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A B S T R A C T   

The efficacy of a recently developed microstructure-sensitive fatigue framework is assessed for additively 
manufactured materials at different environmental temperatures. C-18150 copper alloy samples additively 
manufactured using the Laser Powder Bed Fusion process (L-PBF) are fatigue tested at the room, 204 ◦C, and 426 
◦C temperatures. Plastic strain energy as the damage representative is studied via the cyclic stress–strain hys
teresis loop area measurements and analyzed via a microstructure-sensitive algorithm. A thermodynamics-based 
framework is used to calculate Fracture Fatigue Entropy (FFE) to assess the material’s fatigue performance. The 
results based on the hysteresis loop and the microstructure-sensitive method agree both in trend and magnitude.   

1. Introduction 

Emerging materials produced with advanced manufacturing pro
cesses such as additive manufacturing (AM) are expected to advance 
many applications across various industries with a strong focus in 
aerospace. In general, 70–90 percent of the structural damages/failures 
occur due to fatigue [1]. In particular, 55% of the failures in aircraft 
components are reported to be solely due to mechanical fatigue degra
dation [2]. The problem has become substantially more complex when 
dealing with AM components. Generally, AM metallic alloys contain a 
large number of defects—such as manufacturing pores, voids, un-melted 
particles, and lack-of-fusion defects— in addition to the point and planar 
defects compared to the conventionally produced alloys. When exposed 
to cyclic loading, these defects are the root cause and primary sites of 
fatigue damage accumulation and cracks nucleation. This has been 
verified by testing polished specimens prepared according to ASTM fa
tigue standard [3–11]. Readers interested in the effect of surface 
roughness (SR) on the fatigue of AM specimens with as-built surface vs. 
the polished/machined ones are referred to Refs. [12–14]. In all cases, 
considering the role of microstructure when estimating the fatigue 
damage in additively manufactured specimens is vitally important 
[3,15–17]. 

The existing literature contains experimental, theoretical, and nu
merical efforts to quantify fatigue damage/life that consider the role of 
defects [1,3,18]. Noteworthy contributions were reported by 

Prithivirajan and Sangid [19], who simulated the effect of 
manufacturing pores in the fatigue life of AM IN718 specimens via 
Crystal Plasticity Finite Element Modeling (CPFEM). Molaei et al. [20] 
studied the fatigue life of Laser Powder Bed Fusion (L-PBF) additively 
manufactured Ti-6Al-4V. They utilized the concept of extreme value 
statistics (EVS) to approximate the largest defect’s effective size and 
predict fatigue life accordingly. Ziolkowski et al. [21] analyzed SS 316 
samples fabricated with Selective Laser Melting (SLM) via X-ray 
computed tomography (XCT). They indicated that the porosity content 
in the horizontally-printed specimens is more than the vertically-printed 
and the angled ones. In contrast, the vertically-printed ones contained 
more porosity than the angled ones. Lee et al. [13] investigated the ef
fect of intrinsic surface roughness (SR) in as-built L-PBF Ti-6Al-4V 
specimens vs machined/polished specimens, and introduced an SR- 
based parameter for the non-destructive fatigue life prediction of AM 
samples (where removing surface roughness via post-processing prior to 
testing is not desired). 

The movement and transformation of microstructural defects under 
cyclic loading in low- and high-cycle fatigue (LCF and HCF)) regimes 
result in irreversible damage. The associated energy with the irrevers
ible cyclic damage—slip irreversibility— or microplastic strain energy 
must be appropriately evaluated to represent the local sites of fatigue 
damage accumulation and crack nucleation [1,22]. Chun-Yu Ou et al. 
[23] calculated the plastic strain energy (PSE) at the potential sites for 
crack nucleation in AM Nickel-based super alloy (such as gaseous pores, 
lack-of-diffusion spots, and slip bands) to predict the fatigue crack 
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initiation (FCI) life of AM specimens with different microstructures. 
Wilson et al. [24] developed a method using the integrated crystal 
plasticity eXtended Finite Element (CPXFEM), where cyclic damage 
during fatigue crack initiation and growth (FCI and FCG) were quanti
fied based on the locally-stored strain energy. They indicated that there 
is a strong correlation between the sites of the damage accumulation and 
the locations with maximum locally stored strain energy. Using the 
crystal plasticity finite element (CPFEM), Bandyopadhyay et al. [25] 
developed a statistically-based method to estimate the total microplastic 
strain energy in a cyclically-loaded medium. They concluded that the 
strain energy until failure is a property of the material. Douellou et al. 
[26] estimated the cyclic dissipated heat during the fatigue testing of L- 
PBF 18Ni300 and L40 steels using thermography techniques. They 
proposed a mathematical model for calculating dissipation at different 
stress levels. The interested reader may refer to a recent review of the 
relevant studies for the microstructure-sensitive quantification of fa
tigue damage and life [1]. 

