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Abstract: To quickly predict the fatigue limit of 6061 aluminum alloy, two assessment methods based on the temperature evolution and the
steady ratcheting strain difference under cyclic loading, respectively, were proposed. The temperature evolutions during static and cyclic load-
ings were both measured by infrared thermography. Fatigue tests show that the temperature evolution was closely related to the cyclic loading,
and the cyclic loading range can be divided into three sections according to the regular of temperature evolution in different section. The mech-
anism of temperature evolution under different cyclic loadings was also analyzed due to the thermoelastic, viscous, and thermoplastic effects.
Additionally, ratcheting strain under cyclic loading was also measured, and the results show that the evolution of the ratcheting strain under
cyclic loading above the fatigue limit undergone three stages: the first increasing stage, the second steady state, and the final abrupt increase
stage. The fatigue limit of the 6061 aluminum alloy was quickly estimated based on transition point of linear fitting of temperature increase and
the steady value of ratcheting strain difference. Besides, it is feasible and quick of the two methods by the proof of the traditional S—N curve.

Keywords: 6061 Aluminum; temperature evolution; fatigue limit; ratcheting strain

1. Introduction

The wide use of aluminum alloys as various structures and
mechanical components in the military and aerospace fields
is promising due to their low density, high specific strength,
and good plasticity [1-2]. In these applications, most of the
components are inevitably serviced under cyclic loading and
are more inclined to suddenly rupture, which causes great
loss or disaster [3]. Fatigue failure under cyclic loading is a
process of damage accumulation in which most of the plastic
work is consumed in the form of heat, causing an increase in
the surface temperature [4]. Therefore, it is of great signific-
ance to study the relationship between the change in surface
temperature and fatigue cyclic loading. Infrared thermo-
graphy (IRT), detecting heat waves generated by materials
during dynamic loading with the infrared camera, has been
efficiently used to record the surface temperature evolution
and investigate the thermomechanical behavior of materials
in a wide range of fields due to its real-time and non-contact
advantages [5]. Fan et al. [6] determined the fatigue behavior
and established an energetic model to predict the residual life
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of Q235 steel by IRT. Cui et al. [7] used IRT to measure the
fatigue crack growth of electron beam welded joints of the
AZ31B magnesium alloy under cyclic loading and proposed
a theoretical model to present the distribution of dissipated
energy from the crack tip. Xu et al. [8] investigated the tem-
perature evolution and predicted the fatigue life of the
AZ31B magnesium alloys loaded under three-point-bending.
Yan et al. [9] studied the effect of anisotropy on the fatigue
and tensile behavior of a SA06 aluminum alloy based on IRT
and found a longitudinal specimen has higher fatigue strength
life than the transverse specimen. Bandeira et al. [10] as-
sessed the fatigue behavior of bonded joints using a thermo-
graphic acquisition system and confirmed that it is an altern-
ative approach to evaluate the fatigue strength. Yang ef al.
[11] proposed an approach to rapidly predict the high-cycle
fatigue reliability (three-parameter P-S—N curves) of metal-
lic materials and developed a calculation model of energy
dissipation based on quantitative thermography methodo-
logy. However, little attention has been given to the temper-
ature evolution of a 6061 aluminum alloy, especially at wider
cyclic loading level. Thus, analyzing the temperature evolu-
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tion and fatigue limit of a 6061 aluminum alloy under cyclic
loading based on the IRT method is imperative.

During service, asymmetric cyclic loading may cause
strain accumulation and additional plastic damage, which is
known as ratcheting [12—13]. Essential deformation oc-
curred on the engineering materials may lead to the cata-
strophic failure because of the ratcheting strain and damage
accumulation. In recent years, some researchers have invest-
igated the ratcheting phenomenon of aluminum and mag-
nesium alloys [13—17]. They mostly investigated the effect of
various parameters such as mean stress, stress amplitude, and
pre-ratcheting strain to fatigue or tensile property at low cycle
fatigue test. Very little literature has reported the ratcheting
strain behavior of the 6061 aluminum alloy under different
cyclic loading levels or investigated the fatigue limit based on
the ratcheting strain evolution.

In this paper, the temperature and ratcheting strain evolu-
tions of the 6061 aluminum alloy under fatigue test with cyc-
lic loading were investigated, and the fatigue limit was evalu-
ated based on IRT and the steady ratcheting strain.

2. Experimental

The material was a rolled, 4-mm-thick plate. The chemic-
al composition and the tensile property of 6061 aluminum al-
loy are shown in Tables 1 and 2, respectively. Fig. 1 shows
the initial microstructures of the 6061 aluminum alloy. The
alloy has an uneven grain size, and there are precipitates in
and between grains.

