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Abstract: In this paper, the fatigue energy dissipation of Gravity Casting (GC) and Laser-based
Powder Bed Fusion (LPBF) AlSi10Mg alloys under cyclic loading are investigated. The increase in
surface temperature related to the energy dissipation effect is decoupled and used to predict the
fatigue limits of GC and LPBF AlSi10Mg alloys as being 55.8% UTS and 33.9% UTS, respectively.
The energy dissipation rate is obtained by solving the one-dimensional thermal diffusion problem.
This energy dissipation is separated into related and unrelated fatigue damage using polynomial
function fitting. The energy dissipation related to fatigue damage for LPBF specimens is observed
to be higher than that of GC specimens, which indicates worse fatigue performance. The fatigue
damage entropy is employed to predict the fatigue life of both GC and LPBF AlSi10Mg alloys, which
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updates has a good agreement with the results of a traditional fatigue experiment.
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With the ever-increasing demands of quick response, high performance, high preci-
sion, light weight, and integrated manufacturing in the aviation industry, metal-forming
technology faces higher challenges. As a short-process and highly flexible manufacturing
technology driven by 3D model, Additive Manufacturing (AM) can effectively settle the
manufacturing difficulties of complex metal components and enhance the design freedom
for new aircrafts [1]. One of the most popular AM technologies is Laser-based Powder Bed
Fusion (LPBF), which is a processing method combining a high energy laser beam as the
heat source and metal powder as the raw material [2]. It can quickly and directly form final
metal components and provides an excellent solution for reducing structural weights and
machining costs in the design of new aircrafts.

Currently, the most widely used metallic material for LPBF in aviation industry is
titanium and aluminum alloys. Between these two alloys, aluminum alloy is particularly
suitable for manufacturing large structural components as well as thin parts in civil aircraft
because of its low density, high specific strength, high thermal and electrical conductivity,
- excellent oxidation, and corrosion resistance. AlSi10Mg, as the material with the largest
production of cast aluminum alloy, has a low thermal expansion coefficient, good forma-
bility, and excellent welding and casting performance, which is frequently used in the
field of laser additive manufacturing such as LPBFE. Therefore, the mechanical properties
of 3D printing forming AlSi10Mg components has attracted much research interests in
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AlSi10Mg, while the fatigue property of LPBF-made AlSi10Mg is significantly worse than
the castings [4]. The fatigue property of LPBF-formed parts is affected by different kinds of
defects, such as pores, cracks, inclusions, non-melting, and spheroidization [5]. The for-
mation of defects can be influenced by various processing factors, listed as laser power,
scanning rate, scanning spacing, powder layer thickness, protective atmosphere, post-heat
treatment, etc. As known, the fatigue property is an important consideration during the
structural design of aircrafts, which is closely related to flying safety. The fatigue properties
of LPBF-made parts with different processing factors could have significant differences.
However, using a traditional fatigue testing method to evaluate the fatigue property is
rather time consuming and costly, which limits the application of LPBF-made parts.

The essence of fatigue behavior can be considered an irreversible process of mechani-
cal property degradation [6], which is accompanied by heat generation and dissipation.
The data of this thermal energy contain rich information on the fatigue damage evolution,
which can be used to evaluate the fatigue property efficiently. With the rapid development
of infrared detector technology, the surface temperature variation can be recorded with high
accuracy. This temperature variation is linked to a fatigue hysteresis cycle, which can be
accurately assessed by Digital Image Correlation (DIC) [7]. A thermographic methodology
was first used to rapidly determine the fatigue limit for steels [8-10]. Then, the relationship
between fatigue damage and crack with heat energy dissipated energy was further ana-
lyzed [11-13]. Recently, energy dissipation-based methods have increasingly been used
to predict the fatigue property based on self-heating data [9,10,14-22]. According to the
second law of thermodynamics, the energy dissipation of a system leads to an increase
in entropy. Recent research shows that the total accumulated entropy generation of the
whole fatigue life is constant and independent of geometry, load, and frequency in terms
of medium and high cycle fatigue [23,24]. Those findings enable researchers to use cumu-
lated thermodynamic entropy to obtain an S-N curve in a short time for several kinds of
materials [25-29]. Hence, it would be of great significance if this method can be applied on
AM aluminium alloy for rapid fatigue quality assessment. Furthermore, the combination
of microstructure design and rapid fatigue property prediction obviously accelerates the
product development process [30].