AM processes provide opportunities to manufacture highly complex 
parts in various metallic alloys that are customized for specific working 
conditions, such as elevated temperatures. High environmental tem
perature conditions in components of aircraft engines, combustion 
chambers, and boilers in powerplants are examples of these 

environments [27]. Yet there is a paucity of easy-to-implement micro
structure-sensitive methodologies for measuring fatigue damage at 
elevated temperatures, particularly with AM materials. Zhang et al. [28] 
used the cyclic stress–strain hysteresis loop (HL) energy to analyze the 
fatigue damage mechanism and obtain the fatigue life of MarBn 
martensitic steel used in the boiler and turbine parts of USC power plant 
at high temperatures. Zhang et al. [28] used the data and proposed a 
correlation between PSE and fatigue life for MarBn steel at different 
temperatures. Popovich et al. [29] studied the thermomechanical fa
tigue behavior of Inconel 718 additively manufactured via L-PBF tech
nology. They observed that the fatigue lives of the specimens with larger 
grain sizes were lower than the ones with smaller grain sizes. 

AM L-PBF Copper-alloys, specifically GRCop-42, GRCop-84, C18150, 
C18200, are of particular interest for various industrial and aerospace 
components [30–32], specifically for high heat flux applications such as 
combustion chambers [33,34]. Many of these alloys have been studied 
for use in the mentioned applications and examples are provided across 
the literature [35,36], but limited data is publicly available on their 
fatigue at elevated temperatures. Further, the majority of reports are on 
the simple tensile behavior [37,38]. Wegner et al. [6] studied the 
CuCzCr alloy processed with L-PBF and found that although the influ
ence of processed-induced defects (pores and LOFs) is marginal on the 
alloy’s failure behavior under simple monotonic tensile load, they were 
the main contributor to the nucleation of fatigue cracks. Jahns et al. [39] 
investigated the microstructure, relative density, and electrical con
ductivity of the AM CuCzCr alloy processed with L-PBF and gas 
atomization. 

In this study, we estimate the fatigue damage and life of C18150 (Cu- 
1.5Cr-0.5Zr, wt.%) copper alloy AM specimens at the room (RT) and 
elevated environmental temperatures based on cyclic stress–strain hys
teresis loop analysis and a recently developed microstructure-sensitive 
framework for analyzing cyclic fatigue. The efficacy of the 
microstructure-sensitive algorithm for AM specimens at elevated envi
ronmental temperatures and also the applicability of FFE to such con
dition is investigated, for the first time, in this manuscript. In what 
follows, first, the theoretical background is presented in Section 2. 
Section 3 is dedicated to the details of the experimental work in this 
study, and Section 4 discusses the numerical procedure. In Section 5, the 
cyclic plastic strain energy results using the SEPSE model (statistical 
estimation of plastic strain energy) and the cyclic stress–strain hysteresis 
loop are presented. Also, the efficacy of Fracture fatigue Entropy (FFE) 
as a materials index for fatigue is investigated. Finally, the concluding 
remarks are presented in Section 6. 

2. Theory 

The strong correlation between PSE and fatigue damage is well- 
established [1]. One of the most common ways to calculate the macro
scopic plastic strain energy is by measuring the area inside the stress–
strain curve from a cyclic test [40–42] (See Fig. 1). During the unloading 
step, the elastic portion of the strain relaxes, and the rest exhibits irre
versible behavior (εp). As seen in Fig. 1, the area inside the loop only 
contains the plastic strains, and thus the associated energy density with 
this area is the PSE. The greater the applied cyclic stress amplitude (σa), 
the larger the area inside the hysteresis loop, the more pronounced the 
PSE effects become. 

Intrinsic dislocations are generated during the manufacturing of 
metallic alloys. Under cyclic loading, the permanent displacements of 
such microstructural defects result in irreversible mechanical degrada
tions such as the decrease in the material’s modulus of elasticity and 
reduction in rigidity [43]. The reversible deformations, however, root in 
the rocking movements of dislocation substructures known as kink 

Nomenclature 

K Hardening coefficient (MPa) 
n Hardening exponent 
Nf Fatigue life (Cycles) 
T Temperature (K) 
s Slip direction 
std Standard deviation 
Vk Internal variables 
Wp Plastic strain energy per cycle (MJ/m3.cycle) 
Y Yield limit of a macro-element (MPa) 
∊k Strain of a micro-element 
εp Plastic strain 
σ Stress (MPa) 
α Coefficient of std 
υ Poisson’s ratio 
μ Mean of strain 
γ̇ Entropy generation rate (MJ/m3.cycle)  

Fig. 1. Plastic strain energy based on the area inside the cyclic stress–strain 
hysteresis loop. 
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pairs1 where they relax gradually by returning to their original equi
librium state, thus generating no plastic deformation (see Fig. 2). Such 
spring-like oscillations of the dislocation line are linked to the internal 
friction between a material’s atoms or lattice friction [45–47] and reflect 
in the stress–strain hysteresis loop [48]. The non-damaging internal 
energy associated with this phenomenon is known as anelastic energy 
[48,49]. The size of the anelastic strain energy depends on the applied 
stress amplitude, frequency, and type of material [50]. 