Table 1. Chemical composition of the 6061 aluminum alloy
wt%

Mg Si Mn Cu Zn Ti Cr Fe Al
1.054 0.621 0.081 0.236 0.007 0.021 0.138 0.35 Bal.

Table 2. Tensile properties of the 6061 aluminum alloy

Tensile strength / MPa  Yield strength / MPa  Elongation / %
230 180 21
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The specimens were machined via wire electrode cutting,
and the size of specimens for the tensile and fatigue tests is
shown in Fig. 2. The specimens were polished like a mirror
surface with metallographic sandpaper to remove contamin-
ants and delay the crack initiation. Before the cyclic loading
test, a black thin opaque paint layer was covered on the sur-
face to increase the thermal emissivity and reduce back-
ground reflection, aiming to improve the accuracy of the
temperature measurement.

40 mm

Fig. 2. Size of the samples for the fatigue and tensile test.

The tensile test was performed on a DNS-100 universal
testing machine at a stress rate of 5 mm-min . The fatigue
test was performed using a fully PLG-200D high frequency
electromagnetic resonance fatigue test system with a sinus-
oidal-waveform-stress-controlled mode at stress ratio of 0.1
and frequency of about 100 Hz. The maximum cyclic load-
ing ranged from 10 to 230 MPa. The specimens were under
cyclic loading until failure or the number of cycles up to 10
without fracture. At the same time, the cyclic strain and
ratcheting strain curves were conducted by an axial extenso-
meter with a 25 mm gauge length.

An InfraTec VarioCAM hr infrared camera, with 1024 x
768 pixels and temperature sensitivity greater than 0.08 K at
303 K, was used to record the temperature evolution of
samples. The temperature data was analyzed with IRBIS3
software. The temperature increment (A7) was calculated by
AT =T— T, (where T and T, are the instantaneous temperat-
ure and initial temperature on the surface of the sample, re-
spectively)

3. Results and discussion
3.1. Heat generation during plastic deformation

The dissipation, internal energy variation, and possible
thermomechanical effect are involved in the cyclic loading,
and the thermomechanical equation is [18]:

0=aw=["" flexdr M

where W is the mechanical energy of the material under cyc-
lic loading when a unit volume is expended, AW is the part of
W that transforms into the heat O, f(e) is the strain (&) func-
tion, and oy, and oy, are the maximum and minimum cyclic
loadings in the fatigue test, respectively. Therefore, the area
of the hysteresis loop is closely related to the heat generation.

Materials naturally conduct heat and the energy balance in
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two dimensions is [19]:

OT (02T 9°T\
ocrgy = 5 557 0

where p is the density of material, C» is the heat capacity at
constant pressure, 7' is the specimen temperature, ¢ is the
time, x is thermal conductivity, x and y are the distance
between the two adjacent pixels in two directions, and Q’ is
the heat-dissipation rate.

@

3.2. Temperature evolution during static tensile test

Kelvin explained the phenomenon of material cooling

with an elastic volume increase as the thermoelastic effect.
Lee and Shaue [20] used Kelvin’s theory to investigate the
temperature evolution of the 2024-T3 and 7075-T6 alloys in-
duced by a thermomechanical effect under uniaxial tensile
loading. The temperature evolution and tensile curve during
tensile test of the 6061 aluminum alloy are shown in Fig. 3.
The solid red and dotted black lines are the temperature evol-
ution curves and the stress—strain curve, respectively. There
are four stages in the temperature evolution curve: [—a first
decrease, II—a reversible increase, [Il—an abrupt increase,
and IV—a drop stage. Fig 4 shows the instantaneous infrared
thermograms corresponding to the above four stages.

Time /s
0 20 40 80 100 120 140
300 T T T T T TI 3.5
---- Tensile curve Stage 111 D'
250 - —— Temperature evolution curve v 3.0
B i S i B
- :\Stagel\{25 %
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o ;C :C <1“
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= B! Lo z
< [ i 115 ¢
%] | H >
§ 100 - /I: ! ;
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i {os £
0k 4| &
T 0
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Fig.3. Temperature evolution and stress—strain curve during the static tensile test.

Fig. 4. Instantaneous infrared thermograms corresponding to the different temperature evolution stages shown in Fig. 3.

