiation consists of
two processes, the formation of facets and the facets developing
into a main crack. For the formation of facets, Neal and Blenkinsop
[10] proposed that the restricted operative slip systems and dislo-
cation pile-ups at grain boundaries aggravated stress concentra-
tion, which became high enough to induce the cleavage on the
plane (1017). Chan et al. [16,17] analyzed the deformation behav-
ior of titanium alloys with primary o grains and lamellar o + 8
colonies by applying finite-element method (FEM), and indicated
that the softer phase tended to concentrate both the plastic strain
and the hydrostatic stress for reaching yielding first and leading to
interior crack initiation. Chai et al. [18,19] obtained similar results
by investigating the mechanism of subsurface non-defect fatigue
crack origins (SNDFCO).

Some researchers also indicated that the state of stress ratio (R)
was of importance for the faceted crack initiation [20]. For exam-
ple, Zuo et al. [21] and Takeuchi et al. [22-24] found the faceted
crack initiation in the HCF and VHCF regimes of Ti-6A1-4V alloy
for R = —1. While in the results by Morrissey et al. [25,26], no facet
was found for the similar microstructure of Ti-6Al-4V alloy. For
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Nomenclature

0, applied stress amplitude

N fatigue life

R stress ratio

f probability density of grains for which cleavage occurs

F cumulative probability of grains for which cleavage oc-
curs

O max applied maximum stress

Ocm mean value of cleavage strength

d related variance

N number of grains that may cleave

A area of the section bearing fatigue loading

P(N=0) occurrence probability of no faceted crack initiation

P(N=1) occurrence probability of single-site faceted crack initi-
ation

P(N > 2) occurrence probability of multi-site faceted crack initia-
tion

the case of positive stress ratios, crack initiation sites with facets
were observed at fracture surfaces for Ti-6Al-4V alloy [27-29].
This suggested that the increase of stress ratio promoted the occur-
rence of faceted crack initiation. However, the quantitative analysis
of stress ratio on facet formation in the faceted crack initiation site
was rarely reported. In addition, there are just few reports on the
formation process of faceted crack initiation [e.g. 30].

The competition mechanism between surface and subsurface
crack initiation is another important aspect in the HCF and VHCF
regimes of titanium alloys, which causes the scatter of fatigue life
[31,32]. Chandran [12] proposed that cluster-defects prevail in a
Ti-10V-2Fe-3Al alloy, and these clusters of primary o grains are
responsible for the faceted crack initiation. The occurrence of sur-
face crack initiation or interior crack initiation is determined by the
competition among the clusters located at surface rim area and
interior area of specimen for being the crack initiation site. Nor-
mally, only one crack initiation site was observed for the faceted
crack initiation. The multi-site faceted crack initiation including
surface and subsurface faceted crack initiation is rarely investi-
gated. The occurrence of multi-site faceted crack initiation sug-
gests the existence of competition relation between surface and
subsurface faceted crack initiation [33]. Moreover, the observation
of microstructure in the clusters may give more information for the
competition process among these clusters. Bantounas et al. [34-
36] investigated the role of microtexture on faceted crack initiation
of a Ti-6AI-4V alloy. In their results, local texture with grains of
favorable orientation was found beneath crack initiation site,
which was supposed to be responsible for the faceted crack initia-
tion. This result was supported by Bridier et al. [37] and Biavant
et al. [38]. However, the observations by Szczepanski et al. [30]
revealed that there was no evident difference in the microstructure
between the faceted crack initiation region and the ductile fracture
region. The competition relation between surface and interior
faceted crack initiation needs further investigation.

In this paper, the mechanism of faceted crack initiation in HCF
and VHCF regimes of a Ti-6Al-4V alloy was investigated. First,
ultrasonic fatigue tests were performed on the tested Ti-6Al-4V
alloy at R= -1, —0.5, —0.1, 0.1 and 0.5. The faceted crack initiation
was observed for the cases of R=—-0.1, 0.1 and 0.5, and typically
the multi-site faceted crack initiation prevailed in the cases of
R=0.1 and 0.5. Then, back scattering electron (BSE) examination
and orientation imaging microscopy (OIM) diffraction were con-
ducted on profile samples beneath the fracture surface of the spec-
imens at R=0.1 and 0.5. Based on the observations of cracks

Table 1
Microstructure and mechanical properties of the test material.

initiation and early growth stage, the process of faceted crack
initiation was revealed and the related mechanism was proposed.
The effects of stress ratio on the faceted crack initiation were
therefore discussed.

