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Abstract: The surface temperature of extruded AZ31B alloy plate was measured by infrared thermograph in air during tension and
high-cycle fatigue tests. The mechanism of heat production was discussed and the value of critical fatigue damage temperature was
calculated according to the P—AT curve. Results show that the variation trend of temperature is different between tension and fatigue
tests. The temperature evolution in tension test consists of four stages: linear decrease, reverse linear increase, abrupt increase, and
final drop. The initial decrease of temperature is caused by thermal elastic effect, which is corresponding to the elastic deformation in
tension progress. When cyclic loading is above the fatigue limit, the temperature evolution mainly undergoes five stages: initial
increase, steep reduction, steady state, abrupt increase, and final drop. The peak temperature in fatigue test is caused by strain
hardening that can be used to evaluate the fatigue life of magnesium alloy. The critical temperature variation that causes the fatigue
failure is 3.63 K. When A7<3.63 K, the material is safe under cyclic loading. When AT>3.63 K, the fatigue life is determined by

cycle index and peak temperature.
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1 Introduction

Magnesium alloy is one of the best potential
materials for application in space and automotive
industries as the excellent properties of low densities,
high specific strength, ease of recycling, etc [1-3]. It is
necessary to investigate the behavior under cyclic
loading, especially high-cycle fatigue properties.

Fatigue fracture is a cumulative damage process
with the change of energy. During fatigue test, most of
the dissipated strain energy is converted into heat, which
manifests itself in the form of a change in temperature
[4,5]. When a material is subjected to cyclic loading, the
temperature on the surface is varied. It causes a
continuous temperature rise until the heat transfer with
the surrounding equals the value of heat generation
within the loaded specimen [6]. The thermographic
technique as a nondestructive method allows to measure
the surface temperature of a specimen by means of an
infrared thermal scanner during the test. CURA et al [7]
showed that when stresses are above fatigue limit the

temperature  evolution mainly presents as three
characteristic phases in many kinds of materials: initial
thermal increase, temperature stabilization, final rapid
increase. YANG et al [8] used a high-speed and
high-sensitivity infrared imaging system, and observed
five stages in the temperature evolution of reactor
pressure vessel steels by cyclic loading. They believed
that the thermoelastic, inelastic, and heat conduction
effects could be used to explain and predict the
temperature variation during fatigue process. LUONG [9]
believed that the intrinsic dissipation which was
produced by the plastic deformation caused the change
of temperature.

The energy dissipation was used to analyze the
fatigue evaluation. The common way is to use the
Miner’s rule to evaluate fatigue life of material under
cyclic loading. Numerous works have been done on the
fatigue property of metal specimen by means of
damage and thermographic techniques
[10—12]. However, the relationship between fatigue
properties and temperature evolution of magnesium alloy
has its own character that needs further to be studied.
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In the present work, the temperature evolution of
AZ31B magnesium alloy under tension and high-cycle
loading was tested by means of an infrared thermal
scanner. Fatigue life of the material was analyzed
according to the critical fatigue damage temperature AT
(the peak temperature in initial loading), and was
compared with the result obtained by common method.

2 Experimental

The material used in the present study is
commercial extruded AZ31B magnesium alloy plate with
a thickness of 10 mm. Its chemical composition is 2.8%
Al 1.1% Zn, 0.4% Mn, and balance of Mg (mass
fraction). Before fatigue test the base mechanical
properties of AZ31B magnesium alloy were conducted
and the results are shown in Table 1.

Table 1 Mechanical properties of AZ31B magnesium alloy
Rm/MPa Ro'z/MPa ZI% 0/%
267.61 175.30 13.19 11.23

Specimens (Fig. 1) were designed with the axis
parallel to extrusion direction. Specimens were machined
by wire-electrode cutting and polished with different
grades metallographic sandpaper (15, 13, and 10 pm
respectively) before fatigue testing.
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Fig. 1 Specimens in tension (a) and fatigue (b) test (unit: mm)

The tension testing apparatus used was a DNS-100
universal testing machine. A PLG-200D high-frequency
electromagnetic resonance fatigue test machine was used
for fatigue tests in air. Fatigue tests were done by means
of tension-tension loads (R=0.1). The load frequency was
99.6—100.2 Hz.

Thermography detection was performed using a
VarioCAM hr camera with a 320x240 focal plane array
or 384x288 pixels (Fig. 2). The temperature sensitivity
was better than 0.08 K at 303.13 K. Before tension and

Fig. 2 Infrared system in fatigue test

fatigue test, the specimen was covered with a thin
opaque black paint layer in order to increase the thermal
emissivity of the specimen surface.

A number of specimens were tested both above and
below the fatigue limit. During each fatigue test, the
surface temperature of specimen was recorded in real
time and then the temperature curve was obtained. Test
was stopped either when the specimens failed or after 10’
cycles without evident damage. The maximum specimen
surface temperature values (7}) and room temperature
values (7;) were obtained. Then the difference was
calculated (AT=T:—T,). Fatigue life of specimens was
determined by means of thermographic techniques.