However, fewer studies are carried out on the fatigue energy dissipation of AM
aluminium alloy. As mentioned before, the internal defects in the micro-structure of AM
aluminium alloy are more complex than that of castings. It is still unclear how those
defects affect the relationship between fatigue damage evolution and energy dissipation.
According to previous works [31-33], the heat energy can be generated by both internal
friction (damage evolution unrelated) and irreversible changes (damage evolution related).
It is also unknown whether the initial defects have an influence on the internal friction.
Therefore, it is valuable to conduct a comparative study of AM and cast aluminium alloy
to obtain a better understanding of the thermal-dynamic mechanism and to know whether
the fatigue properties can be assessed by the same energy dissipation-based methodology.

In the present paper, static tests of LPBF and cast AlSi10Mg alloy are first carried
out to obtain the ultimate tension stress. Then, fatigue tests of two kinds of AlSi10Mg
alloys under various amplitudes of applied stress are conducted with an infrared camera
recording the thermographic data and digital image correlation system, measuring strain
changes. Thereafter, the energy dissipation rate per unit volume is figured out by solving
the local thermodynamic equation of state. Following this, the energy dissipation related
to internal friction and fatigue damage evolution is separately analyzed and compared for
those two kinds of AlSi10Mg alloys. Lastly, the accumulated entropy related to damage
evolution is calculated to see if it can be used to predict the fatigue property of LPBF and
cast AlSi10Mg alloy in a short time.
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2. Materials and Experiments
2.1. Raw Materials

The raw material used for LPBF manufacturing was AlSi10Mg prealloyed powder,
which was provided by FalconTech Co., Ltd., Wuxi, China. The powder has a nearly
spherical morphology with an average particle size of 26.9 um. The Gravity Cast (GC)
AlSi10Mg was supplied by Baoji ZhiYi Titanium Manufacturing Co.,Ltd., Baoji, Shaanxi,
China. Cylindrical GC AlSi10Mg samples with a radius of 15 mm and height of 120 mm
were prepared by machining, as shown in Figure 1a. The chemical compositions of the
LPBF and GC AlSi10Mg alloys are shown in Table 1.

Table 1. Mean chemical composition (wt%) of AlSi10Mg produced by Laser-based Powder Bed
Fusion (LPBF) and Gravity Casting (GC).

Si Mg Fe Mn Cu Zn Pb Al
LPBF 9.544 0.338 0.137 0.002 0.001 <0.002 <0.002  Balance
GC 9.375 0.313 0.422 0.227 0.066 0.053 0.009 Balance

2.2. LPBF Process

The cylindrical LPBF AlSi10Mg samples with the same dimensions as the GC samples
were fabricated by a 3D printing machine called Hanbang 280, which was equipped with
a 500 W Yb-fibre laser. It should be noted that LPBF AlSil0Mg can be very anisotropic
and that the mechanical property of LPBF AlSi10Mg can be also influenced by printing
hatching, later thickness, and power density. Thus, in this paper, the printing direction and
all of the printing parameters remain unchanged for all LPBF AlSi10Mg specimens. After
several previous trials for process parameter optimization, the LPBF process in this work
was conducted using a laser power of 300 W and a scan speed of 1200 mm/s under the
protective atmosphere of Ar. The layer thickness was 30 pm, and the hatch spacing was set
as 140 pm. The substrate was pre-heated to 100 °C to reduce the internal residual stress
and deformation caused by rapid cooling process. The LPBF cylindrical samples were built
along the YZ direction, as shown in Figure 1b.

Building
direction YZ direction
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1

N

T 7

N
=<

X XY direction

Figure 1. Pictures of the cylindrical AlSi10Mg samples: (a) GC (Gravity Casting) samples; (b) LPBF
(Laser-based Powder Bed Fusion) samples.

2.3. Specimen Preparation

The static and fatigue specimens were machined per standards ASTM ESM-04 and
ASTM E466-15, respectively. The specific geometries of are shown in Figure 2a,b. Both
the GC and LPBF fatigue specimens were polished to ensure that the roughness of fatigue
specimen was less than 0.8 um. In order to measurement requirements of IR camera and
DIC system, the specimens were painted with matte black on one side and with black
speckle on white primer on the other side using spray paint. According to the property of
paint, the emissivity was given as 0.98. The photos of prepared static and fatigue specimens
of GC and LPBF are shown in Figure 2¢,d.
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Figure 2. Geometries and pictures of static and fatigue specimens of GC and LPBF: (a) geometry of
the static specimen, (b) geometry of the fatigue specimen, (c) static and fatigue specimens of GC, and
(d) static and fatigue specimens of LPBF.