2. Test material and experimental methods
2.1. Test material

The material used in this investigation is an o-f titanium alloy
(Ti-6Al1-4V). The chemical compositions (wt%) are 5.8 Al, 4.2 V,
0.12 Fe, 0.03 N, 0.02 C, 0.005 H, 0.15 O and balance Ti. Typical heat
treatment was performed to produce bimodal microstructures. The
resulted microstructure fraction and the related mechanical prop-
erties are listed in Table 1, for which the tensile tests were con-
ducted on five cylindrical specimens with the diameter of 6 mm
and the microhardness was obtained by the average of twenty
indentation points for each of three specimens.

2.2. Fatigue testing and fractography observation

Fatigue testing was conducted with an ultrasonic fatigue test
machine (GF-20k from Lusar Corporation) at a resonance fre-
quency of 20 kHz at room temperature in air. The ultrasonic fatigue
machine was equipped in a conventional tensile machine (capacity
20 kN) to enable the ultrasonic cycling under an amount of mean
stress. Compressive air was used to cool the specimen during ultra-
sonic fatigue testing. Fig. 1 presents the shape and dimensions of
the specimen (just one end of the specimen with screw for
R=—1 case). The cyclic stress was loaded by the ultrasonic fatigue
machine, and a value of mean stress was superimposed by the con-
nected tensile machine. The fracture surfaces were observed by a
field-emission type scanning electron microscope (SEM).

For the observation of microstructure and cracks beneath frac-
ture surface, the fracture surface was sectioned by an ion beam
cross section polisher. Fig. 2 is the schematic of profile sample
preparation for OIM and BSE analyses. The part of the sample out-
side the shield plate was eliminated and the desired cross section
was obtained, so that the possibly existing micro-cracks and the
microstructure underneath the fracture surface can be clearly
examined. An AZTEC device from Oxford Instruments was used
to conduct the OIM examination of the cross section and a Hellos
Nanolab 600i device was used to perform the BSE analysis.

Alloy Primary o grains (Vol.%) Lamellar colonies (Vol.%)

Yield strength (MPa)

Tensile strength (MPa) Microhardness HV (kgf/mm?)

Ti-6Al-4V 50% 50% 812

945 310
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Fig. 1. Shape and dimensions (in mm) of fatigue testing specimen.

Arion-beam
Fracture surface

. (a) 100 M
Shield-plate
Fig. 5. SEM images (R= 0.1, g, =367 MPa, N;=9.14 x 10°). (a) Fracture surface of
multi-site faceted crack initiation, (b) enlargement of crack initiation site B, and (c)
enlargement of crack initiation site A.

Fig. 2. Schematic of profile sample prepared by ion beam cross section polisher.

Magn
2500x

Fig. 4. Morphology of surface-with-facets of failed specimen (R= 0.5, o, =223 MPa, Ny=2.05 x 107). (a) Low magnification image, and (b) enlargement of initiation region.
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3. Experimental results

Figs. 3 and 4 show the typical morphology of interior-with-
facets and surface-with-facets of failed specimens. It is seen from
Figs. 3b and 4b that, for both interior-with-facets and surface-
with-facets, several facets were presented in a single faceted crack
initiation site. The morphology of crack initiation and early growth
for the failure type of interior-with-facets is rough fracture surface
as shown in Fig. 3, which is called rough area.

Multi-site faceted crack initiation was observed in the cases of
R=0.1 and 0.5, as shown in Fig. 5. It is seen that the formation of
facets in the clusters (i.e., the groups of primary o grains that
formed facets [39]) with regard to crack initiation sites A, B and
C (Fig. 5) is likely to occur independently from one to another,
for which cluster A became the main crack initiation site. The coex-
istence of surface and interior faceted crack initiation is the result
of the competition for being the main crack initiation site among
the clusters.

