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ABSTRACT

Effect of loading frequency on fatigue behavior of an extruded AZ61 magnesium alloy
was investigated at 50 C-80%RH environment. The frequencies applied were | and
10 Hz. It was found that at stresses below the fatigue limit (at 20 C-55%RH), the
fatigue fracture was time dependent where fatigue lives for both frequencies were
almost identical. In contrast, the fatigue fracture in the region higher than the fatigue
limit was dominated by the number of loading cycles. Fatigue fracture at low stress
amplitudes for both frequencies were originated from the corrosion pit formed on the
surface. Effect of frequency on fatigue crack growth behavior was also investigated.
The results showed that in the near-threshold region, the 1 Hz frequency
demonstrated higher fatigue crack growth resistance compared to the 10 Hz.
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1.0 INTRODUCTION

Applications in aerospace and automobile industries have always encouraged
the search and development of new lightweight materials in order to enhance
the efficiency and the performance of the components. Nowadays, the cost
reduction for space and ground vehicles has become one of the major
considerations in many air and land transportation companies. Nearly every
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effort for weight reduction is economically worthwhile, especially for the
substitution of metals by lightweight alloys [1]. Among the lightweight alloys,
magnesium, aluminum and titanium alloys are known for the benefits derived
from the reduction in weight of components and their high performance
especially in aircrafts.

For many years, magnesium alloys, the lightest structural materials, have
been attractive to engineers due to their low density (1.74 g/cm®) compared to
other counterparts such as aluminum and titanium alloys. In fact, magnesium
alloys have been widely used in aircraft and automobile industries in 1940°s
to 1950°s [2,3]. However, the requirement for high strength in addition to high
corrosion resistance for applications in aerospace and automobile industries
has limited the use of conventional magnesium alloys. In recent years, the
potential for applications of magnesium alloys to structural components in
aerospace [4] and ground vehicles [5] is increasing due to the successfully
developed new magnesium alloys and its metal-matrix composites that offer
excellent properties such as low density, high specific strength and stiffness,
good machinability and castability, etc. However, in order to use magnesium
alloys as a high strength structural components, especially in automobile,
aerospace and other transportation industries, it is very important to make
their fatigue characteristics clear. Until now, there has been growing interest
in studies on fatigue behavior of magnesium alloys. These include crack
growth behavior in die cast AZ91D [6], low cycle fatigue behavior of die cast
AZ91E-T6 [7] and fatigue behavior of die cast AZ91 in very high cycle
regime (~10° cycles) [8]. Hilpert and Wagner examined the fatigue
performance of extruded high strength magnesium alloy AZ80 in ambient air
as well as an aggressive environment using spray tests with aqueous NaCl
solution [9]. It was found that there was no significant effect of NaCl solution
on fatigue life at higher stress amplitudes but fatigue life was considerably
reduced at stresses below 125 MPa, which was the fatigue limit in ambient
air.

Since magnesium demonstrates poor corrosion resistance and is very
sensitive to environment, significant effect on fatigue strength is speculated
with changes in frequency and stress ratio. In the previous study, it is clear
that the fatigue strength of magnesium alloys significantly decreased at
stresses lower than the fatigue limit and highly sensitive to the high humidity
levels present in the ambient environment [10]. However, to the authors’ best
knowledge, there has not been any study reported on the effect of frequency
on corrosion fatigue and fatigue crack growth behavior of magnesium alloy.
Therefore, it is very important to investigate the effect of frequency especially
at high humidity environment.
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2.0 EXPERIMENTAL PROCEDURES

The material used was extruded AZ61 (Mg-6%Al-1%Zn) magnesium alloy.
The microstructure of the cross-sectional plane of the specimen is shown in
Figure 1. Prior to the fatigue tests, tensile properties of extruded AZ61 were
evaluated under 20°C-55%RH and 50°C-80%RH. No significant effect of
environment on tensile properties was found on magnesium alloy as shown in
Table 1.

Fatigue strength tests of extruded AZ61 magnesium alloy were carried out
using round bar specimens in an environmental chamber, and the temperature
and humidity were controlled to be at 50°C and 80%RH, respectively. Fatigue
loading was applied by using sinusoidal waveform with a stress ratio of R=-1
and at the frequencies of 1 and 10Hz. Specimens with threaded end (Figure 2)
were machined from the received round bar material ( ¢ 15mm) and then
polished in the longitudinal direction of the specimen with 500 to 1500 grit
emery papers. The gauge length and diameter of the specimen were 6mm and
3mm, respectively.