Research shows that at fatigue lives starting at approximately above 
60,000 cycles, the cyclic plastic strain inside a loop starts to partially 
recover [40]. The energy associated with the recovered strain from the 
loop is the same as the anelastic energy. Hence, in such cases, a cyclic 
stress–strain loop’s internal area consists of both the damaging PSE and 
the non-damaging anelastic energy [51,52]. Wertz et al. [53] indicated 
that the size of the internal area of the hysteresis loop at a constant stress 

amplitude increases monotonically with increasing the frequency up to 
50 Hz, and related the increase to anelasticity. In other words, when the 
stress amplitude is kept constant and the testing frequency is increased, 
the plastic strain energy remains the same while the anelastic portion of 
strain energy enlarges [51,53,54]. However, throughout a fatigue 
test—at constant load amplitude and frequency— the amount of internal 
friction remains nearly constant before fracture [55]. Accordingly, Lia
kat and Khonsari [51] indicated that the area of the cyclic hysteresis 
curve in the early stages of a fatigue test (at around the 50th cycle after a 
servo-hydraulic fatigue tester has accomplished tuning) can be consid
ered as the anelastic energy and evaluated this for testing frequencies up 
to 15 Hz. Liakat and Khonsari verified the proposed methodology via 
measuring the phase lag between the stress-time and strain–time in a 
fatigue test as a common method for finding the amount of internal 
friction [56,57]. Hence, in the present study, where the testing fre
quency is 10 Hz, when the hysteresis loop is used to calculate PSE per 
cycle, the non-damaging anelastic energy is subtracted from the loop 
area based on such a method. 

Another approach to quantifying the PSE per cycle is the statistical 
estimation of plastic strain energy (SESPE) method [58]. The grain-level 
local micro strains in polycrystalline materials are highly inhomoge
neous due to grain anisotropy and crystallographic orientation differ
ences [59,60]. Based on the literature [61,62] microplastic strain 
distribution under cyclic and monotonic loads follow similar trends as 
shown in Fig. 3. Chen [61] investigated the distribution of cyclic von 

Fig. 2. Movement of dislocation structure (along the loading direction) in a cyclically-loaded specimen leading to reversible kink deformations that are associated 
with internal friction. The pink and grey atoms are all the same and only shown with different colors and sizes to differentiate between the half-plane of the edge 
dislocation and the full planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

1 Kinks are the tiny deformations of dislocation lines that form without 
changing crystallographic planes when the same-type dislocations hit each 
other (screw-with-screw or edge-with-edge). A dislocation line breaks from its 
straight path and moves over a Pierel’s peak once its potential exceeds the 
critical resolved shear stress. Although the single kinks, as such, lead to irre
versible deformation, the thermally-activated double-kinks (kink pairs) are 
reversible since they move back to their previous path (previous equilibrium 
state or Pierel’s valley as it can be seen in Fig. 2) and relax over time. Therefore, 
they can be associated with internal friction [44] . 
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Mises micro-stresses and micro-strains in a Nickle-base RR1000 super 
alloy under different uniaxial and multiaxial forms of loading. As shown 
in Fig. 3, Chen [61] indicated that the stress distribution follows a 
relatively Gaussian distribution, and the microplastic cyclic strains dis
tribution contains a peak with a reduced frequency around the peak 
strain. Such an observation is understandable as a portion of the 
considered microelements do not undergo plastic deformation at the 
assessed loading amplitude. This is in agreement with the statistical 
distribution assumed by Jirandehi and Khonsari [58]. Hence the cyclic 
distribution of micro-strains can be approximated by a Weibull distri
bution function. Accordingly, the SEPSE method uses the true stress and 
associated true strain data points from a monotonic tensile test as 
distributed based on a two-parameter Weibull probability function 

(f(ε) =
(

ε
d

)r−1
e−(ε/d)

r
, where r is the shape parameter and d is the scale 

parameter), to statistically acquire the PSE per cycle for an arbitrary 
cyclic stress amplitude (see Fig. 3). 

In the SEPSE method, a polycrystalline material’s microstructure is 
assumed in the form of heterogeneous elements with similar elastic 
moduli but different behavior in the plastic region. To this end, in this 
method, the micro elements with similar mechanical and 

microstructural attributes are assigned with similar levels of plastic 
strain statistically. Note that the terms micro/meso/macro elements 
were introduced in the original work to illustrate the physics behind the 
proposed derivations. There are no real elements as such involved in the 
analysis. Locations within the microstructure where a bunch of juxta
posed grains with the same spatial orientation and slip characteristics 
exist are identified as potential sites of crack initiation under fatigue 
[63]. However, it is important to consider that only the elements that 
align with energetically-favorable slip systems surpass the critical 
resolved shear stress under loading and experience yielding. Consid
ering that the strain experienced by any element in a polycrystalline 
agglomerate has five components (excluding the hydrostatic term), the 
microscopic elements need to multi-slip in at least a set of five inde
pendent slip systems (s) [64]. Accordingly, Esin and Jones [65] put 
forward a probability function (f(s) =

∑5
i=1

1
2s−(i−1)

) that considers the 
least number of slip systems required for the deformation to occur and 
also preserve material’s continuity. Therefore, the contribution of one 
element to the total PSE accumulated in one cycle is derived based on 
Eq. (1), where the flow rule is used to include the hardening effect (σ =

Kεn). 