Table 2 lists the occurrence percentage of no faceted crack ini-
tiation, single-site faceted crack initiation and multi-site faceted
crack initiation at different stress ratios. It is seen from Table 2 that
the number of crack initiation site is related to applied stress ratio.
Multi-site faceted crack initiation occurs only at high stress ratios
(0.1 and 0.5), and the occurrence proportion of multi-site faceted
crack initiation increases with the increasing of stress ratio.

Fig. 6 shows the S-N data of specimens at R= -1, —0.5, —0.1, 0.1
and 0.5. As commonly used in the S-N data demonstration, the
piecewise linear expression was plotted to show the data trend
of a group with the same stress ratio. It is seen that, with the
increase of stress ratio, the tested stress range in terms of stress
amplitude decreases and the tested stress range in terms of the
maximum stress increases. A sharp decrease in fatigue strength
happened in HCF and VHCF regimes in relation to faceted crack ini-
tiation. This implies that the faceted crack initiation has a substan-
tial effect on the HCF and VHCF behavior of titanium alloys.

4. Discussion
4.1. Quantitative evaluation of facets

Fig. 7 presents the number of facets in the rough area as a func-
tion of fatigue life for the failure type of interior-with-facets at
different stress ratios. It is seen that the number of facets in the
crack initiation region is independent of fatigue life, but is related
to the stress ratio. With the increase of stress ratio, i.e. the increase
of the maximum stress, the number of facets tends to increase. This
indicates that the increase of stress ratio promotes the occurrence
of the cleavage of primary o grains. The average size of facets is
about 4.9 um which was measured from the SEM micrographs for
a total of 12 specimens (4 at R=-0.1, 4 at R=0.1 and 4 at
R =0.5), while the primary o grain size is about 5.9 pum [8]. The dis-
tribution of facet size is overlaid on the primary o grain size as
shown in Fig. 8. The similar result was also reported in Ti-6246 [30].

For a further investigation on the spatial distribution of facets in
the rough area, the interior crack initiation sites are treated as

Table 2

concentric penny cracks as shown in Fig. 9. Then Fig. 10 presents
the fraction of facets as a function of the radius of penny cracks,
in which the fraction of facets is the ratio of the number of facets
in the penny crack to the total number of facets in rough area.
The distribution of facets in rough area is relatively uniform, which
implies that the probability for facet formation in different local-
ized spots keeps nearly equality in the crack initiation region.
Moreover, the distribution of facets seems independent of the
maximum stress and fatigue life.

4.2. Mechanism of faceted crack initiation

The observation of facets in the crack initiation and early prop-
agation stage is a direct way to reveal the mechanism of faceted
crack initiation for titanium alloys in HCF and VHCF regimes. How-
ever, there is no such result reported so far. Here, special experi-
ments were conducted to catch the appearance of the facets in
the crack initiation and early propagation stage. The distribution
of the stress in the specimen decreases gradually from the middle
section of the specimen to the both ends of gauge length (Fig. 1).
This implies that, in addition to the fracture surface of the speci-
men, the facets in the initiation and early propagation stage may
exist at the cross-sections close to the fracture surface. Here, the
fracture surface of specimen at R=0.5 was chosen for the profile
observation because it contains the highest density of facets
(Fig. 7). The fracture surface was sectioned along the dash line as
shown in Fig. 11a and the method of sample preparation was
shown in Fig. 2.

A zig-zag crack about 30 pm in total length was found away
from the fracture surface (Fig. 11b). It is seen that, Facet 1 and Facet
2 marked in Fig. 11c have not coalesced completely (white dashed
ellipse in Fig. 11c). This suggests that the facets form first in the
early stage of crack initiation and then coalesce. This evidence also
confirms that the formation of facets is due to the cleavage of pri-
mary o grains.

Based on the result of Fig. 11c, the mechanism of faceted crack
initiation was proposed as shown in Fig. 12: (i) a few primary o
grains in the cluster of the specimen cleave independently under
cyclic loading (Fig. 12b); (ii) the facet cracks grow gradually, and
some of adjacent cracks coalesce (Fig. 12¢); and (iii) the coalesced
facets form a main crack in the cluster (Fig. 12d), which leads to
final fracture.