A centre-cracked tension (CCT) specimen was used for fatigue crack
growth test. A screw type fixture was used so that tension-compression
loading can be applied. Figure 3 shows the CCT specimen geometry
according to ASTM E647-95a standard [11]. To avoid excessive lateral
deflection or buckling of CCT specimen during the test, the gauge length and
thickness of gauge part were limited to 12 mm and 2 mm, respectively. The
gauge part was polished with 500 to 1500 grit emery papers to obtain a
smooth surface. An EDM (electrical discharge machining) notch was
introduced to facilitate fatigue pre-cracking. The stress ratio R during
pre-cracking was the same as the stress ratio used in the fatigue crack growth
test. The pre-cracking was stopped after a pre-crack length equal to 0.1B (B is
the thickness of gauge part) was attained at crack growth rates less than 10°®
m/cycle. Fatigue crack growth tests were conducted on a servo-hydraulic
testing machine with a maximum capacity of 10kN. The tests were performed
under a load control with sinusoidal wave form of stress ratio R=-1 at a
frequency of 1 and 10Hz. The loading direction is in the extrusion direction of
the material. The tests were done under the conditions of 20°C-55%RH and
50°C-80%RH.

Crack growth curve (crack growth rate da/dN vs. stress intensity factor
range 4 K) was obtained by K-decreasing and K-increasing test procedure. At
cach load level, the crack was grown more than the plastic zone size
corresponding to the previous stress intensity value. The decreasing and
increasing load steps are below 10% of the previous loading. The crack
lengths were measured on the front and back surfaces of the specimen by a

117



Jurnal Mekanikal, December 2006

replica technique.

Table 1: Tensile properties if the extruded AZ61 alloy

E Goav, oyrs Elongation
(GPa) (MPa) (MPa) (%)
20°C-55%RH 43 244 329 23
50°C-80%RH 44 240 326 28

50pum

Figure 1: Microstructure of the AZ61 alloy
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Figure 2: Fatigue test specimen
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Figure 3: Fatigue crack growth test specimen
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The stress intensity factor value for CCT specimen was calculated
according to the following equation:

K=0'\/E-F(a) (l)

Here, F is a boundary correction factor which depends on the ratio of crack
length a to the width of the specimen W. For the CCT test specimen used in
this study, the boundary correction factor is given as [12],

F=(1-0025a% +0.06a" \[sec(=) )

where a is

— (3)
w

The stress intensity factor range 4K is

AK =K, - K, =Acvna-F(a) (4)
where

Ky = F (@), Ky =0 o ma - F (@) )
The load range A P can be expressed as

AP:Pm&x -_Pmin (6)
Load ratio R is defined as

R= Kmin =£I‘I_l_l-l}_ (?)

Kmax Pmax

The crack length increments Aa in each step was according to the ASTM
standard, which can be expressed as

2
Aa ZE[K—“‘“—] )]
n| ©

s

where Kna is the terminal value of Knax from the previous load step. The
effective stress intensity factor range 4 Ky is defined as

AK,y =Koy —K,, =U-AK )

Here, K is the stress intensity factor calculated from the maximum load and
K,y is the stress intensity value at the minimum load at which the crack is
open (opening load, P,). U is the effective stress intensity range ratio or the
crack opening ratio. Crack opening ratio U can be expressed as

U=AK,/AK (10)
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Equation (9) implies that only the load range between the opening load and
the maximum load affects the fatigue crack growth rate.

To determine the crack opening load, two strain gauges were mounted in
front of the crack tip on the specimen surface and back surface to detect the
crack opening load. Compliance technique (slope of the strain against load
curve) has been used to determine the opening load as shown in Figure 4.
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Figure 4: Determination of opening load using the compliance method

3.0 RESULT AND DISCUSSION

3.1 Effect of Frequency on Fatigue Strength

Relationship between stress amplitude and time to failure for the frequencies
1 and 10 Hz is shown in Figure 5. The subscript ‘P’ adjacent to the data points
represents the fatigue crack that nucleated from a corrosion pit. The figure
shows that at stresses below the fatigue limit, fatigue life for both frequencies
were almost identical.