In Fig. 3, Lz (the AB line) is the elastic deformation pro-
cess, corresponding to the temperature decrease due to the
thermoelastic effect just as L 4 shows. The plastic work con-
verts to heat causing the temperature increase as Lgc shows
when plastic deformation occurs. In stage III, the temperat-
ure increases suddenly due to the macrocrack initiation, caus-

ing a large amount of heat at the crack tip. The temperature
gradually decreases at stage IV because of the heat conduc-
tion.

When the sample is under static stress, there is only one
principal stress along the same axial direction of sample. The
temperature evolution can be represented by the following
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equation [21]:

AT = —Q—TOO' 3)
pCp

where « is the coefficient of linear thermal expansion, and o

is the stress.

In the static tensile test, @ is 23.6 x 10° K™, p is 2.75
g-em” and Cp is 900 J-kg'-K™". The ambient temperature
was 298 K and o in point B of Fig. 3 is 125 MPa. As a result,
the calculated value of AT is —0.35 K, and the experimental
value is —0.24 K; the relative error based on theory value is
31 %, indicating good compliance.

3.3. Temperature evolution during the fatigue test

The temperature evolution of the 6061 Al alloy in the cyc-
lic loading test is different from the static tensile test. When
the maximum cyclic loading was less than 70 MPa, the
samples did not break, and the temperature decreased first in
these cyclic loadings due to the thermoelastic effect (Fig.
5(a)), which is the same tendency in the first stage of the stat-
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ic tensile test. However, the samples fracture when the max-
imum cyclic loading is between 80 and 180 MPa. Only about
the first 2 h of temperature evolution are recorded as shown
in Fig. 5(b), during which three stages occurred: [—initial in-
crease, [[—steep decrease, and IIl—steady state. The tem-
perature increases in this cyclic loading level can be attrib-
uted to a viscous effect. According to the Voig—Kelvin mod-
el, the constitutive equation is expressed as follows [22]:
Omax = Ee+ F& 4)
where E and F mean the coefficients of elastic and viscous, &
and & are the strain and rate of strain, E¢ is the elastic strain,
and F¢ is the viscous strain. The temperature evolution at-
tributed to the thermoelastic effect is neglected when plastic
deformation occurs, so a small increase in the temperature
due to the thermoplastic effect is expressed as:

AT =aF&+b ®)
where a and b represent the slope and intercept of the line, re-
spectively.

0.2
(b) — 180 MPa
M — 170 MPa
< O0lr 150 MPa
< — 130 MPa
g — 100 MPa
= 0F 80 MPa
5
5
2 -0t q
2 iy
g —02+ ’
o
,03 1 1 1 1 1 -
0 2x10° 4x10° 6x10° 8x10°

Number of cycles, N

Fig. 5. Temperature evolution curve of the sample under different maximum cyclic loadings: (a) below 70 MPa; (b) between 80 and

180 MPa.

Fig. 6(a) shows the temperature evolution of samples un-
der maximum cyclic loading ranging from 180 to 230 MPa.
The temperature evolution curve consists of five stages:
I—initial increase, II—steep decrease, Ill—steady state,
IV—an abrupt increase, and V—final drop. The temperature
increases in the first stage along with the increasing in cyclic
loading. The maximum cyclic loading of 220 MPa clearly
exhibits the five stages as shown in Fig. 6(b). Stage I shows
the rapid increase in temperature at about 2 x 10" cycles.
Based on the inelastic effect, local plastic deformation oc-
curs, causing the rate of heat generation to be greater than that
of heat conduction, resulting in the temperature increase.
When the difference of the two rates reaches a maximum, the
temperature in stage I also reaches a maximum. After limited
plastic deformation and work hardening, the temperature de-
creases steeply because of the heat conduction effect, as
shown in stage II. In stage III, the temperature maintains sta-

bility because of the balance in the rates of heat conduction
and heat generation. The temperature increases abruptly
when a macrocrack forms and the plastic energy converts to
heat as shown at stage IV, and the temperature decreases due
to the conduction of heat to the environment as shown at
stage V. The corresponding instantaneous infrared thermo-
grams of above five stages are shown in Fig. 7. The temper-
ature significantly increases in stage I when the maximum
cyclic loading is above 180 MPa and the increase in temper-
ature in the first stage is due to the thermoplastic effect [23]:

_n (=
AT = L] f(o)de (6)

where AT, is the temperature variation caused by the thermo-
plastic effect in each cycle, i is the number of cycles, # is the
work-heat transfer coefficient, f{o) is the cyclic loading equa-
tion, and ¢, and &, are the minimum and maximum value of
strain in hysteresis loop, respectively.
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Fig. 6. Temperature evolution of the 6061 aluminum under maximum cyclic loadings of (a) >180 MPa and (b) 220 MPa. The insert
figure in (a) is enlarged view of temperature change in the first stage.

to the five temperature evolution stages shown in the Fig. 6(b).

