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This investigation has examined the influence of grain boundary � contiguity on the high-cycle fatigue
behavior of aged TIMETAL LCB, with the fatigue performance being evaluated under tension-tension
loading conditions at R = 0.1 in laboratory air and 25 Hz. Fractographic analysis indicated that fatigue
initiation, independent of processing history, involved subsurface crack formation. Serial section studies
also indicated that crack initiation occurred at the interface between the triple-point � and the aged �
matrix. Further back-scattered electron microscopy examination of the aged microstructures indicates that
the observed differences in high-cycle fatigue behavior can be understood by considering the effect of
processing history on the connectivity of grain boundary �, with decreased connectivity being associated
with enhanced fatigue performance.
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1. Introduction

Metastable � titanium alloys are receiving ever-increasing
attention for possible incorporation into automotive suspension
systems. Their strength-to-density ratio, high toughness, and
low modulus make them attractive candidates for these appli-
cations (Ref 1). However, their low high-cycle fatigue perfor-
mance, when compared with � + � titanium alloys at equiva-
lent yield strength (Ref 2, 3), has tended to limit their utility,
although some recent progress has been made in this regard
(Ref 4, 5).

Normally, the high-cycle fatigue performance of metallic
materials is thought to be controlled by crack initiation, with
the crack propagation stage playing a relatively minor role.
Past experience suggests that the former, in aged metastable �
titanium alloys, can be associated with crack initiation at
grain boundary � (Ref 6, 7). These observations indicate that it
should be possible to enhance the high-cycle fatigue perfor-
mance of aged metastable � titanium alloys through the control
of the thermomechanical history of the alloy. For example,
various combinations of thermomechanical processing condi-
tions have been shown to increase fatigue the crack initiation
resistance of metastable � titanium alloys (Ref 8, 9).

In the current study, the effects of two different processing
conditions on the high-cycle fatigue performance of TIMETAL
LCB were investigated. These will be referred to as A and B
processing hereafter. Particular attention has been given to

quantifying the microstructures produced by these thermome-
chanical processing pathways, with a preliminary model being
proposed linking the contiguity of grain boundary � and high-
cycle fatigue crack initiation.

2. Experimental Procedures

The high-cycle fatigue performance of A- and B-processed
TIMETAL LCB was examined in this study. This performance
was quantified by axial fatigue tests under tension-tension
loading conditions at R � 0.1 in laboratory air at 25 Hz. The
specimens had a 37.5 mm reduced section and a 4.5 mm re-
duced diameter. Following machining, the samples were pol-
ished to a 600-grit SiC finish, with the fatigue experiments
being terminated either by failure or after 107 cycles. The
chemical composition (in weight percent) of the A- and B-
processed samples are shown in Table 1.

Microstructure examination of the A- and B-processed
samples emphasized back-scattered electron microscopy
(BSEI). The specimens examined were mechanically polished
using standard procedures, with final polishing being per-
formed with a colloidal silica solution. Quantitative image
analysis (Image Processing Tool Kit, Version 5, Reindeer
Graphics, Inc., Asheville, NC) was used to establish the prior
� grain size together with the volume fraction and extent of
contiguity of the grain boundary � phase. The results presented
are an average of twelve 24 × 24 �m2 areas at a magnification
of 2500×. Grain size determination used the mean intercept
method, the grain size being determined from the number of
grain boundaries intersecting a unit length of randomly
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Table 1 Chemical compositions of A and B processed
samples

Samples Al Mo Fe Si C O N

A processed 1.49 6.84 4.20 0.05 0.02 0.14 0.004
B processed 1.46 6.82 4.0 0.07 0.01 0.15 0.004
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distributed test lines. Volume fraction measurements used
point counting, with a point grid consisting of 200 randomly
distributed points being used for this purpose. The number of
points that fall within the grain boundary � phase was auto-
matically counted, and the areal (volume) fraction was esti-
mated from the number fraction of these points.

Three types of interfaces are also identified for contiguity
measurements. These were the interface between continuous
grain boundary �/triple-point �, (PL)�(CGB)/�(TP1)

, triple-point �
interfaces that are bounded by a noncontinuous �, (PL)�(TP2)

,
and triple-point � that is not bounded by any grain boundary �,
(PL)�(TP3)

. The number of each type of interface intersecting
with randomly distributed test lines was counted to establish
the total fraction of the surface area of the continuous grain
boundary �/triple-point interfaces.

Nano-indentation measurements within the grain boundary
� phase and within the aged � matrix were also performed, the
results reported herein represent the average of the seven in-
dentations performed under a 300 �N peak load. Finally, the
fracture surfaces of selected samples were examined by sec-
ondary imaging with scanning electron microscopy (SEM) us-
ing a voltage of 20 keV, at a working distance of 15 mm. Failed
fatigue specimen sections were also prepared normal to the
fatigue axis to allow the definition of possible fatigue crack
initiation sites, these samples being mechanically polished
prior to examination by BSEI.

3. Experimental Results and Discussion

The room temperature tensile properties of A- and B-
processed samples are given in Table 2. These results indicate

that the processing route had little effect on the properties. In
contrast, the high cycle fatigue results shown in Fig. 1 indicate
that B processing results in a consistently higher fatigue per-
formance.

Figure 2 shows typical low-magnification, secondary SEM
micrographs of the fracture surfaces. The black arrows on the
figure indicate the crack-initiation sites; all fatigue failures,
independent of processing history, were initiated at the speci-
men subsurface. This indicates that under the present loading
conditions fatigue crack initiation is related to a microstructure
phenomenon rather than to environmental effects. Figure 3
illustrates the resultant microstructures that were produced by
the processing conditions considered in the present investiga-
tion. Quantitative image analysis results (Table 3) show that
processing condition had little effect on the volume fraction of
� and the grain size of the aged � matrix.