This suggests that time dependent fatigue fracture was predominant in the
stress region lower than the fatigue limit. In contrast, when the same
experimental data points were re-plotted as a function of number of cycles to
failure as shown in Figure 6, the S-N curves for stresses higher than the
fatigue limit were in one narrow band regardless of frequencies. Therefore, it
is suggested that the fatigue fracture in the region higher than the fatigue limit
was predominantly cyclic dependent.
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Figure 5: Relationship between stress amplitude and time to failure
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Figure 6: Relationship between stress amplitude and number of
cycles to failure

3.2 Fracture Surface Observations

Figure 7 shows scanning electron microscope (SEM) observations of fracture
surface for the specimen tested at 130MPa under the frequency of 1 and 10 Hz.
Both the fatigue fracture origin of AZ61 tested at low stresses at 50C
-80%RH environment can clearly identify to be nucleated from a corrosion pit.
For all the specimens failed at stress amplitudes lower than the fatigue limit, a
similar fracture surface morphology was observed in both 1 and 10 Hz
specimens, which showed the existence of corrosion pit at the fracture origin.
The corrosion pit size observed for the 1 Hz specimens was about 30—70 u m.
This size was larger compared to the pit size observed for the 10 Hz
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specimens that was about 20—30 u m.

In contrast, no evidence of corrosion pit was found at the fatigue crack
nucleation site for the specimens failed at stress amplitudes higher than the
fatigue limit, as shown in Figure 8. The fracture origin was relatively flat for
both specimens tested at the frequencies of 1 and 10 Hz. This implies that at
stresses higher than the fatigue limit, the cyclic dependent slip deformation
(intrusion and extrusion) was more severe compared to the time dependent
corrosion process, consequently leads to fatigue crack nucleation in 1 and 10
Hz specimens.

SEM observation was also carried out on the specimen surface to search
for the evidence of corrosion pit. Figure 9 (a) shows the early stage of
corrosion pit formation where corrosion products were observed on the
surface of specimen tested at 130 MPa. From the figure, it can be seen that
many cracks appeared around the corrosion product. Yamamoto et al.
suggested that when corrosion product formed on magnesium surface,
shrinkage occurs, which leads to the crack nucleation in the corrosion
product [13]. This corrosion product may detach from the specimen surface

(a) 1 Hz (b) 10 Hz

Figure 7: SEM fractographs showing a corrosion pit in specimen tested at
130 MPa under 1 and 10 Hz at 50°C-80 %RH

(a 1 Hz (b) 10 Hz

Figure 8: SEM fractographs showing the fatigue crack initiation site of
specimen tested at 180 MPa under 1 and 10 Hz at
50°C-80 %RH. No evidence of corrosion pit was observed
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(a) SEM image

: G
(b) EDS mapping analysis

Figure 9: SEM observation and EDS mapping analysis of corrosion
product on the specimen surface

and form a pit. The corrosion product was analyzed by using an energy
dispersive spectroscopy (EDS) to identify its elements. Figure 9 (b) shows the
result of EDS mapping analysis of the corrosion product, respectively. It was
found that the corrosion product mainly consisted of magnesium and oxygen.
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3.3 Corrosion Pit Formation Mechanism

Initiation of pitting corrosion under cyclic loading condition may be caused
by material/environment/cyclic loading combination [14]. Thin oxide layers
(MgO) naturally formed on the specimen surface of magnesium alloy, when
the surface exposed to ambient air. This protective film provides a corrosion
protection to underlying material.

The mechanism of corrosion pit formation in magnesium alloy at high
humidity environment is illustrated in Figure 10. Under cyclic loading,
cumulative plastic strains that lead to formation of rough surface due to
extrusion and intrusion of persistent slip bands break down the thin protective
film on magnesium alloys surface. Electrochemical attack occurs at the
localized breakdown site, where the less-deformed surrounding area will
behave as cathode. In contrast, deformed area will behave as anode and forms
a pit. If the opening or crevice caused by the breakdown of the thin oxide
layer is wide enough to permit the condensed water-droplets to enter into the
underlying metal, crevice corrosion may occur [15]. If the water-droplets
enter the opening, magnesium hydroxide formed and the electrochemical
reactions involved during the pitting are as follows:

Mg +2(OH)” — Mg(OH), +2¢” (Oxidation) (1)

2H,0+2¢” —-2(OH) +H, (Reduction) (12)

If no water droplets enter the opening, the magnesium metal may react with
the oxygen to form magnesium oxide. The electrochemical reactions involved
are:

2Mg+ 0% = 2MgO+ 4e” (Oxidation) (13)

O, +4e” —20% (Reduction) (14)

Once a pit forms, stress concentration occurs at the root of the pit and
enhances pit growth to the critical pit size. Consequently, it is suggested that,
the conjoint action between localized plastic deformation due to cyclic load
and environment leads to formation of pit and subsequent fatigue crack
initiation under high humidity condition at stresses below the fatigue limit.
On the other hand, at stresses higher than the fatigue limit, the localized
plastic deformation is much more significant and directly leads to fatigue
crack initiation, where the crack initiation is faster compared to the corrosion
pit formation.
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Figure 10: The illustration of corrosion pit formation mechanism and
fatigue crack initiation in magnesium alloy at high humidity
environment
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3.4 Effect of Frequency on Fatigue Crack Growth Behavior

Figure 11 shows the effect of frequency on fatigue crack growth behavior of
AZ61 magnesium alloy at 50°C-80%RH. The tests were carried out according
to the K-decreasing and K-increasing testing method. Vertical axis is the
fatigue crack growth rate and horizontal axis is the stress intensity factor
range. Arrows in the figure indicate the threshold value of stress intensity
factor range 4 K. In the figure, circle and triangle symbols represent the 1
and 10 Hz data, respectively. Open and close marks represent stress intensity
factor range 4 K and effective stress intensity factor range 4 K., respectively.
From the results, it was found that at high stress intensity region, the fatigue
crack growth curve for 1 Hz showed a slightly higher crack growth rate
compared to that for 10 Hz. However, the difference becomes smaller with
decreasing 4 K, and the fatigue crack growth rates for 1 and 10 Hz were
reversed at stress intensity factor lower than 4 MPa.m'"2. At the near-threshold
region, 1 Hz demonstrated higher fatigue crack growth resistance compare to
the 10 Hz specimens. The threshold value of stress intensity factor range 4 K,
for 1 and 10 Hz were 2.37 and 1.3 MPa.m'”?, respectively.

From the fatigue test results, it is speculated that the observed corrosion pit
size in 1 Hz specimen, which was larger than that in the 10 Hz specimen, may
be due to the higher threshold stress intensity factor and fatigue crack growth
resistance in the 1 Hz specimen. It is assumed that a fatigue crack nucleates
from a corrosion pit when the pit grows to a critical size at which the stress
intensity factor reaches the threshold value [9]. Since the threshold value was
higher, larger corrosion pit size was required for fatigue crack nucleation in
the 1 Hz specimen. Therefore, it is suggested that the fatigue life for 1 Hz
specimen was mainly dominated by the corrosion pit formation and the early
crack growth after the crack nucleation. The crack propagation is speculated
to be short since the fatigue crack growth rate was high at higher stress
intensity factor range.

The relationship between crack opening ratio U and stress intensity factor
range A K for 1 and 10 Hz is shown in Figure 12. From the figure, it is found
that the crack opening ratio increased with increasing 4 K in both frequencies.
The crack opening ratio for AZ61 becomes constant at 0.5, which indicated
that there was no crack closure identified at the tension stress levels. Crack
closure behavior was more pronounced in 1 Hz compared to 10 Hz, where the
crack closure effect was first identified at A K = 4.5 MPa.m"? for the 1 Hz.
The crack closure effect for 10 Hz was first identified at lower 4K level
around 3.0 MPa.m'”. The effect of specimen orientation on the crack opening

ratio can be seen at 4 K less than 2 MPa.m'”.
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Figure 11: Effect of frequency on fatigue crack growth behavior of
AZ61 under 50°C-80%RH

1 T T L s
L © |Hz |
& 10Hz
0.8 -
y i
f 0.6+ —
E --------------- Zs-a-g.wmm ---------
< 04k % f@o o
Il A aa o [+ J¥'s}
5> | aa,k & ]
any 00
0.2 & o
0 | s | L PR S A |
1 2 4 10 20