4.3. Multi-site faceted crack initiation

Multi-site faceted crack initiation in HCF and VHCF regimes of
titanium alloys is rarely reported in literature. For the case of
steels, it is reported that more than one fish-eye formed from
inclusions in the VHCF regime for a Cr-Ni-W steel, and the fish-
eyes were in a competition for becoming a main crack during
fatigue cycling [33]. In our investigation, multi-site faceted crack
initiation of titanium alloys was found for the first time, which
indicates that there are many clusters that are possible to form
cracks in the specimen. Consequently, the profile area beneath
the fracture surface of specimen with multi-site crack initiation

Occurrence percentage of no faceted crack initiation, single-site faceted crack initiation and multi-site faceted crack initiation at different stress ratios, in which the number in the

brackets denotes the number of specimens.

R=-1 R=-05 R=-01 R=01 R=05
I 100% (10/10) 100% (6/6) 36.4% (4/11) 0% (0/19) 0% (0/18)

1l 0% (0/10) 0% (0/6) 63.6% (7/11) 84.3% (16/19) 66.7% (12/18)
1 0 (0/10) 0 (0/6) 0% (0/11) 15.7% (3/19) 33.3% (6/18)

Note: I: No faceted crack initiation, II: Single-site faceted crack initiation, III: Multi-site faceted crack initiation.
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was observed to show the microstructure in relation to different
clusters of primary o grains. The fracture surface of the specimen
was sectioned by ion beam cross section polisher along the dash
line PQ as shown in Fig. 13a, and the OIM image of the cross-
section is shown in Fig. 13b. It is noted that the microstructure
feature including the grain size, the volume fraction of primary o
grains and the crystallographic orientation for sites A and B have

23

{ ;

/,‘ Magn WD |’__,,L_1 100;ml/

L 850x 42
4 % )

Fig. 9. Illustration of interior crack initiation site treated as a penny crack.

no obvious difference. This suggests that both clusters of primary
o grains have the similar potential to be the crack initiation site.
Further, there is also no evident microstructure difference between
crack initiation site and ductile fracture region.

For titanium alloys, free of inclusions and pores, primary o
grains have the potential to form cracks, which is substantially
affected by the location of primary o grains and loading condition.
The experimental results in Table 2 indicate that the related stress
ratio plays an important role in the occurrence proportion of no
faceted crack initiation, single-site faceted crack initiation and
multi-site faceted crack initiation. Here, we discuss the effects of
stress ratio and cluster location on the competition for being a
main crack initiation site among clusters.

Our model [8] as well as that by Chandran et al. [39,40] took
advantage of the Poisson defect distribution as shown in Eq. (1)
to describe the competition among the clusters:

e N(N)"

Py =1V 1)
where N is the number of total random clusters, and n is the number
of clusters that form cracks. Poisson defect distribution is the
description of many clusters in a specimen, which have the poten-
tial to form cracks. Here, the experimental result of Fig. 13 supports
the rationality that Poisson defect distribution is capable of describ-
ing the occurrence probabilities of defects in titanium alloys.

The occurrence probabilities of no faceted crack initiation,
single-site faceted crack initiation and multi-site faceted crack
initiation in relation to the total clusters N are given by:
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Fig. 11. Observation of cracks in crack initiation stage. (a) SEM image of fracture surface (R = 0.5, o, = 205 MPa, N; = 5.80 x 107), (b) location of crack beneath fracture surface,

and (c) enlargement (BSE image) of crack beneath fracture surface.
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(c) coalescence of facets, and (d) formation of a main crack.
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Fatigue strength and fatigue life of materials are statistical
and governed by defect distribution and specimen control
volume [14], and the cleavage strength of each grain is not the
same. The probability density of grains for which cleavage
occurs, f, follows the classical Gaussian distribution as the
following equation [41].

‘l ei(amax—;c,m)z (5)
2d
v2nd

where gy,.x is the applied maximum stress, ., is the mean value
of the cleavage strength, and d is the related variance.