Nano-indentation measurements also show that, prior to
fatigue loading, the grain boundary � phase is softer than
the aged � matrix (Table 4). Similar measurements after
fatigue suggest, however, that preferential deformation and
damage accumulation has occurred within grain boundary �.

Table 2 Room temperature tensile properties of
TIMETAL LCB

Samples �0.2, MPa UTS, MPa El, % RA, %

A processed 1376 1414 12.09 43.1
B processed 1365 1409 11.07 39.0

Note: UTS, ultimate tensile strength; El, elongation; RA, reduction in area

Fig. 1 Constant stress fatigue lifetimes for A- and B-processed
TIMETAL LCB. R � 0.1 in air at 25 Hz

Fig. 2 Fatigue fracture surfaces of (a) an A-processed sample and (b)
a B-processed sample
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BSEI examination of the sectioned samples also showed
that fatigue crack initiation was associated with triple points
(Fig. 4). These observations suggest that damage accumulation
within grain boundary � and fatigue crack initiation are related.
The critical stress for fatigue crack initiation, �c, may be esti-
mated from (Ref 10):

�c � �2G�s

nb �1�2

(Eq 1)

where G is the shear modulus, � is the surface energy, b is the
Burger’s vector, and n is the number of dislocations within a
pile up, and where the stress intensification at the head of a
dislocation array, �p, is given by:

�p = n� (Eq 2)

where � is the applied shear stress and n is as defined above.
Additionally, the number of dislocations within the pile up

can be taken to be proportional to the operative slip length, L:

n � L� (Eq 3)

Combining Eq 2 through 3 gives:

�c � L−1�2 (Eq 4)

indicating that the resistance of the material to fatigue crack
initiation should decrease with the square root of the operative
slip length.

The operative slip length is often assumed to be propor-
tional to the grain size, D:

L � D (Eq 5)

In the present investigation, the operative slip length can be
associated with the grain boundary � length. If the grain
boundary � is continuous, the slip length may be correlated to
the grain boundary length, LGB:

LGB � D (Eq 6)

Then:

L � LGB (Eq 7)

Rewriting Eq 2 gives:

�c � �LGB�1�2 (Eq 8)

Fig. 3 Representative microstructures of (a) an A-processed sample
and (b) a B-processed sample

Fig. 4 Evidence of crack initiation at the �-� interface in (a) an
A-processed sample and (b) a B-processed sample

Journal of Materials Engineering and Performance Volume 14(6) December 2005—775



Therefore, �c can be taken to be inversely proportional to the
square root of the length of the continuous grain boundary �.

This relationship assumes that all triple-point � particles are
bounded by continuous grain boundary �. However, three
types of triple points were identified (Fig. 5). These are triple-
point � bounded by a continuous grain boundary �, TP1; triple-
point � bounded by noncontinuous �, TP2; and triple points
that are not bounded by any grain boundary �, TP3. If different
fatigue crack initiation resistances are assumed for each, then
the high cycle fatigue performance should depend upon the
contiguity of continuous � at the triple points (Ref 11). Indeed,
if this were not the case, the fatigue performance of the two
processing conditions considered herein, due to their similar
prior � grain size and volume fraction of �, should have re-
sulted in similar fatigue properties.

The contiguity of continuous � at the triple points, C�(CGB),

can be defined as the frequency of finding a triple-point �
bounded by a continuous grain boundary �. This may be de-
termined by considering the total fraction of the surface area of
continuous grain boundary �/triple point interfaces:

C��CGB� =
SV��CGB����TP1�

SVtotal

=
�PL���CGB����TP1�

�PL���CGB����TP1� + �PL���NC����TP2� + �PL�����TP3�

(Eq 9)

where (PL)�(CGB)/�(TP1),
(PL)�(NC)/�(TP2), and (PL)�(TP3)

are the
number of continuous grain boundary �/triple-point �, the
triple-point �/noncontinuous �, and the triple-point �/aged �
matrix interfaces intersecting with a unit test line. The mean
contiguity ratios of A- and B-processed alloys are 0.56 ± 0.07
and 0.44 ± 0.01, respectively. These results indicate that the
degree of contact between the continuous grain boundary � and
the triple-point � particles controls fatigue crack initiation.
Higher degrees of contiguity (i.e., contact) favor early fatigue
crack initiation.

4. Conclusions

This investigation has shown that under equivalent tensile
properties, � volume fraction, and prior � grain size, the high-
cycle fatigue behavior of TIMETAL LCB is controlled by the

contiguity of the grain boundary � phase; with a higher con-
tiguity ratio being associated with a decreased crack initiation
resistance.

Fig. 5 Different types of triple points within the microstructure: (a)
Triple-point � bounded by a continuous grain boundary �, TP1; (b)
Triple-point � bounded by noncontinuous �, TP2; (c) Triple points that
are not bounded by any grain boundary �, TP3

Table 3 Quantitative image analysis results of A and B
processed TIMETAL LCB

Samples Volume fraction Grain size, µm

A processed 0.144 3.24
B processed 0.143 3.14

Table 4 Nanoindentation results performed on A and B
processed specimens

Samples

Undeformed
aged �
matrix

hardness,
GPa

Undeformed
grain

boundary �
hardness,

GPa

Deformed
grain aged
� matrix
hardness,

GPa

Deformed
grain

boundary �
hardness,

GPa

A processed 3.24 2.48 0.32 6.65
B processed 3.62 2.54 1.05 5.62
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