Fig. 3. A graphical presentation of the fundamentals for the SEPSE model based on the microplastic strain and stress distributions in a medium under monotonic [62] 
and cyclic loads [61]. The figure is just for the purpose of concept illustration and the numbers do not play a role. 
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dE=2 σ f (s)f
(
εp

)
dεp

= 2

(
∑5

i=1

1
2s−(i−1)

)

K εn
p

α×std
⏞̅̅̅⏟⏟̅̅̅⏞

shape parameter

μ
⏟⏞⏞⏟

scale parameter

(
εp

μ

)α×std−1

e−(εp/μ)
α×std

dεp (1)  

where σ is an element’s micro-stress, εp is an element’s microplastic 
strain, K is the hardening coefficient, n is the hardening exponent, μ is 
the average of the strain datapoints distributed with a Weibull function 
around the peak strain associated with σ1 in Fig. 3, and std is the stan
dard deviation of the selected data points for a particular load 
amplitude. 

From the assigned statistical distribution of micro strains (f(ε)) a 

portion of the elements as represented by the area under the Weibull 
density function curve starting from the true yield point experience 
plasticity (the interested reader may refer to [58] for detailed discussion. 
After setting the limits of integration, the distribution of cyclic micro
plastic strains becomes similar to that indicated in Fig. 3). Consequently, 
Eq. (1) can be rewritten in integral form for all of the statistical elements 
(k) to calculate the PSE per cycle based on the normalized frequency of 
plasticized elements. 

WSEPSE =
∑k

j=1
2K

α × std
μα×std (

∑5

i=1

1
2s − (i − 1)

)

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
slip-related probablity fucntion

∫∊k

Y
εn+α×std−1

p e−(εp/μ)
α×std

dεp (2)  

where k is the number of statistical elements, Y the true yield strain 
point, and s is the number of slip systems based on the material’s 
microstructure, and α is the coefficient of standard deviation. A proper 
value α occurs at the point where ∂2PSE

∂α2 = 0 and where the Weibull peak 
strain corresponds to the associated strain with σ1 in Fig. 3 [58]. The 
merit of the SEPSE method lies in using monotonic tensile test data 
(including constants such as K and n) in conjunction with the functions 
that represent material’s behavior under cyclic loading. Although using 
the strain hardening exponents and coefficients from the monotonic test 

Fig. 4. The experimental setup used to conduct the fatigue experiments in this study.  

Table 1 
The fatigue tests load amplitude and environmental temperatures in this study.  

Stress Amplitude 
(MPa) 

100 110 115 120 125 130 135 

Temperature (◦C) RT, 204, 
426 

RT 204, 
426 

RT, 
204 

RT, 
204 

RT RT  
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data may introduce small error of estimation with some materials, based 
on our experience, its application yields satisfactory results and out
weighs the disadvantages of very complex models. During a fatigue test, 
plastic strain energy is generated in the specimen’s gauge section and is 
converted into heat. Part of this heat contributes to increasing the ma
terial’s temperature (σ : ε̇p) and the other part is conducted to the ma
chine’s grips (k∇2T) [51,66]. When the principle of conservation of 
energy is implemented, one can arrive at the following heat transfer 
equation [67]. 

ρCṪ = ẇp + k∇2T (3)  

Fig. 5. temperature evolution of the specimen under 135 MPa cyclic load with 10 Hz frequency (R = −1) via the IR camera measurements and finite element 
analysis. The steady-state temperature from Stage 2 is used to calculate the FFE via two approaches. 

Table 2 
Thermal properties of the L-PBF C18150 copper alloy at different temperatures 
[72].  

Temperature (◦C) Cp (
J

Kg.K
)  k (

W
m.K

)  

Room Temperature 385 110 
204 400 137 
426 400 260  

Fig. 6. HL internal area evolution for σ = 125 MPa and 135 MPa at RT.  
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where ẇp = σ : ε̇p represents the PSE rate, ρ is the material’s density, and 
k is the thermal conductivity. 

The second law of thermodynamics in the form of Clasius-Duhem 

inequality (ρ ∂s
∂t + ∇.(

q→
T ) ≥ 0) can be used to obtain the rate of volu

metric entropy generation (γ̇) in the gauge section of a test specimen 
[68]. 

γ̇ =
1
T

(

σ : ε̇p − AkV̇k −
k∇2T

T

)

≥ 0 (4)  

where σ : ε̇p is plastic strain energy and equals the ẇp term in the Eq. (3), 
the second term is the nonrecoverable stored energy, and the third term 
is the dissipated heat through conduction [67]. Considering the domi
nance of the first term in Eq. (4), the accumulation of the produced 
entropy over the life of the specimen until final failure (tf )—known as 
the Fracture Fatigue Entropy (FFE)—can be obtained via the Eq. (5) 
[66,68]. Research shows that FFE is independent of geometry, load, and 
frequency [69–71]. 

