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a b s t r a c t

Fatigue experiments were carried out in laboratory air using an extruded magnesium alloy, AZ31, to
investigate the effect of load ratio on the fatigue life and crack propagation behavior. The crack propaga-
tion behavior was analyzed using a modified linear elastic fracture mechanics parameter, M. The relation
crack propagation rate vs. M parameter was found to be useful in predicting fatigue lives at different R
ratios. Good agreement between the estimated and the experimental results at each stress ratio was
obtained.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium alloys are candidates as structural materials due to
their high specific strength and good damping capacity [1]. For
example, when they are used as car parts, weight saving of the
car body and reduction of fuel consumption can be expected, since
they are the lightest among metals. Further, a better driving feeling
can be obtained because oscillation of the car body can be reduced
due to their good damping capacity. However, before utilizing
magnesium alloys for machines and structures, a determination
of fatigue lives and crack propagation behavior of the alloys at dif-
ferent load ratios is required.

There already have been a number of investigations concerning
the fatigue properties of magnesium alloys. For example, Gooden-
berger and Stephens [2] have provided basic information concern-
ing the fatigue behavior of the cast magnesium alloy, AZ91E-T6 in
laboratory air. Hilpert and Wagner [3] have carried out experi-
ments to determine the degree of degradation in fatigue resistance
due to corrosion of the AZ80 magnesium alloy as a function of var-
ious surface treatments such as electro-polishing, grinding,
machining and shot peening. Eisenmeier et al. [4] have studied
the fatigue behavior of AZ91 magnesium alloy that had been pro-
cessed using a vacuum die casting method. They reported that

the fatigue cracks were initiated at casting defects in the material,
and that the crack growth behavior was influenced by the micro-
structure of the material. Shih et al. [5] performed fatigue experi-
ments on the extruded magnesium alloy AZ61A, and reported
that fatigue cracks were initiated at surface or near-surface inclu-
sions, and that the initial crack growth behavior was affected by
the microstructure.

Until now, empirical relations, Gerber and Goodman diagrams
have been utilized for evaluation of the effect of mean stress on fa-
tigue lives, however, theoretical methods to analyze the effect of R
ratios on the fatigue lives are very few and limited. McEvily et al.
[6] proposed a modified linear elastic fracture mechanics approach.
This method was originally developed to analyze both the long
through and short fatigue crack propagation behavior. Then the
method was shown to be able to predict crack growth behavior
under multiple two-step loading condition [7] and in different
materials [8–9].

In the present study, fatigue tests were conducted on an ex-
truded magnesium alloy to investigate fatigue lives (S–N curves)
and crack propagation behavior under different stress ratios, R.
The modified linear elastic fracture mechanics approach was ap-
plied to analyze the crack propagation behavior of the extruded
magnesium alloy AZ31 and to predict S–N curves at different R ra-
tios. Comparison between experimental and calculated results re-
veals that the approach proposed by McEvily et al. [6] is effective
and useful in analyzing the short fatigue crack propagation behav-
ior at different R ratios including negative R ratios.
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2. Material, specimens and experimental procedures

2.1. Material

The extruded magnesium alloy AZ31 was used in this investiga-
tion. Its chemical composition is listed in Table 1. A cylindrical bil-
let with a diameter of 200 mm was extruded into a round bar with
a diameter of 70 mm, an extrusion ratio of 10. Table 2 lists the
extrusion conditions under which the alloy was processed. Fig. 1
shows the microstructure of the material used in the present study.
The average grain diameter of the material after extrusion was
9 lm, and its aspect ratio was about 0.8.