Stress intensity factor range, AK (MP am'’)

Figure 12: Relationship between crack opening ratio U and stress
intensity factor range 4K

Considering the effect of crack closure, the fatigue crack growth rate as a
function of effective stress intensity factor range 4 K,y was super imposed in
filled symbols as shown in Figure 11. The figure shows that, at stress intensity
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region less than 2 MPa.m'?, regardless of frequency, the fatigue crack growth
curves for 1 and 10 Hz coincided in a narrow band. This was due to the more
pronounced effect of crack closure in the | Hz compared to the 10 Hz. The
threshold value of effective stress intensity factor range 4 K., was around
0.4 MPa.m'?. This indicates that the 4 K, is the intrinsic driving force for
fatigue crack growth in both 1 and 10 Hz frequencies. At 4K higher than 2
MPa.m'?, the da/dN- AK.4 curve for 1 Hz showed higher crack growth rate
than 10 Hz, same as in the da/dN- AK curve.

The pronounced crack closure effect in 1 Hz compared to that in 10 Hz was
due to the oxide-induced crack closure. In 1 Hz crack growth test, the exposed
time of crack surface to the high humidity environment, i.e. the time for the
formation oxide layer was 10 times longer compared to that in 10 Hz. The
presence of oxide layer on the crack surface was identified from the EDS
surface analysis as shown in Table 2. The result indicated that oxygen was
detected on the entire crack surface especially in the crack wake at the
near-threshold region. The quantitative analysis showed that about 98% of the
intermetallic compound was MgO.

Table 2: The EDS surface and quantitative analysis

Element (keV) Mass% Error%  Atomic % Intermetallic Mass %

0 0.000 39.82  0.00 0.00 0.00
MgK 1253 5923  1.41 99.28 MgO 98.20
AlK 1.486  0.95 3.61 0.72 Al203 1.80

' 100.00 100.00 100.00

|5

(a) 1 Hz (b) 10 Hz
Figure 13: Crack surface of specimen tested under 1 and 10 Hz
frequency
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The SEM observation result of crack surface for 10 Hz is shown in Figure
13. The figure shows that the oxide layer that covered the crack surface was
less compared to that in the crack surface of the 1 Hz. It is assumed that the
oxide layer on the crack surface in the 1 Hz was thicker than in the 10 Hz, i.e.
more pronounced crack closure effect observed in the 1 Hz as shown in
Figure 12. In the high stress intensity factor region, where the crack closure
was not identified at the tension stress levels, the fatigue crack growth rate in
the 1 Hz was higher than in the 10 Hz in both da/dN- AK and da/dN- AK.;
curves. This phenomenon could be related to the difference in the thickness of
oxide layer (MgO) formed in front of the crack. The MgO oxide layer is
brittle and easy to break. Ishikawa et al. suggested that the thicker the oxide
layer the longer the crack propagates in one cycle loading [16]. The oxide
layer formed under low frequency was thicker than that in high frequency so
that the effective crack length is longer under lower frequency and results in
higher fatigue crack growth rate.

4.0 CONCLUSION

Effect of frequency on fatigue and fatigue crack growth behavior for AZ61
magnesium alloy was investigated in high humidity environmental condition.
Summaries of this chapter are as follows:

1) The fatigue property of AZ61 magnesium alloy in high humidity was
affected by loading frequency. At stress amplitudes below the fatigue limit,
fatigue fracture was predominantly time dependent behavior where the
S-N curves for 1 and 10 Hz were in one narrow band. In opposite, at
stresses higher than the fatigue limit, fatigue fracture was predominantly
cyclic dependent behavior.

2) Fatigue fracture at low stress amplitudes under both 1 and 10 Hz were
originated from the corrosion pit formed at the surface. However, the pit
size in 1 Hz specimen was larger because the threshold value was higher,
i.e. larger corrosion pit size was required for fatigue crack nucleation
compared to that in the 10 Hz specimen. The fatigue life for 1 Hz
specimen will be mainly dominated by the corrosion pit formation and the
early crack growth after the crack nucleation.

3) Specimen tested at frequency of 1 Hz demonstrated higher fatigue crack
growth resistance compare to that of 10 Hz at the near-threshold region
due to the pronounced oxide-induced crack closure effect in 1 Hz
compared to that in 10 Hz.
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