2.4. Experimental Setup

Quasi-static tensile testing was conducted until final breakage of the specimen in
order to determine the Ultimate Tensile Stress (UTS). The experiments were carried out
using a universal testing machine INSTRON 5985, manufactured by INSTRON Co., Ltd.,
Grove City, PA, USA, 250 kN load capacity) with the Digital Image Correlation (DIC)
technique. The hardware components of the DIC system consisted of three parts: (1) two
CMOS cameras (1080 x 1920 pixels, 8 bits) for image acquisition, (2) a tripod for support,
and (3) a computer for software installation. The camera was located about 710 mm from
the specimens’ surface, and the spatial resolution was about 48 x 48 um?. The adopted
sampling frequency for acquiring DIC data during the tensile tests was set as 5 Hz. The
quasi-static tensile tests were carried out piloted on the displacement, and the experimental
crosshead velocity was set as 1.0 mm/min. The tensile force was recorded by the sensor
of INSTRON 5985, and the strain field was calculated from the captured images series
by using post-processing software called DICe. Then, the modulus of elasticity can be
determined based on the data measured above.

Uniaxial fatigue tests of various applied stress amplitudes were carried out to obtain
the self-heating data of GC and LPBF specimens. All fatigue tests were conducted under
load-control mode at room temperature by using a servo-hydraulic fatigue testing system
(INSTRON 8801-2, manufactured by INSTRON Co., Ltd., Grove City, PA, USA, 100 kN
capacity of load). For each load level, the specimens were subjected to a constant loading
amplitude sinusoidal wave-form with a frequency of 10 Hz and a stress ratio of —1.
An infrared camera (IRay A8Z3) with VOx sensors, 384 x 288 pixels, and 60 mK thermal
sensitivity was employed to record the variation of temperature on the surface of specimens
in situ and in real-time. The infrared system was composed of the camera connected to
a laptop, and the software called InfiView was used for control, configuration, and data
post-processing. The sampling frequency of infrared camera was set as 25 Hz. The detailed
experimental setup is shown in Figure 3. A reference specimen was placed near the
testing specimen in order to monitor the temperature change in ambient temperature.
The IR camera was located in front of the specimens at a distance of 310 mm to record
the temperature of both the reference and trial specimen. For each cyclic loading stress,
the specimen was only tested for 3000 loading cycles, which was sulfficient for recording the
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stabilized rise in temperature. In order to show this clearly, a scheme of the experimental
and data processing procedures is given in Figure 4.