Fig. 7. Hysteresis loop evolution after 500 cycles and with a) increasing the stress amplitude b) increasing the environmental temperature at a constant stress 
amplitude (all the loops are shifted to the center of the coordinates to visualize the relative behavior). 
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FFE =

∫ tf

0
γ̇dt =

∫ tf

0

ẇp

T
dt (5)  

where T is the surface temperature of the specimen. It is typically 
measured via an IR camera during the experiment. Alternatively, it can 
be estimated using the finite element method (FEM) and discretizing the 
Eq. (3) over the domain of the specimen. After finding the FFE of ma
terial via Eq. (5) or its simple form in Eq. (6), the same equation can be 
used to estimate the fatigue life for an arbitrary load amplitude. 

(FFE =
Nf *ẇp

Tss
) (6) 

In brief, a full analysis with the SEPSE-based framework—including 
the FEM to obtain the steady-state temperature— requires conducting a 
simple monotonic tensile test to get the true stress–strain curve (hard
ening exponent and coefficient are also derived from this curve), the 
number of slip systems in the material, specific heat capacity, density, 
heat conductivity coefficient, and 2–4 cyclic tests just to obtain fatigue 
life (4 is a conservative measure and ensures a good average of FFE 
[67]). 

3. Experimental 

A servo-hydraulic fatigue tester (Test Resources-910 series) with a 
maximum capacity of 25 KN load and 60 Hz frequency is used to perform 
uniaxial cyclic and monotonic tests. In this setup, specimens are gripped 
between the bottom and top jaws, where the top jaw stays stationary, 

and the bottom jaw oscillates (See Fig. 4). 
Argon atomized C-18150 spherical powders with d10, d50, d90 sizes 

at 19 μm, 29.1 μm, and 45 μm, respectively, are used as raw materials 
(Praxair Surface Technologies, Indiana, USA). Cylindrical rods are 
fabricated using the L-PBF process in a vertical orientation (Z-height) 
from C-18150 (Cu-1.5Cr-0.5Zr, wt.%). Cylindrical dog-bone specimens 
used in this study are designed and machined in accordance with the 
ASTM E466-15 standard. The gauge section of all of the fabricated 
specimens is polished using silicon carbide sandpapers with grit 
numbers ranging from 400 to 3000 to achieve a maximum surface 
roughness of 0.2 μm. This step was taken to ensure that the existing 
surface roughness in as-built specimens is eliminated and does not affect 
the fatigue test results. The specimens used in this study have received 
no heat-treatment/aging prior to testing. 

A high-temperature furnace (Test Resources-F1000 series) and a 
temperature control subsystem were used. The furnace can heat up to 
900 ◦C and the maximum temperature can be reached in less than 30 
mins. The short time range for heating up ensures that the specimen is 
minimally affected by the heating it receives prior to testing and has 
enough time to reach a uniform temperature at all the spots along its 
gauge section. In addition, a water-based cooling unit is responsible for 
preventing the fatigue jaws from overheating. 

A high-temperature high-precision extensometer (Epsilon, Model 
7650A) is used to record the cyclic strain response at both the room and 
high-temperature operating conditions. The extensometer can measure 
strain at fatigue tests with up to 10 Hz frequency and environmental 
temperatures of up to 900–1200 ◦C. Precision rods/blades made of high- 
purity alumina contact the test specimen’s surface enabled us to perform 
safe and accurate measurements at a broad operable temperature range. 
The extensometer is constantly water-cooled via a bath circulator 
(Caron, model-2050) during the tests to maintain the optimal perfor
mance of its electrical units. The extensometer is installed on a stand
alone setup. It is separate from the fatigue tester to eliminate any 
potential effect of frame vibration on the measurements (See Fig. 4). 

Monotonic tensile tests are conducted at three environmental tem
peratures of room, 204 ◦C, and 426 ◦C to obtain the stress–strain curve. 
All fatigue tests are conducted under 10 Hz frequency and at a combi
nation of stress levels and environmental temperatures to best capture 

Fig. 8. The true Stress–strain curve of the additively manufactured C18150 copper alloy used in this study at RT, T = 204 ◦C, and T = 426 ◦C. In the modified necking 
region the post-hardening part of the curve is linearly approximated with the slope of the hardening region. 

Table 3 
The mechanical properties of the additively manufactured C18150 copper alloy 
used in this study.  

Temperature Density (
kg
m3 )

True Yield 
(MPa) 

Ultimate Strength 
(MPa) 

Room 
Temperature 

8900 120 200 

T = 204 ◦C 8900 115 180 
T = 426 ◦C 8900 100 150  
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the change in behavior with a change in either of the stress and tem
perature elements. Specifically, the stress levels/temperatures tested are 
listed in Table 1. 

4. Numerical 

The thermodynamics of solids has been widely implemented to 
arrive at parameters and develop methods that can quantify fatigue 
characteristics and predict the useful life of metals by analyzing the 
energy dissipation during cyclic fatigue [1]. To use Eq. (6) to calculate a 
material’s FFE, the temperature signature of the metal under cyclic 
loading is required. When experiments are conducted at room temper
ature (RT), the temperature signature can be obtained both experi
mentally via the installed IR camera (Fig. 4) and predicted numerically 

via FEM. However, when the furnace is closed and the experiments are 
performed at elevated temperatures, only the verified developed FEM 
can calculate the temperature evolution reliably. 

