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Abstract

In this paper, fatigue properties of additive-manufactured (AM) 316 steel
are investigated by the rapid fatigue limit evaluation method based on self-
heating experiments. To this end, a series of tensile cycling experiments
are carried out on AM 316 steel specimens; temperature variation resulting
from the self-heating phenomenon is recorded by an infrared thermography
(IR) camera and fatigue limit is deduced. To compare with the properties
of traditionally processed materials, the fatigue limit of rolled 316 steel
is also investigated using the same procedure. The experimental results
show that the AM 316 steel has a higher fatigue limit than rolled one. In
order to interpret this result, microstructures of AM and rolled 316 steel are
characterized by metallurgical microscope and X-ray diffractometer (XRD).

Furthermore, a crystal-plasticity-fatigue-based model is developed and cyclic
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simulations are carried out. The difference of fatigue limit between AM and
rolled 316 steel is discussed experimentally and numerically from microscopic
viewpoint, including grain size and dislocation density. It is shown that : 1)
the AM process induces coarsening of the grains and reduction of ductility,
and 2) ductility plays a much important role than refining grain size on
fatigue limit. For this reason, AM 316 steel presents a higher fatigue limit

than 316 rolled steel.
Keywords: Fatigue, additive manufacturing, 316 steel, self-heating, XRD,

crystal plasticity.

1. Introduction

In recent years, additive manufacturing (AM) technology has been
utilized to generate functional parts rapidly, which provides an opportunity
to manufacture complex-shaped, functionally graded or custom-tailored
parts (Herzog et al., 2016). In the fields of aerospace, power and energy,
AM parts often suffer cyclic loads. Due to the complex thermomechanical
solicitations inherent to the AM process, mechanical properties (especially
fatigue properties) of AM parts are different from those of conventionally
manufactured parts (Bagherifard et al., 2018; Averyanova et al., 2011;
Wegener et al., 2013). This motivates the need for investigating their fatigue
properties in order to highlight the impact of the process on the fatigue
lifetime. To this end, many works have been carried out in the last few years.
Riemer et al. (2014) and Martukanitz et al. (2014) proposed to establish
the process-microstructure-properties relationships for AM parts in order
to predict their fatigue properties in function of the process parameters.
Brandl et al. (2012) studied the microstructure, fatigue properties and

fracture behavior of AM AlSi10Mg samples and discussed the factors which



effect the fatigue performance. Yadollahi and Shamsaei (2017) compared
the fatigue behavior and failure mechanisms of AM metallic part with
conventionally manufactured one. They found that the post-manufacturing
treatment can improve the fatigue behavior. Yadollahi et al. (2017) studied
the effects of building orientation and post-fabrication heat treatment on
the fatigue behavior of AM stainless steel. They found that the defects
formed during fabrication and building orientation play a significant role on
fatigue behavior. Riemer et al. (2014) studied the fatigue performance of
stainless steel 316L. manufactured by selective laser melting. They analyzed
the microstructure and considered the process-microstructure-properties
relationships. Pace et al. (2017) studied the microstructural evolution
of 316L steel manufactured by Selective Laser Melting after experiencing
80000 cycles. Raabe et al. (2005) studied the influence of crystallographic
texture on the behavior of a low carbon steel during cup drawing using
crystal plasticity finite element method. Ahmadi et al. (2016) studied the
mechanical response of selective laser melting processed 316 steel using
crystal plasticity. The effect of microstructural properties, including melt
pool size, texture and process-induced defects, on the mechanical properties
are studied. Guerchais et al. (2014) studied the influence of geometrical
defects on the high cycle fatigue behaviour of an electrolytic copper using
isotropic elasticity, cubic elasticity and crystal plasticity.

In the aforementioned works, fatigue analysis for AM parts are mostly
carried out using conventional fatigue tests based on S-N curve. Luong
(1998) and Rosa and Risitano (2000) proposed a new method to determine
the fatigue limit by considering the intrinsic dissipation as fatigue indicator.
The intrinsic dissipation is measured thanks to thermographic analysis.

De Finis et al. (2015) and Shiozawa et al. (2016) proposed improved rapid



estimation of fatigue limit based on thermographic method to reduce the
temperature change caused by the fatigue testing machine itself. The rapid
estimation of fatigue limit based on thermographic method is now widely
used in various industrial fields (Prochazka et al., 2017; Ummenhofer and
Medgenberg, 2009).

In this work, the fatigue limit evaluation based on thermographic
methodology is used to compare the fatigue properties of AM and rolled 316
steel parts. The AM 316 steel is manufactured by Selective Laser Melting
(SLM) and the rolled 316 steel is produced by cold rolling. The relationships
between the mechanical property, namely fatigue, microstructure and
fabrication process are highlighted based on self-heating experimental
results, XRD analysis and crystal plasticity simulations.

This paper is organized as follows: Section 2 introduces the experiments
in detail: materials, specimens geometry, microstructure, experimental
instruments, experimental procedures and a recall of the theoretical basis
of the self-heating experiment. In Section 3, the computational model
including crystal plasticity theory and mesoscopic fatigue criterion are
described. The experimental and simulation results are discussed in
Section 4 involving not only the relationship between monotonic properties
and microstructure but also the effect of grain size and ductility on fatigue

properties. Finally, conclusions are provided in Section 5.

2. Experiments

In this paragraph, the experimental procedure to investigate the fatigue

limits of both AM and rolled 316 steel using self-heating approach is detailed.