- Testing
~~~~~ = A f ’ specimen

Reference
specimen

Two CMOS
®  cameras

)

Figure 3. Experimental setup of the fatigue test with an infrared camera and a Digital Image
Correlation (DIC) system of two Complementary Metal Oxide Semiconductor (CMOS) cameras.

Static Test
Ultimate N . .
Tension Stress > Fatigue Test |« IR camera
Temperature
Variation
J Double Exponential
DIC Technology 1T Regression Model
Caused by
Thermoelastic Energy
Effect Dissipation

Polynomial
Function Fitting

Damage Damage
Related Unrelated
Fatigue Damage R
Entropy
Fatigue Life
Prediction

Figure 4. Scheme of the experimental and data-processing procedures.

3. Fatigue Energy Dissipation Calculation

As a macroscopic representation of energy dissipation, the surface temperature not
only is determined by the evolution of fatigue damage but also is influenced by the external
environment. Thus, it is essential to use temperature data to reconstruct different kinds



Metals 2021, 11, 1274

6 of 14

of energy sources under fatigue load. Combining both the first and second principles of
thermodynamics, the local thermodynamic equation of state can be expressed as follows:

pCT +div], = d + Sthe + Sic + e 1)

where p represents the mass density, C is the specific heat, T is the local temperature,

J; is the heat flux through the boundary, d; is the intrinsic energy dissipation, sy, is the

thermoelastic source, sj. is the “internal” coupling source, and 7. is the external heat supply.
d1, Sthe, and sjc are further defined as follows:

oY . v
d1—<a—pa€):e—paa-a (2)
e A
Sthe = PTﬁ € 3)
Y
Sjc = PTW K 4)

where ¢ is the Cauchy stress tensor, ¢ is the small perturbation hypothesis strain tensor, ¥
is the Helmholtz free energy, and « is the components of a vector of n internal variables n
w;(i=1,...,n).

For homogeneous uniaxial fatigue tests in this study, the temperature variation is
mainly (almost 90%) induced by the thermoelastic coupling effect and by the energy
dissipation effect. Thus, Equation (1) can be approximately simplified as follows [31,34,35]:

de 0
pc(dt—'—*req) R Sthe 1+ d1 )

where 6 is the temperature variation at the center of the specimen gauge part and where
Teq characterizes all local heat losses. We can define 6y, and 6; induced by sy,. and dy,
respectively. During the fatigue test, a large number of studies [17,33,36] showed that
there are three phases in the thermodynamic behavior, which are shown in Figure 5.
The temperature variation of the specimen subjected to homogeneous fatigue loading is
observed to have three phases. In Phase I, the temperature increased with loading cycle
number and then reached a nearly equilibrium temperature. During Phase II, the average
temperature remains almost unchanged and the thermoelastic coupling effect and energy
dissipation effect stay stable. Phase II also counts for most of the fatigue life. Phase III
rapidly increases until fatigue failure in a few loading cycles, and the evolution of T in this
phase usually lacks regularity. Therefore, Phase Il is chosen to study the thermodynamic
behavior of the LPBF and GC AlSi10Mg alloys.

Phase | T Phase |
MWWWWAWWWWAWWA 1y Phase I
Phase I Phase 11 Phase II
TO
N N
(@) 0y + O (b) ¢,

Figure 5. Schematic of three thermodynamic phases in a fatigue process: (a) temperature varia-
tion induced by both the thermoelastic coupling effect and the energy dissipation effect, and (b)
temperature variation induced by the energy dissipation effect.
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The thermoelastic coupling source can be further defined as follows:
d(Trace(e
Sthe = _“TTOE% (6)

where € denotes the local strain, Tj is the ambient equilibrium temperature, a7t is the linear
thermal expansion coefficient, and E is Young’s modulus. For sinusoidal cyclic loading,
the temperature variation 0y,, can be expressed as follows:

BCTT()EAG

sin(27tfp + ¢) (7)
where k is a proportionality coefficient that can be measured by experimentation, A€ is
the strain measured by DIC system, ¢ is the loading time, and f] is the loading frequency.
By observing Equation (7), we can obtain that 8y, has no contribution to the average
temperature, while the temperature shift is mainly caused by 4. Thus, by subtracting
Oine () from the recorded temperature signal R(t), we can have 64(t):

04(t) = R(t) — One(t) ®)

It should be noted that the specimens used in the present fatigue tests are dog-bone
shaped, which can be assumed as a one-dimensional thermal diffusion problem [33]:

pC(aédéf’t) N éd(x,t)> —aT<82éd(x't)) _ 4 ©)

D 0x2

where x is the distance along the loading direction, 8, is the average temperature rise
induced by energy dissipation over a cross section at distance x, T,p is the time constant
characterizing heat losses through the surfaces and both ends of the specimen, and d; is
the average intrinsic dissipation over a cross section. It is easy to know that, in Phase II,

the temperature field remains stable, so aé‘ia(itx’t) = 0. Therefore, Equation (9) becomes the