The cumulative probability of grains for which cleavage occurs,
F, is calculated by the integration of Eq. (5). Denote the area of the
section bearing the fatigue loading as A, and the grain area of the
material as a. Thus the number of grains that may cleave is:

N =FA/a (6)

f=
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By substituting Eq. (6) into Eqs. (2)-(4), the occurrence probabil-
ities of no faceted crack initiation, single-site faceted crack initiation
and multi-site faceted crack initiation in relation to the maximum
stress are obtained and presented in Fig. 14. The experimental
results about the fraction of failure types in relation to the stress
ratio are presented in Fig. 15. Although the abscissa in Figs. 14 and
15 is not the same, the maximum stress is in accordance with the
increase of stress ratio as shown in Fig. 6. Thus, the tendency of
the three failure types predicted by the model is in agreement with
the experimental results shown in Fig. 15, i.e., the number of crack
initiation sites increases with the increase of the related stress ratio.

For low stress ratio conditions (-1 and —0.5), no primary o
grains in the cluster cleave, which results in no faceted crack initi-
ation, i.e. surface crack initiation without facet [8]. For medium
stress ratio conditions (—0.1 and 0.1), a small number of primary
o grains in clusters cleave as shown in Fig. 7, which results in only
a few clusters in the minimum section to form cracks. This is the
reason why single-site faceted crack initiation dominates the fati-
gue failure at the stress ratios of —0.1 and 0.1. However, for high
stress ratio of 0.5, the cleavage of primary o grains in clusters is
more prevalent as shown in Fig. 7, which results in more clusters
developing into cracks. Therefore, multi-site faceted crack initia-
tion becomes more common as listed in Table 2.

Notch effects and size effects are also important topics in the
investigation of HCF and VHCF of titanium alloys [42,43]. For spec-
imens with notches, the failure type of no faceted crack initiation
will be dominant for the surface notches decrease the threshold
value of no faceted crack initiation, which will restrain the other
two failure types of faceted crack initiation. The model in this
paper aims to predict the case that specimens are free of surface
notches and is not applicable for the case with notches. As shown
in Eq. (6), with the increase of 4, i.e., the increase of specimen size,
the number of grains (N) that may cleave increases. Then, the
occurrence probability of no faceted crack initiation decreases as
shown in Eq. (2), and the probabilities for single-site and multi-
site faceted crack initiation increase as shown in Eqgs. (3) and (4).
Indeed, notch effects and size effects on faceted crack initiation
need further detailed investigations.

5. Conclusions

In this paper, the behavior and the mechanism of faceted crack
initiation for the HCF and VHCF behavior of a Ti-6Al-4V alloy were
experimentally investigated. The following conclusions are drawn.

(1) Faceted crack initiation (surface-with-facets and interior-
with-facets) dominates the failure mode in HCF and VHCF
regimes of the Ti-6AI-4V alloy. No faceted crack initiation
occurred mainly at low stress ratios (—1 and —0.5), single-
site faceted crack initiation occurred mainly at medium
stress ratios (—0.1 and 0.1), and the fracture surface often
presents multi-site faceted crack initiation at high stress
ratio (0.5). The number of faceted crack initiation site
increased with the increase of stress ratio.

(2) Observations of zig-zag cracks beneath the fracture surface
indicate that facets form first in the early stage of crack initi-
ation and then coalesce. Based on this result, the mechanism
of faceted crack initiation was proposed, i.e., (i) cleavage of
isolated primary o grains in its cluster under cyclic loading;
(ii) gradual growth of originated cracks (facets), and some of
adjacent cracks coalesce; and (iii) the coalesced facets form-
ing a main crack in the cluster, and leading to final failure.

(3) The multi-site faceted crack initiation implies the existence
of competitive relation among clusters for being a crack ini-
tiation site. A model based on Poisson defect distribution is
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proposed to describe the effect of stress ratio on the occur-
rence probabilities of no faceted crack initiation, single-site
faceted crack initiation and multi-site faceted crack initia-
tion, which is in agreement with the experimental results.
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