3.4. Ratcheting strain of the 6061 aluminum alloy (12000-150000 cycles), and III—final abrupt increase stage

The ratcheting strain as a function of the number of cycles (>150000 cycles). Fig. 8(b) shows the ratcheting strain of the
under 220 MPa maximum loading is shown in Fig. 8(a). The 6061 aluminum alloy in stages I and II under different asym-
ratcheting strain experiences three stages: [—initial rapid in- metric maximum cyclic loadings from 70 to 220 MPa. The

crease stage (<10000-12000 cycles), I —steady stage steady ratcheting strain difference (A& ;) increases with in-

0.120 @ 0.030 (b) - JOMPa ——T90MPa
—— 90 MPa 200 MPa
0.115 5 0025} ~~ 110 MPa —~ 210 MPa
. ~+— 130 MPa —— 220 MPa
s 0.110 g —— 150 MPa
< g 0.020f 170 Mpa
£ 0.105 2 —— 180 Mpa
Z £ 0015}
) 0.100 % ’
E 0.095 S 0.010+
L s
< 5}
&£ 0.090 £ 0.005
0.085 A
0+
0.080 1 1 1 1 1 1 1 1 1 1
0 4.0x10* 8.0x10* 1.2x10°1.6 x 10° 0 5000 10000 15000 20000
Number of cycles, N Number of cycles, N

Fig. 8. Ratcheting strain curves of the 6061 aluminum under maximum cyclic loadings of (a) 220 MPa and (b) >70 MPa.
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creasing cyclic loading. The & ; at cycle which means
the ratcheting strain, is defined as [24]:

g(i, max) + 8(i,min)
e

(7

where £ max) and & min) are the maximum and minimum of
axial strain at cycle “i.” The ratcheting strain difference Ag. ;,
for comparison purpose is used and is defined as:

®)
where & ; and &, are the ratcheting strain of the cycle “i”
and cycle “1”.

The ratcheting effect during cyclic loading caused the ac-
cumulation of damage and the failure. Hysteresis loops at dif-
ferent cycles of the 6061 aluminum alloy under different
maximum cyclic loadings can be divided to three types. Figs.
9(a)-9(c) show the three types of hysteresis loop under max-

A&q, i) = &) — Ea,1)
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imum cyclic loadings of 50, 130, and 210 MPa, which re-
spectively represent the hysteresis loops under the maximum
cyclic loading range of <70, 80-180, and >180 MPa. Fig. 9
indicates that when the maximum cyclic loading is below 70
MPa, the accumulation of damage does not occur, so the cor-
responding hysteresis loop is approximately a line and al-
most overlapping; when the maximum cyclic loading is
between 80 and 180 MPa, the area of the hysteresis loop nar-
rows in the initial five cycles, and with the increasing num-
ber of cycles, the hysteresis loops shift to the right slightly
and partially overlap, indicating the accumulation of plastic
damage; when maximum cyclic loading is higher than 180
MPa, the hysteresis loops shift right more obviously and are
more stable, indicating more serious plastic deformation and
damage accumulated as defined by the ratcheting effect.

140 - (b)
120 -
£
S 100 -
2 80
5
& —— 5 cycles
< 60 — 300 cycles
=2 —— 1000 cycles
9 40F - 5000 cycles
O —— 10000 cycles
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sof @
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=
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0 Il Il Il Il Il
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Cyclic extension / mm

Fig. 9. Hysteresis loop at different cycles of the 6061 aluminum alloy under maximum cyclic loadings of (a) S0 MPa, (b) 130 MPa,

and (c) 210 MPa.

3.5. Estimation of the fatigue limit based on infrared
thermography and the steady ratcheting effect

The S—N curve (S is stress or cyclic loading, N is cyclic
number) is shown in Fig. 10. According to the linear fitting,
the fatigue limit is 170 MPa at 107 cycles.