The temperature evolution of a specimen under cyclic loading fol
lows three stages [67] (See Fig. 5). The temperature evolution curve 
throughout the fatigue life cycle of a specimen is similar to that of the 
hysteresis stress–strain curve. In Stage I—the first few cycles in the early 
stages— the specimen’s surface temperature rapidly increases due to the 
formation of dislocations. In stage II the temperature evolution becomes 
steady since the rate of dislocation annihilation and multiplication 
become close and continue for most of the specimen’s life. When 
calculating FFE based on Eq. (6), the steady-state temperature from the 
second stage is used. Lastly, in Stage III, the dislocation density increases 
rapidly due to an increase in multiplications, micro-cracks coalesce into 

Fig. 9. The SEPSE model procedure for the determination of the α parameter a) the variation of PSE with α for σ = 135 MPa at RT, σ = 125 MPa at T = 204 ◦C, and 
σ = 100 MPa at T = 426 ◦C b) the Weibull distribution for different α values at 135 MPa and at RT. 
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a macro crack(s) that rapidly propagates, and specimen fractures. This 
stage of the fatigue life is very short, and it manifests itself in the form of 
a rapid rise in temperature just before fracture. 

A finite element code developed by the authors in the Mathematica 
software environment was utilized to predict the evolution of surface 
temperature [67]. Since the environmental temperature varies in the 
experiments conducted in this study, the temperature-sensitive thermal 
properties and the associated coefficients must be carefully chosen for 
each environmental testing temperature. For this purpose, the mea
surements of specific heat and thermal conductivity of C18150 copper- 
based alloy reported in Table 2 are used [72]. 

5. Results and discussion 

5.1. Hysteresis loop evolution and plastic strain energy 

Research indicates that after the abrupt change in the size of the 
hysteresis loop (after the first few cycles), the plastic strain energy ex
periences minimal/moderate changes for the majority of fatigue life 
until it reaches a final stage before failure, where it sees a rapid increase 
again [25,73,74]. Fig. 6 shows the hysteresis loop energy variations over 
time for σ = 125 MPa and 135 MPa at RT. In particular, the abrupt 
expansion in the hysteresis loop internal area early in the test relatively 
moderates, in the same way that the temperature variation moderates 
once it reaches stage II in Fig. 5 (since both the temperature and the HL 
are indicatives of heat dissipation). Considering that the majority of life 
(well over 90 percent- see Figs. 5 and 6) is spent in stage II and this stage 
itself sees (at worst) a moderately linear variation (despite all the cyclic 
hardening/softening at room/high temperatures) it is viable to consider 
the average PSE value of this region for the estimation of total plastic 
strain energy until failure 

With increasing the cyclic stress amplitude, the magnitude of the 
cyclic PSE (the area contained within the hysteresis loop) is expected to 
increase [43]. Fig. 7-a shows the change in the hysteresis loop size with 
increasing the cyclic stress amplitude. It is also known that with 
increasing the environmental temperature at a fixed cyclic stress 
amplitude, the hysteresis loop is expected to increase. Physically, the 
added temperature boosts the kinetic energy of dislocations and results 
in added movements, which manifests in the form of added strains due 
to cyclic softening, and the hysteresis loop area becomes larger. Refer
ring to Fig. 7-b, it can be seen that although the stress level is the same, 
at 426 ◦C the recorded strain is increased compared to the case of the test 

conducted at 204 ◦C. 
Research shows that the summation of the time spent in Stage II of 

hysteresis loop evolution (where the slope of hysteresis loop size vari
ations moderates), by far, exceeds the two stages before and after Stage 
II; i.e. the first and third stage account for less than 10% [51,74,75]. This 
trend resembles the evolution of a specimen’s surface temperature under 
cyclic loading, where the cyclic dissipated heat appears in the form of 
temperature rise during three main stages [67]. Hence, it is viable to 
assume that the plastic strain energy remains stable for the majority of 
the specimen’s fatigue life [67]. 

To calculate the PSE per cycle in this work, several loops in the 
midlife region (Stage II) in each loading case are chosen, and the average 
hysteresis area is used as the associated PSE per cycle. Such an averaging 
method is adopted to arrive at a PSE value that best represents the sta
bilized stage of the hysteresis stress–strain curve (or the Stage II of the 
surface temperature evolution curve). As explained in Section 2, for the 
cases where the fatigue life exceeds 60,000 cycles, the HL area at around 
50th cycle is used as the anelastic energy for that case and subtracted 
from the mid-life PSE per cycle (all of the fatigue tests are performed 
under constant amplitude and frequency). 

Additionally, a recent microstructure-sensitive algorithm for the 
determination of cyclic damage known as SEPSE (as explained in Section 
2) is used to determine the PSE per cycle. The SEPSE method uses the 
strain and the associated stress data points from a monotonic tensile test 
and the material’s slip systems information to quantify cyclic PSE based 
on Eq. (2). Hence, the true stress–strain curves of the studied material at 
the three environmental temperatures are required. 