3 Results and discussion

3.1 Thermal frame works

Fatigue is a dissipative phenomenon involving
damage accumulation. The mechanical energy over a
cyclic loading involves the dissipation, the internal
energy variation and the possible thermomechanical
effects [13]. The temperature evolution during fatigue is
affected by the thermoelastic, inelastic, heat-transfer
effects, and the heat source outside the specimen (which
is neglected in this paper). Combined with the balance
laws of momentum and energy, and second law of
thermodynamics, the coupled thermomechanical
equation is obtained [8,14]:

pCT —kV*T = O'—pa—l’// :é—pa—wd—i-
oe oa

Xy . v .
e+ pT a 1
0Tos r otoa M

pT

The basic thermomechanical quantities describing
thermodynamic processes are: the density p and the
specific heat capacity C, the conduction tensor k, the
intrinsic dissipation ¢« , the Cauchy stress tensor o, the
absolute temperature 7, the strain tensor &, the specific
Helmholtz free energy .

pCT represents the stored heat rate which is
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converted by mechanical energy. It is dependent on
material property and load-up condition.

kV>T illustrates the transference of heat by thermal
conduction in which the heat passes through the material
to make the temperature uniform in the specimen. And
the thermal conduction between the specimen and grips
and the specimen and air cannot be neglected.

dlz(a—pa—wj:é—pa—w-d 2)
o€ oa

where d; is the intrinsic dissipation. The irreversible
deformation is the main reason that causes the
accumulated damage under cyclic loading and the
generation of heat in the specimen.

82W . 62(// .
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where d, is the thermomehcanical coupling sources.
Within the elastic range and alternating loading, a
reversible conversion process between the mechanical
and thermal energy causes the temperature fluctuation on
the surface of specimen.

3.2 Temperature evolution in magnesium alloy

With variation of loading state, the temperature
evolution on the surface of magnesium alloy in tension
and fatigue test is different. Moreover, the plastic
deformation more likely happens in fatigue test.
3.2.1 Temperature evolution in tension test

The temperature evolution on the surface of
magnesium alloy was varied with the loading (Fig. 3). As
the stress increases the temperature evolution of
magnesium alloy obviously undergoes four stages: linear
decrease (stage 1), revers linear increase (stage 2), an
abrupt increase (stage 3), and final drop (stage 4).

Temperature at stage 1 shows obvious decrease.
Thermoelastic effect in the tension process that was first
found by KELVIN can be used to explain this
phenomenon. CHENG [15] derived the KELVIN
formula to fit the solid material. It showed that the
thermoelastic effect has relationship with the atomic
density in crystal structure. The distance of atoms
increases along with the tension force then the ability of
heat conduction weakens. When the stress is up to the
yield point, more heat is generated and released by
plastic deformation in stage 2. Stage 3 is the area of
instant fracture. The temperature increases abruptly, and
then drops down in stage 4.
3.2.2 Temperature evolution in tension-tension fatigue

test

Temperature on the surface of magnesium alloy
under tension-tension loading varies along with the
plastic deformation. As shown in Fig. 4 (6,,,,=130 MPa),
when the cyclic loading is above the fatigue limit, the
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Fig. 3 Temperature evolution of magnesium alloy specimen in

tension test: (a) Infrared thermogram in tension test; (b)
Temperature evolution curve; (c) Tension test result

temperature evolution mainly undergoes five stages:
initial increase (stage I), steep reduction (stage II), steady
state (stage III), abrupt increase (stage V), and final drop
(stage V). Stage I is limited to numbers of cycles (in
general, about 10% of the entire lifespan of the
specimen). This stage is dominated by the inelastic effect,
which causes local plastic deformation and yielding
phenomenon. Temperature rises since the energy
generated is greater than the heat transferred out of the
specimen. The peak of temperature is caused by strain
hardening [16]. Stage II presents the steep reduction of
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Fig. 4 Temperature evolution on the surface of magnesium alloy specimen: (a) Infrared thermogram in fatigue test; (b) Temperature

1200 1600 2000

evolution under load of 130 MPa; (c) Temperature evolution under different stresses

temperature after limited plastic deformation. This stage
is dominated by the heat-transfer effect. Stage III shows
a constant value of temperature that is still effected by
plastic deformation, however the deformation rate is
smaller than that in stage 1. The temperature maintains
stable under the transfer balance between the specimen
and surrounding environment. In stage IV, macrocracks
are formed gradually. The temperature increases rapidly
for comparatively very small numbers of cycles. There is
a local plastic deformation at the crack tip and the plastic
work generated during this deformation is mostly
converted to heat. As the crack expands before failure
occurs, the deformation area decreases to the area around
creak tip, temperature rises comparatively lower than
that in stage 1. This stage is believed as a warning of an
imminent fracture, thereby, the estimation of the time to
failure provides the capability of shutting down the
machinery before a catastrophic break down occurs.
Then, the specimen temperature drops down, as shown in
stage V.