following:
9d(x, t) 829_d(x, i’) -
C| =22 - —— 2| =dq(t 10
pe (M) o (TR — o (10)

By solving differential function, the general solution of Equation (10) is obtained:
01(x,t) = Cr(t)e™ + Ca(t)e ™ + C3(t) (11)

where Equation (11) characterizes the distribution of the temperature increase, in which
C1 and C; are coefficients of the temperature boundary condition, Cs is the coefficient of
intrinsic dissipation, and r is the coefficient of heat losses through the specimen surfaces.
C3 and r are defined as follows:

Cs(t) = Tz’fg(t) (12)
_ |_rC
r= P (13)

Based on temperature increase measured by Equation (8) in Phase II, the value of C3
and r are obtained by fitting the data of Equation (11). Therefore, the intrinsic dissipation
rate dy (t) can be calculated by the following:

di(t) = arr?Cs(t) (14)
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4. Results and Discussion

As illustrated in Figure 6, the results of the quasi-static tensile tests show that the
Ultimate Tensile Stresses (UTS) of GC and LPBF AlSi10Mg alloys are 328.3 MPa and 435.2
MPa, respectively. Therefore, the strength of LPBF AlSi10Mg alloy is significantly larger
than that of casting, which is in accordance with the existing literature [3,4]. The values
of Young’s modulus for GC and LPBF AlSi10Mg alloys are measured as 69.3 GPa and
71.2 GPa, respectively. The elongations of the GC and LPBF AlSi10Mg alloys are tested
as 13.26% and 8.45%, respectively. It is because the temperature changes rapidly during
LPBF processing, which results in smaller grains and more grain boundaries. Thus, it is
difficult for dislocation to cross grain boundaries, which leads to a higher strength. In the
meantime, the defects of pores and incompleted melting lead to lower elongation.

500 ¢

450 F
= 400
350 |
300 f
250
200 f
150 |
100 |
50
0

———
——
-

Engineering Stress (MP

0 0.02 0.04 0.06 0.08 0.1
Engineering Strain

Figure 6. Experimental results of the uniaxial tensile tests for GC and LPBF AlSi10Mg.

A typical image captured by IR camera is shown in Figure 7. As can be seen in the
figure, the surface temperature of the testing specimen has almost no difference from
the reference specimen at the beginning of the fatigue test. After 3000 loading cycles,
the surface temperature of the testing specimen is obviously higher than the surroundings
and the reference specimen, which shows the phenomenon of self-heating. The right zone
of the red outline records the surface temperature of the gauge section of the specimen
under fatigue load and the left zone of the red outline records the surface temperature of
the reference specimen, presented side by side. The difference is the temperature values in
those two zones is identified as the relative temperature increase R(t).

n&g

n
0

Reference Specime

)
=
17}
I3
24
@
L
133 R
= )
4
=
&
)
‘ !

18 °C

Figure 7. A typical image of the temperature field of the testing specimen and reference specimen:
(a) temperature field at the beginning of the test; (b) temperature field after 3000 cycles.
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Figure 8 presents an example of the signal processing result for the LPBF AlSi10Mg
alloy under the stress level of 75% UTS to separate the thermoelastic coupling effect Oy (t)
and energy dissipation effect 64 (t). We can observe that the original recording data contains
both Oy, (t) and 64(t) Figure 8a. According to Equations (6)—(8), the temperature variation
induced by the thermoelastic coupling effect is a sinusoidal function and that the amplitude
is proportionate to the maximum local strain. By setting the same sampling frequency,
the signal of Oy, (t) can be obtained. It can be seen that the temperature variation in
Figure 8b fluctuates between 0.6 °C to —0.6 °C. By subtracting the signal of Figure 8b
from the signal of Figure 8a, we can observe that the temperature shift is caused by the
energy dissipation effect 64(t). As shown in Figure 8c, the value of 04(t) keeps increasing
before 150 s, while it gradually become stable after 150 s. Thus, the average temperature

increase in the last 50 s 64 can be identified as a stable temperature increase caused by
energy dissipation.

F @ () af (©
3 3 3
2 2 0, 2 0
;G . 75% UTS ;G . 75% UTS ;CI ) 75% UTS
g o g o % 0
[TRE o -1 o -1
Q. Q. Qo
5 - § 2 5 =
[ [ [
3 -3 3
) R(t) ) 0, (1) . Gy (t)
o 50 100 150 200 250 300 * o 50 100 150 200 250 300 * o 50 100 150 200 250 300
Time (s) Time (s) Time (s)

Figure 8. Separation of the thermoelastic coupling effect and energy dissipation effect for LPBF AlSi10Mg alloy un-
der the stress level of 75% Ultimate Tension Stress (UTS). (a) Relative temperature increase acquired by the IR camera,
(b) temperature variation caused by the thermoelastic coupling effect, and (c) temperature shift caused by the energy
dissipation effect.

After processing all of the data of the temperature signal for the GC and LPBF speci-
mens under different applied stress magnitudes, the stable temperature increase subjected