Fig. 8 and Table 3 show the monotonic tensile stress–strain curve and 
the mechanical properties of the C-18150 copper alloy in this study at 
RT, T = 204 ◦C, and T = 426 ◦C. The density of the samples was 
measured based on the Archimedes method and reported in a prior study 
[72]. The true yield limits were determined from the stress–strain curves 
in Fig. 8 and at the point where the stress–strain curve becomes 
nonlinear. The ultimate strength values were merely identified as the 
point of maximum stress for each of the curves in Fig. 8. Additionally, 
the slope and abscissa of the logarithmic true stress–strain in the hard
ening region were used to experimentally determine the strain hard
ening exponent and coefficients (σ = Kεn→logσ = logK + nlogσε). The 
strain hardening exponents and coefficients at RT, T = 204 ◦C, and T =
426 ◦C were n = 0.15, 0.14, and 0.1, andK = 303 MPa, 266 MPa, and 
205 MPa, respectively. 

The approximated plastic strain energies via SEPSE are sensitive to 
the value of the shape parameter in the Weibull probability function 
[58]. Since the shape parameter is defined as the coefficient α multiplied 
by the standard deviation of the data points chosen around the applied 
cyclic load [58], an analysis is performed to find the proper α values for 
each of the load cases. By applying the procedure explained in Section 2 
and considering the standards for obtaining the appropriate value of α 
for each case, values of PSE per cycle were obtained via the SEPSE. As 
seen in Fig. 9, for the example case of σ = 135 MPa at RT, the second 
derivative of PSE change with α changes direction at approximately α =
50. It can also be seen that at this α value, one obtains a proper distri
bution of micro strains with the peak sitting at the strain value that 
corresponds to the applied cyclic stress amplitude. 

Fig. 10 shows the calculated PSE values based on the measured area 
inside the hysteresis loops along with the estimated values via the SEPSE 
method for fatigue lives at the room, 204 ◦C, and 426 ◦C temperatures. It 
can be seen that for all of the measured fatigue lives in low- and medium- 
cycle fatigue regimes, the estimations via both of the methods are in 
close agreement. On the one hand, AM metallic specimens generally 
contain a large number of pores and a fair scattered distribution of pores 
from one specimen to another. Thus, a potential difference in mechan
ical properties among specimens is expected (The level of difference and 
its reflection on the mechanical properties related to the monotonic 
tensile test can be simply checked by repeating the tensile tests to ensure 
the scatter is insignificant). On the other hand, when using the SEPSE 

Fig. 10. The PSE values via calculating the area inside a hysteresis loop and the 
SEPSE method for σ = 100 MPa (RT, 204 ◦C, and 426 ◦C), 110 MPa (RT), 115 
MPa (204 ◦C, and 426 ◦C), 120 MPa (RT, 204 ◦C), 125 MPa (RT, 204 ◦C), 130 
MPa (RT), and 135 MPa (RT). PSE is shown in terms of the volumetric plastic 
energy generated in one cycle. 
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method, it is important that the monotonic stress–strain curve properly 
represents the specimens used for fatigue testing. If the property values 
are significantly different, the performance of the model will be nega
tively affected. Hence, the close agreement between the PSE results from 
the HL and the SEPSE method is a hypothetical indicative of the low 
porosity and good quality of the used AM C18150 specimens in this 
study (a previous study on the similar material have reported a much 
larger scatter in the tensile stress–strain curve across several samples 

[76]). It is worthwhile to point out that the α parameter plays an 
important role in obtaining accurate results. If the scatter in the 
stress–strain curve of the samples from one batch is significant, then a 
correctly chosen alpha value based on the guideline or even changing 
alpha may not resolve accuracy issues. 

5.2. Fracture fatigue entropy 

To estimate the FFE, the surface temperature in Stage II or the steady- 
state temperature at each cyclic test is needed. To obtain the tempera
ture signature of the specimen surface in Stages I and II, an IR camera 
was used to measure the steady-state value for the experiments con
ducted at room temperature. Then, the FEM is utilized to obtain the 
steady-state temperature for these load amplitudes and used along with 
the predicted plastic strain energies via SEPSE. Although the efficacy of 
the FEM is already demonstrated in [67], this measure was taken to 

Fig. 11. The temperature distribution at different environmental temperatures for σ = 125 MPa at a) RT, b) T = 204 ◦C, and for σ = 115 MPa at c) T = 204 ◦C, d) T 
= 426 ◦C. 

Table 4 
Thermal diffusivity of C18150 at different environmental temperatures [72]  

Temperature Room 204 ◦C 426 ◦C 

Thermal diffusivity (
m2

s
)

32 × 10−6  40 × 10−6  70 × 10−6   
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further ensure its accuracy for the current material. Having verified the 
numerical prediction, next, the FEM was used to calculate the temper
ature in Stage II for the experiments at high environmental tempera
tures, i.e., T = 204 ◦ C and426 ◦ C (with both of the HL and SEPSE 
methods). 