The process of fatigue fracture mainly exhibits
macroscopic plastic deformation and microscopic glide
reflection. For magnesium alloy, there is no evident
yielding phenomenon. The plastic strain is expected to
decrease during limited fatigue cycles due to the
strain-hardening effect. Therefore, the temperature on the
surface of specimen reaches up to the peak soon (point D
in Fig. 4(b)). Subsequently, the temperature decreases

until the heat finally reaches a relatively constant value
due to the thermal equilibrium. Figure 4(b) shows the
evolution of temperature vs number of cycles of
magnesium alloy under different loads. It was shown that
the energy dissipation of materials is considered to be a
constant value under fatigue loading [8,17]. Peak
temperature in stage I rises with the increase of cyclic
loading. The intrinsic dissipation consumes lots of energy.
Therefore, the cycle times before failure occur decreases
even the stage III will not happen.

However, when repeated loading is applied, the
peak temperature in stage I would not happen again (Fig.
5(a)). And the temperature soon reaches a constant. This
demonstrates an irreversible deformation under cyclic
loading.

Stress below fatigue endurance also causes damage
in the material. Figure 5(b) shows the temperature
evolution at initial stress applied of 100 MPa and cycling
by 107 then at 130 MPa cycling by 4x10*. It shows that
the temperature is quite different with that under the
stress of 130 MPa directly. This means that intrinsic
dissipation will happen under lower stress. The elastic
limit increases by the strain hardening.

3.3 Fatigue life evaluation

Miner’s rule is generally accepted as the fatigue
criterion for fatigue life estimation. The linear
cumulative damage equation can be shown as
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where D is the fatigue damage, N; is the number of
loading cycles to failure under a constant stress range, »;
is the real number of loading cycles. When there are &
different stress ranges, then the fatigue failure of the
structural component is considered to occur.

Miner’s rule considers that the total damage in the
material is a constant value under continuation loading.
In other words, internal energy of the material is also
invariable. There is a limited plastic deformation in
brittle materials as magnesium alloy. Therefore, the
strain hardening will happen in limit cycle-index along
with specific loading. The temperature converted by
strain energy will reach the peak and then reduce steeply.
However, the peak temperature in stage I caused by
strain hardening will come up to a different level along
with the loading increasing in different specimens.
Furthermore, the percentage of peak temperature in the
total evolution is also increases with the external loading.
YAN et al [18] fitted the relationship between the peak
temperature and maximum stress under cyclic loading.

The temperature on the peak can be used to evaluate
fatigue life of magnesium alloy.

The parameters needed are listed in Table 2, where
AT; is the peak temperature rise in stage I, # represents
the consumed time (cycle number) for AT, ¢, is the
consumed time at the final fracture under a specific
loading, P; is the specific value of # and z, which are
shown in Eq. (5).

Table 2 Parameters of temperature evaluation

Smax/MPa AT/K t/s t/s P;
150 49.33 177 662 0.27
145 36.39 121 980 0.12
140 25.55 105 493 0.21
135 26.61 107 1541 0.07
130 23.44 111 1917 0.06
125 17.8 99 1819 0.05
115 3.68 151 10 <0.001
110 3.43 143 10 <0.001

LR LU (5)

t, t.xf Ng

The linear fitting between AT; and P; is shown in
Fig. 6. Eq. (5) is converted as Eq. (6). Fatigue life of
magnesium alloy can be calculated by temperature AT;
and loading time. And the fatigue cycle-index N, can be
determined as Eq. (7) where f represents the cycle
frequency.

lg i~ 1.921gAT ~3.8 (6)
Ne
lg%—&& AT, >3.63
IgN, =1 AT (7)
>7, AT, <3.63

Equation (7) can be divided into two parts: when
AT< 3.63 K, stress is under fatigue endurance and there
is no apparent temperature change, therefore, the fatigue
life will be infinite. This means that the specimen can be
used safely without breaking; when A7>3.63 K, fatigue
life is determined by the loading history and peak
temperature (frequency is considered a constant). As AT;
rises, more energy in material will be consumed, which
means the fatigue life is reduced.

The endurance limit cycled by 1x10” is 110.7 MPa,
while the temperature changes in the test are A7=3.56 K,
which is close to 3.63 K.

The remaining life tested by temperature varies in
stage | and normal method was compared Table 3. The
calculated value of the remaining life N, is less than the
value N, in the test. The fatigue life test by infrared
thermography is safer than by common method. The



Zhi-feng YAN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1942—-1948

temperature method will save time and low economic
waste, and can be used to estimate fatigue property in the
structure design under cyclic loading.

1947

specimen.

2) With the stress increasing during tension process,
the temperature evolution of magnesium obviously
undergoes four stages: linear decrease (stage 1), reverse
linear increase (stage 2), an abrupt increase (stage 3), and
final drop (stage 4).

3) When the cyclic loading is above the fatigue limit,
the temperature evolution mainly undergoes five stages:
initial increase (stage 1), steep reduction (stage II), steady
state (stage III), abrupt increase (stage I'V) and final drop
(stage V).

4) Temperature variation in stage I is affected by
intrinsic dissipation under cyclic loading that can be used
to evaluate the fatigue life.

5) The critical temperature variation that causes the
fatigue failure is 3.63 K. When A7<3.63 K, the material
is safe under cyclic loading. When AT>3.63 K, fatigue
life is determined by cycle index and peak temperature.
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