to each loading magnitude can be obtained. Figure 9 shows the plots of the stable tem-
perature increase as a function of the applied stress magnitudes for both GC and LPBF
AlSi10Mg alloys. According to previous research work [9,14,36-38], the turning point of
the relationship between stable temperature rising and applied stress magnitudes can be
considered the fatigue limit. Recent research [39] shows that this turning point is where a
change in the strain mechanisms occurs. The permanent dislocation movement determines
an unrecoverable deformation status of the material. An optimized graphic method [17] is
employed here to capture this turning point. The relationship curve is characterized by
two straight lines, and the intersection of the two lines can be considered the turning point.
The cyclic loading stress related to this point can be taken as the fatigue limit (failure cycle
number larger than 10°). As can be seen in Figure 9, the fatigue limits of the GC and LPBF
AlSi10Mg alloys are determined as 55.8% UTS (183.2 MPa) and 33.9% UTS (147.5 MPa),
respectively. The predicted results are used for the separation of energy dissipation related
to irreversible degradation and internal friction.
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Figure 9. Fatigue limit prediction based on the relationship of the average temperature shift caused
by energy dissipation: (a) GC specimen; (b) LPBF specimen.

As mentioned in Section 3, a one-dimensional double exponential regression model
(see Equation (11)) can be used to calculate the energy dissipation rate per unit volume.
Figure 10 shows an example of the GC AlSi10Mg alloy under the applied stress amplitude
of 75% UTS. The plot gives the data of a stable temperature increase distributed along the x
axis (loading direction). x = 01is the position of the center of gauge section. The temperature
data are obtained by processing the infrared thermal image, which contains 51 data points
in total, corresponding to the gauge section from —10 mm to 8 mm. It can be observed
that the location of the highest temperature increase was not strictly in the middle of
the specimen, which is mainly caused by the inconsistency of the temperature boundary
conditions at both ends of the test specimen in the fatigue experiment. This does not affect
the precision of the calculation of the regression model. The R-square of this regression
case is 0.9824, and the sum of squares due to error is 0.005185, which indicates that the
one-dimensional double exponential regression model can describe the axial distribution
of temperature well. In the meantime, all of the parameters of the regression model can be
determined and the energy dissipation rate can be calculated by Equation (14). The average

energy dissipation rate d; is computed as the mean value of the last 50 s.

— —Regression curve
42 | e Experimental data

38 ..g"‘"" e

84 (°C)
\

34 |

32 f

-15 -10 -5 0 5 10 15
X (mm)
Figure 10. One-dimensional distribution of the average temperature shift and the double exponential

regression curve.

Based on a double exponential regression model, the relationships between di and
the applied stress amplitude of the GC and LPBF AlSi10Mg alloys are shown in Figure 11.
The plot shows that the value of d; increases with the maximum loading amplitude for both
GC and LPBF AlSil0Mg alloys. We can observe that the average energy dissipation rate of
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LPBF AlSi10Mg is larger than that of the GC AlSi10Mg alloy under the same applied stress
amplitude, which indicates that the data of energy dissipation can be used to distinguish
the fatigue damage evolution behavior of the GC and LPBF AlSi10Mg alloys. As mentioned
in the Section 1, the energy dissipation can be induced by internal friction and irreversible
changes, in which only the latter is related to fatigue damage. In order to figure out
the energy dissipation rate only, caused by irreversible changes (damage accumulation),
the predicted fatigue limit obtained in Figure 9 is used to separate the relationship curve
into two parts. The energy dissipation of specimens cyclically loaded below the predicted
fatigue limit is assumed to be only caused by internal friction, while the energy dissipation
corresponding to loading amplitude beyond the predicted fatigue limit is caused by both
internal friction and damage accumulation. According to previous research [17,18], the in-
ternal friction is mainly derived from the displacement of microstructure motion and the
intensity of the stress. Therefore, the authors used a polynomial function to characterize
energy dissipation of internal friction effect. The data from the energy dissipation rate
below the fatigue limit were used to fit the polynomial function, and the data from the
energy dissipation rate beyond the fatigue limit were accordingly estimated. Under this
assumption, the total energy dissipation rate was separated into two parts, as shown in