Fig. 11 illustrates the distribution of surface temperature on the 
specimen’s surface with increasing the environmental temperature from 
RT to 204 ◦ C at σ = 125 MPa, and also from 204 ◦ C to 426 ◦ C at σ =

115 MPa stress level. It can be seen that at higher temperatures, the 
length of the strip with critical temperature expands (Lb > La and 
Ld > Lc). This behavior can be explained based on the change in the 
thermal diffusivity of this material at RT, T = 204 ◦ C, and 426 ◦ C (see 
Table 4). Thermal diffusivity is indicative of a material’s tendency to 
move heat from hot to cold regions. Thus, considering a cyclically- 
loaded cylindrical specimen, a higher thermal diffusivity means a 
higher tendency to transfer heat via conduction from the hot spots in the 
gauge section to the relatively colder regions in their vicinity [77]. Based 
on Table 4, the thermal diffusivity of C-18150 increases when the 
environmental temperature is increased. Therefore, at higher tempera
tures, the length of the region with the highest temperature increases. 

Using the microstructure-sensitive algorithm for the estimation of 
FFE—where SEPSE is used to estimate cyclic damage in terms of PSE per 
cycle—and the cyclic HL area, the values of FFE for different stress 
amplitudes and environmental temperatures are calculated. From 
Fig. 12 it can be seen that the values of FFE fall within the indicated 
range irrespective of the stress amplitude and environmental tempera
ture (HL-Max = 19.7 MJ

m3 .K and HL-Min = 10.5 MJ
m3 .K ). Importantly, the 

average value of FFE based on the experimental measurements of the 
hysteresis loop area (14.5 MJ

m3 .K ) are very close to the value calculated 
with the SEPSE- based algorithm (14.3 MJ

m3 .K). Such correspondence 
further attests to the reliability of the microstructure-sensitive frame
work put forward in [67] for the fatigue damage assessment of addi
tively manufactured specimens. The SEPSE-based microstructure- 
sensitive algorithm used for the fatigue damage quantification and life 
estimation of the C18150 is not dependent on the fracture mechanism. 
All of the microstructure interactions under cyclic loading gradually and 
accumulatively manifest in the form of local plastic micro-deformations 
or cyclic slip irreversibility. As explained in Section 2 of this manuscript, 
it is experimentally observed and established that the distribution of 
cyclic plastic micro-strains can be represented with a Weibull proba
bility distribution function. With that in mind, the algorithm uses the 
associated energy with the total irreversible cyclic plastic micro- 
deformations in a cycle (the most representative of fatigue damage 
[1]) in conjunction with the concept of FFE to estimate fatigue life. 

Eq. (6) can be used to predict this material’s fatigue life within the 

assessed fatigue life scales for arbitrary load amplitudes. Nf is the fatigue 
life to failure, Tss is the steady-state temperature in Stage II of Fig. 5, and 
ẇp is the plastic strain energy per cycle as obtained by the SEPSE 
method. To illustrate the application of FFE, consider, for example, a 
component being tested at an environmental temperature of 204 ◦C. It is 
desired to predict its useful life at 100 MPa. Based on the SEPSE algo
rithm, the PSE per cycle at this load is 6.154 ×104 J

m3 .cycle . The predicted 
steady-state temperature via the FEM code is 477.8 K. Using the FFE 
relation in Eq. (5) with the average FFE value of 14.6 MJ

m3 .K , the fatigue 
life for this load amplitude is estimated to be 113,146 cycles. Consid
ering that the experimentally obtained fatigue life for this loading con
dition is 125,600 cycles, the error of fatigue life estimation, in this case, 
is 9.9 %. Therefore, it can be concluded that the microstructure-sensitive 
algorithm reliably predicts the fatigue life. 

6. Conclusions 

Additively manufactured C-18150 copper alloy, via LB-PBF, is 
cyclically loaded at room and elevated environmental temperatures. 
Two methods are used to measure the amount of cyclic damage at 
different stress amplitude and temperatures. In one method, the area 
inside the stress–strain hysteresis curve is used to calculate the plastic 
strain energy as the representative of fatigue damage. In another 
approach, a recently developed microstructure-sensitive and algorithm 
based on the statistical distribution of cyclic microplastic 
strains—implemented from the stress–strain data of a monotonic tensile 
test—is used. The results show that the irreversible damage at room and 
elevated temperatures obtained via the two methods agree. Hence, the 
SEPSE can be used for the analysis of AM specimens at room and 
elevated temperatures. 

Using the finite element method to calculate the specimen’s surface 
temperature for different load cases, fracture fatigue Entropy (FFE) is 
determined. It was shown that FFE stays within a narrow range and is 
constant for the experimented temperature range. Therefore, the 
microstructure-sensitive algorithm may be used to estimate fatigue life 
and analyze additively manufactured specimens at elevated tempera
tures. This type of analysis can have great implications in the fatigue 
study of additively manufactured materials at room and elevated tem
peratures where newly-developed materials with desired fatigue 
behavior/properties need to be rapidly assessed to understand the 
relative effect of adding/removing one chemical ingredient from their 
composition. 
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