2.2. Experimental procedures

2.2.1. Specimens and fatigue testing machine
In the present study two types of fatigue tests were used. Rotat-

ing bending fatigue tests (R = �1) at 30 Hz and axial-load fatigue
tests at 10 Hz were conducted in laboratory air at room tempera-
ture at stress ratios, R = 0.1, �1, and �2. Fig. 2a and b shows the
specimen shapes and dimensions of the rotating bending fatigue
tests and axial fatigue tests, respectively. For the rotating bending
fatigue tests, round bar specimens with a minimum diameter of
5.6 mm were used (stress concentration factor 1.04). For the ax-
ial-load tests, round bar specimens with a minimum diameter of
4 mm were used (stress concentration factor 1.06). The specimen
surfaces were polished to a mirror-like finish using emery papers
and diamond paste prior to fatigue tests to eliminate any effect
of the roughness of the specimen surface on the fatigue results,
and to facilitate the observations of crack propagation on the spec-
imen surfaces. Monotonic tension and compression tests were also
conducted using a similar specimen as shown in Fig. 1b. Its gauge
length was 5 mm.

2.2.2. Fatigue crack propagation tests
2.2.2.1. Short surface crack. The propagation rates of the short sur-
face cracks that initiated and propagated on the specimen surfaces
during both the rotating bending fatigue process and the axial fa-
tigue process were investigated using the replication technique.
Fatigue tests were interrupted at a constant interval during the fa-
tigue process to obtain the replicas of the specimen surfaces. Crack
lengths recorded on the replicas were determined with an optical
microscope at a magnification of 400. For calculations of the stress
intensity factor, K, the following expression was used [10]

K ¼ Yr
ffiffiffiffiffiffi
pa
p

; ð1Þ

where r is stress, a is a half crack length, and Y is a crack-shape cor-
rection factor with a value of 0.73 [11] given by assuming that a
crack-shape is semi-circular.

2.2.2.2. Long through crack. Besides the crack propagation behavior
of the short surface crack, crack propagation behavior of the long

through crack was also investigated using the round type compact
tension specimens as shown in Fig. 3. Crack lengths were measured
using a travelling microscope at a magnification of 40.

The following expression [12] was used for calculations of the
stress intensity factor, K

K ¼ P

tW1=2

� ð2þ aÞð0:76þ 4:8a� 11:58a2 þ 11:43a3 � 4:08a4Þ
ð1� aÞ3=2 ; ð2Þ

where a = a/W, a is a crack length, and W is a specimen width.
Crack opening stress intensity factor, Kop during a loading cycle

was determined based on the unloading elastic compliance meth-
od [13] by affixing strain gauges ahead of the crack tip.

3. Experimental results

3.1. Monotonic tension and compression tests

Fig. 4 shows the stress vs. strain relationships for both tension
and compression tests. As can be seen from the figure, the yield
strength under compression is lower than that for tension. Table
3 lists the mechanical properties of the material under tension
and compression tests. In the compression tests, the specimen
(4.5 mm in diameter and 8 mm in gauge length) used failed due
to buckling at the maximum compressive load. A similar result
was also reported by Muller and Muller [14]. They suggested
[14] that twinning is concerned with the above difference between
the yield strength in tension and the one in compression, but a de-
tailed mechanism is unknown at present.

3.2. Fatigue tests

3.2.1. S–N curves
Fig. 5a and b shows S–N curves for the different R ratios, R = 0.1,

�1 and �2. Those results were obtained from the axial fatigue tests
and also from the rotating bending (RB) fatigue tests. In Fig. 5a and
b, the maximum stress rmax and stress amplitude ra are taken as
the vertical axes, respectively. Similar S–N curves between the ax-
ial fatigue tests and the rotating bending fatigue tests are seen. S–N
curves for R = �1 and R = �2 bend at 105–106 cycles. From Fig. 5a,
the maximum stress rmax at a constant fatigue life decreases with a
decrease in the value of R.

However, in Fig. 5b, the reverse is true, i.e., the stress amplitude
ra at a constant fatigue life increases with a decrease in the R value.

The relationship between stress amplitude ra and mean stress
rm was drawn using the data from Fig. 5. Fig. 6 shows the results.

Table 1
Chemical compositions of the material used (wt%).

Al Zn Mn Fe Si Cu Ni

3.10 0.79 0.35 0.0041 0.019 0.0023 0.0008

Table 2
Extrusion conditions.

Extrusion temperature Extrusion speed Extrusion ratio

573 K 2 m/min 10

Fig. 1. Microstructure of the material AZ31 used in the present study.
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