Fig. 11 shows the two methods to estimate the fatigue lim-
it based on IRT and the steady ratcheting effect. The linear

fitting of the max temperature in stage I of Fig. 6(a) and the
cyclic strength is shown in Fig. 11(a). The red line Ly is lin-
ear fitting of the temperature corresponding to the cyclic
loading below fatigue limit, and the blue line L, is the linear
fitting of the temperature corresponding to the cyclic loading
above the fatigue limit. The abscissa of the intersection of the
two lines is 173 MPa, which is the fatigue limit predicted by
IRT.
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240 - = Fatigue sample
230 — S—N curve

20l =-0.063841g N + 2.668

210
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190
180
170

160 L L
106 107
Number of cycles, N
Fig. 10. Traditional S—N curve of the 6061 aluminum
alloy.

lg o,

max

Cyclic loading, o, / MPa

The fatigue limit can be estimated at a cyclic loading level
at which the ratcheting strain steady difference has a marked
change, such as the case of the temperature evolution of the
material. Fig. 11(b) shows the curves of the steady ratcheting
strain difference Ae at 20000 cycles under different cyclic
loadings. The steady ratcheting strain difference increases

1.2

= Sample below cyclic elastic limit
1.0 | e Sample below fatigue limit

5 A Sample above fatigue limit
— 0.8 L— Linear fit of curve below cyclic elastic limi,
g -- - Linear fit of curve below fatigue limit
g 06— Linear fit of curve above fatigue limit
k=
~ 04t
<
! e

-8 ok ;‘1 --° " od C
§ \-\.\-\.

702 L

; (a)
—0.4 - L .

0 40 80 120 160 200 240
Cyclic loading, o, / MPa

Fig. 11.
steady value.

4. Conclusions

In this study, the mechanism of the temperature evolution
and ratcheting strain of the 6061 aluminum alloy under cyc-
lic loading were investigated. Two methods were used to es-
timate the fatigue limit based on steady ratcheting strain dif-
ference and IRT. The conclusions can be summarized as fol-
lows.

(1) The temperature evolution of 6061 aluminum alloy
under static tensile stress undergoes four stages: almost lin-
ear decrease, steep increase, abrupt increase, and finally a
drop stage. Due to the thermoelastic effect, the temperature is
nearly a linear decrease in the first stage.

(2) Under cyclic loading above 180 MPa, the temperature

with the increase in cyclic loading, but at different rates. The
L¢p shows a higher slope indicating clear damage under cyc-
lic loading above the fatigue limit and Lz shows a lower
slope indicating light damage under cyclic loading below the
fatigue limit. The abscissas of the intersection point, which is
related to the different levels of damage, can be used to es-
timate the fatigue limit. Therefore, the cyclic loading corres-
ponding to the intersection point C (177 MPa) can be estim-
ated as the fatigue limit of the material.

According to Fig. 11, when the cyclic loading is in the
range of elastic range, the temperature decreases and no
ratcheting strain is observed (in stage I). When the cyclic
loading is above the critical value (point B), the temperature
increased and fatigue damage occurred, so point B can be
called the cyclic elastic limit. There is an obvious increase in
both temperature and steady ratcheting strain in Lp. There-
fore, the cyclic strength at the intersection point C is called
the cyclic yield limit. Furthermore, the crack initiation and
propagation are directly related to the plastic deformation
[25]. The cyclic strength at point C corresponds to the fa-
tigue limit at cycle of 10”.

0.024 - 4 Sample below cyclic elastic limit
0.022 - o Sample below fatigue limit
0.020 - 4 Sample above fatigue limit

’ — Linear fit of curve below cyclic elastic limit
0.018 . Linear fit of curve below fatigue limit
0.016 | — Linear fit of curve above fatigue limit

0.014 |
0.012}
0.010 |
0.008 | -4
0.006 | -
0.004 | e

0.002 | 4 B_.* (b)
I—+——r—r“"T’. L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200 22

Cyclic loading, o,,,, / MPa

Q)

Steady ratcheting strain difference, Ae / %

Fatigue limit estimation based on (a) the maximum temperature increase in the first stage and (b) the ratcheting strain

evolution of 6061 aluminum alloy undergoes five stages: ini-
tial increase, reversing decrease, stability, abrupt increase,
and finally a drop stage; the ratcheting strain undergoes three
stages: initial rapid increase, steady stage, and final increase
stage. An obvious increase in temperature and ratcheting
strain correspond to the final fatigue fracture.

(3) Based on the linear fitting of the temperature evolution
and steady ratchet stability difference with cyclic loading, re-
spectively, the three-line fitting was established. The fatigue
limit estimated based on temperature evolution is 173 MPa,
and based on the steady ratcheting strain difference is 177
MPa, which is in good agreement with 170 MPa from the tra-
ditional S—N curve. The two methods based on temperature
increase and steady ratcheting strain difference can quickly
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predict the fatigue limit to save time and cost.
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