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a b s t r a c t

This paper deals with multiaxial low cycle fatigue crack behavior of Ti–6Al–4V under non-proportional
loading. Strain controlled fatigue tests under proportional loading and non-proportional loading with
90� out-of-phase difference between the axial and shear strains e and c were carried out on tubular spec-
imens at room temperature. As a result, Mises strain based fatigue lives under non-proportional loading
were approximately 1/10 of those under proportional loading. The specimen surfaces were observed to
evaluate life reduction. These results showed that non-proportional loading caused 10 times more cracks
than those of proportional loading. Non-proportional loading changes directions of the principal stress
and strain axes, and high shear stresses acting on many planes stimulate more slip planes. Consequently,
non-proportional loading resulted in many cracks. In addition, the high shear stresses also resulted in lar-
ger misorientation under non-proportional loading. The crack initiation life defined as the length 2a of
30 lm did not differ significantly between proportional loading and non-proportional loading. However,
the fatigue cracks under non-proportional loading propagated faster those under proportional loading.
This is because the fatigue cracks under non-proportional loading are subjected to more severe strain
field than those under proportional loading, even though the crack size and applied strain are the same.
Thus, the significant reduction in fatigue life under non-proportional loading is caused by the accelerated
crack growth due to a higher strain intensity factor.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ti–6Al–4V has been used for aero engine components because
of its excellent specific strength and corrosion resistance. Mechan-
ical structures such as the rotating aero engine components are
routinely subjected to thermal stress and body force, and these
cyclic loading conditions cause multiaxial low cycle fatigue (LCF).
It has been reported that the fatigue lives under the multiaxial
LCF non-proportional loading, in which the directions of the prin-
cipal axes are changed within a cycle, are seriously reduced [1–
15]. In general, fatigue life reduction under non-proportional load-
ing is accompanied by an additional strain hardening. Several stud-
ies have reported the material dependence between life reduction
and additional strain hardening [4,5,7,8,13,15]. Among them, only
a few papers deal with the multiaxial fatigue of Ti alloys [16–18],
and the fatigue behavior under the non-proportional loading has
not been clarified yet.

In this study, strain controlled fatigue tests were conducted on
Ti–6Al–4V using proportional loading and non-proportional load-

ing. Observations on microcrack initiation and propagation were
carried out by replicating the specimen surface during the fatigue
tests. Since electron back-scattering diffraction (EBSD) measure-
ments could identify crystal misorientation which relates to fati-
gue damage [19], the EBSD measurements were used to evaluate
the damage to microstructure under proportional loading and
non-proportional loading. The fracture mechanism under non-pro-
portional loading will be discussed in view of additional hardening,
microcrack initiation and propagation and crystal misorientation.

2. Materials and experimental procedure

2.1. Material and specimen

Table 1 shows the chemical composition of the Ti–6Al–4V used.
The material was forged and subjected to the following heat treat-
ment: 960 �C for 1 h with water-cooling, and 705 �C for 2 h. with
air-cooling. The bimodal a and b microstructure in Fig. 1 was ob-
tained after the heat treatment. Table 2 lists the mechanical prop-
erties of the material at room temperature. The shape of the
specimen for fatigue tests is shown in Fig. 2. The dimensions of
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the specimen were 6.8 mm for the parallel part, 9 mm inner diam-
eter and 11 mm outer diameter in the gage part.

2.2. Fatigue test and multiple step test

Fig. 3 shows strain paths in this study. e and c are axial and
shear strains, respectively. There are two types of proportional
paths. PP is the push–pull path and TP is the torsion path. CP rep-
resents 90� out-of-phase loading which is a non-proportional path.
The Mises equivalent strain controlled tests at the strain rate of
0.1%/s or 0.5%/s were carried out at room temperature. The strain
rate of 0.1%/s was used for short fatigue life. On the other hand,
0.5%/s was used for higher cycle region to reduce testing time.
All of the tests were conducted at fully reversed conditions, i.e.
strain ratio R of �1. The number of cycles to failure, Nf, was deter-
mined as the cycle at which the axial or shear stress amplitude de-
creased by 25% from its cyclically stable value. The multiple step
tests with increasing strain levels were conducted to examine
the additional hardening effect due to non-proportional loading.
Strain sequence for the test is illustrated in Fig. 4. Stress–strain
relationship was obtained after 10 cycles at each strain level. Strain
paths for the multiple step tests were PP and CP at the strain rate of
0.1%/s.

2.3. Replicating fatigue crack

Information on microcrack initiation and propagation was ob-
tained by replicating the specimen surface with RepliSet (Struers
A/S). Replication was performed for the specimen with Mises strain
range Deeq = 1.2% at selected cycles. The replicas were observed
with a laser microscope (manufactured by Keyence Corp., VK-
9700), and were examined at a magnification of 400 times. Crack
initiation was defined as a crack length 2a of 30 lm because a
crack of 30 lm was identifiable at this magnification. The observed
area was 2.5 � 2.2 mm2 centered on a critical crack leading to fati-
gue failure.

2.4. Surface preparation and conditions for EBSD measurements

After the fatigue test, specimens of Deeq = 1.2% and 1.7% were
used for the EBSD measurements. The samples were observed at
their uncracked portions. The surface of the sample was polished
using 1 lm aluminum oxide followed by colloidal silica (Struers

Table 1
Chemical composition of Ti–6Al–4V (in wt.%).

C V Al N Fe O H Ti

0.002 4.16 6.30 0.004 0.16 0.20 0.006 Bal.

Fig. 1. Microstructure of Ti–6Al–4V.

Table 2
Mechanical properties of Ti–6Al–4V alloy.

Elastic modulus (GPa) 0.2% Proof stress (MPa) Tensile strength (MPa)

118 943 1017

Fig. 2. Geometry and sizes of specimen (in mm).

Type of loadings
Proportional loading Non-proportional loading

PP TP CP

Time step

Strain path

Fig. 3. Strain paths employed.
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