Figure 11. It can be seen that the internal friction effect dominated under low applied stress
amplitude, while the energy dissipation related to fatigue damage becomes significantly
larger than internal friction under a high applied stress amplitude, which is similar to the
results in previous research [31,33,40]. By comparing Figure 11a,b, we can also observe that,
under the same high applied stress amplitude, the energy dissipation related to fatigue
damage for LPBF specimens is obviously higher than that of GC specimens, which indicates
that the fatigue property of LPBF specimen is worse than that of the GC specimen.

35,000 25,000

(@ GC (b) LPBF
30,000 °
20,000 F
[

25,000
i 20,000 F ° i 15000 °
2 2
S €
> 15,000 F o 510000 ° )
“ o PY
I3 10,000 | 4 s I~S ]

- 5000 | -
5000 F P P o
- } nternal friction ‘,,'T Internal friction
0 o9~ ] " 0 P I

80

130

180

Applied stress amplitude (MPa)

230

90

110

130

150

170

190

Applied stress amplitude (MPa)

210

Figure 11. Separation of the energy dissipation rate induced by internal friction and irreversible
degradation: (a) GC AlSi10Mg alloy; (b) LPBF AlSi10Mg alloy.

In order to quantificationally study the fatigue property based on the data of energy
dissipation, the concept of fatigue damage entropy is introduced here. The hypothesis of
damage entropy thinks that the fatigue damage evolution is an entropy-increasing process
accompanied by energy dissipation. Therefore, the fatigue damage entropy I'qamage can be
computed by the following:

o dldamageN f

Iﬁclamage - T (15)

where Hldamage is the average energy dissipation rate related to fatigue damage; Ny is

the failure cycle number; and T; is the stable temperature rising, which is shown in

Figure 5. Previous research [25-27] show that the value of fatigue entropy was proven

to be independent of applied stress amplitude, so the fatigue life can be evaluated by
transforming Equation (15):

. fL Ty 1—‘clarnage

¢ (16)

dldamage



Metals 2021, 11, 1274

12 of 14

By carrying out fatigue test for one specimen until final fracture in order to calculate
the value of fatigue damage entropy, the S-N curves of both GC and LPBF AlSil0Mg
alloys can be predicted as shown in Figure 12. The traditional experimental S-N curve of
GC and LPBF AlSi10Mg alloys from Reference [4] are also given for comparison. It can
be seen that the predicted S-N curve matches well with the experimental one for LPBF
AlSi10Mg alloys, while the prediction of GC AlSi10Mg alloy is conservative compared
with traditional experimentation. On the whole, the prediction can make a clear distinction
of the fatigue property of GC and LPBF AlSi10Mg alloys in a short time (less than 48 h),
and the precision is also acceptable for quick evaluation.

350
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— 95% conﬁdcnc'c interval of GC experiment
g of LPBF experiment
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é *\ Y ™
@ AN A AT
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Figure 12. Comparison of predicted S-N curves and traditional fatigue testing results adapted from
[4] for both Gravity Casting (GC) and Laser-based Powder Bed Fusion (LPBF) AlSi10Mg alloys.

5. Conclusions

In this paper, the fatigue energy dissipation of GC and LPBF AlSi10Mg alloys subjected
to fatigue loading are investigated and the research results can be used to evaluate the
fatigue property efficiently. The main remarks are concluded below:

1.  The signal of surface temperature variation corresponding to the thermoelastic cou-
pling effect and the energy dissipation effect is decoupled. The temperature increase
induced by energy dissipation effect is used to the predict fatigue limit of GC and
LPBF AlSi10Mg alloys by two linear fitting methods. The fatigue limits of GC and
LPBF AlSi10Mg alloys are determined as 55.8% UTS and 33.9% UTS, respectively.

2. The energy dissipation rates of GC and LPBF AlSi10Mg alloys are obtained by solving
a one-dimensional thermal diffusion problem. The amount of energy dissipation
caused by internal friction and fatigue damage is separated using a polynomial
function. The energy dissipation related to fatigue damage for LPBF specimens is
observed to be higher than that of GC specimens.

3.  The concept of fatigue damage entropy is employed to predict the fatigue life of
both GC and LPBF AlSi10Mg alloys based on the obtained energy dissipation data.
The prediction has a good agreement with the experimental results. The whole
prediction process takes less than 48 h, which is significantly less than traditional
fatigue testing.

Nevertheless, the direct correlation between the energy dissipation and microstructure
change for GC and LPBF AlSi10Mg alloys is still unclear, which needs further studies with
in-suit thermodynamic experiments. In addition, the model in this paper also has the
potential to rapidly assess the quality of 3D-printed structures.
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