2.1. Materials and specimen geometry

316 steel manufactured by Selective Laser Melting (SLM) and cold rolling
were used in this work. AM 316 steel used in this work was produced
by a commercial SLM machine (BLT-S310) with the following process
parameters: 280 W of laser power, 40 pm of layer thickness and 1050 mm s~
of scanning speed. The cold-rolled 316 steel was produced by Jiangsu Xingda
Steel Tyre Cord Co.Ltd China. The tension specimen used has dimensions
according to the international standard for tensile testing of metal-ISO 6892-
1: 2009 as shown in Fig. 1. The fatigue specimen has dimensions according

to ASTM E 466-2007 as shown in Fig. 2. Before the fatigue experiments,

the fatigue specimens of both the AM and rolled 316 steel were polished.
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Figure 1: Dimension (mm) and geometry of tension specimens.

2.2. Microstructure characterization and X-ray diffraction analysis
Microstructure characterization was carried out using an Olympus-
PMG3 metallographic microscope. Before the microstructure character-
ization, both the AM 316 steel and rolled 316 steel were subjected to
the following metallographic preparation: grinding on SiC papers with

granulations of 120, 240, 500, 1200 and 2400, in sequence, polishing with
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Figure 2: Dimension (mm) and geometry of fatigue specimens.

diamond suspensions (3pm, 1pm and 0.25pm) and polishing with silica
suspensions of 0.1 pm and 0.06 pm. HyO + HCl1+ HNO3 (1:2:1) was used to
etch the specimens. Microstructures of AM 316 steel and rolled 316 steel
are shown in Fig. 3. It is shown that the grain of AM 316 steel is much
larger than that of rolled 316 steel.

The X-Ray diffraction patterns of both AM and rolled 316 steel are
obtained using an X-ray diffractometer (XRD-7000, Shimadzu). As shown
in Fig. 4, both AM and rolled 316 steel are composed of austenite phase
and ferrite phase. Austenite has a face-centered cubic structure (FCC) and
ferrite has a body-centered cubic structure (BCC). Compared with AM 316

steel, rolled 316 steel contains more austenite phase.

100 pm

Figure 3: Microstructure of 316 steel: (a) AM 316 steel; (b) rolled 316 steel.
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Figure 4: X-ray diffraction patterns of 316 steel: (a) AM 316 steel; (b) rolled 316 steel.

2.3. Instruments and experiment procedures

The tensile tests were carried out at a loading rate of 2mm min~!

using
an Instron Testing system with a load capacity of 100kN. An Epsilon axial
extensometer was used to measure the strain. The obtained tensile stress-

strain curves of both AM and rolled 316 steel are shown in Fig. 5.
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Figure 5: The stress-strain curve of AM 316 steel specimen and rolled 316 steel specimen.

Fatigue tests were carried out using a Bose Electroforce 3510-AT fatigue

test machine. Load and displacement signals were captured by Bose Wintest



7 software and processed by a PC. The IR camera Flir SC7700 was used to
obtain thermal data on the surface of the specimen. As shown in Fig. 6, the
fatigue specimens were coated with a black matte paint to maximize their
emissivity and they were enclosed in an insulating box to avoid the heat
reflections caused by external heat sources. Meanwhile, a painted unloaded
steel plate acting as a black body was used to monitor the environment

temperature in the insulating chamber.
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Figure 6: Surface temperature of the specimen and benchmark.

According to the results of tensile tests as shown in Fig. 5, a stepped
loading procedure as shown in Table 1 was applied to the specimen with the
load characterized by stress ratio R = 0.1 and frequency 20 Hz. Each load
step lasts 2000 cycles to ensure that the temperature of specimen stabilizes
at the end of load step. The IR camera scans with a frequency of 20 frames
per second. A typical temperature trend under 2000 loading cycles is shown
in Fig. 7.

As shown in Fig. 6, the calculated average temperatures of two

rectangular areas are recorded during the test. T, and T4, represent the
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Figure 7: Typical temperature trend under 2000 loading cycles

surface temperature on the region at the middle part of the specimen and
at the benchmark, respectively. The temperature variation of the specimen

AT can be written as
AT = (Ta, — Ta,) —min (T, — Th,) - (1)

After 2000 loading cycles in each load step, AT stabilizes. Then the max
temperature variation AT, is used to characterize the dissipated energy.

The fatigue limit can be estimated by the relation between ATy,.x and Ao /2.

2.4. The theoretical basis of the self-heating approach

The thermal data recorded during the test are analyzed to relate the
surface temperature of specimen to its fatigue dissipation. This can be

demonstrated using the heat equation given by ( (Luong, 1998)):

pCvT:pr+KA2T—(,B:D:E6>T+S:Ei. 2)

9



Table 1: Loading table in terms of stress (semi-amplitude Ao /2): the same specimen of

rolled 316 steel and AM 316 steel.

Loading step Rolled 316 steel Ac/2(MPa) AM 316 steel Ac/2(MPa)

1 30 100
2 40 110
3 50 120
4 60 130
) 70 140
6 80 150
7 90 160
8 100 170
9 110 180
10 120 190
11 130 200
12 140 210
13 150 220
14 160 230
15 170 240
16 180 250

where p is the density, C, is the specific heat at constant deformation, pC,
is the volumetric heat capacity of the material, r is the heat supply, K is
the thermal conductivity, T is absolute temperature, 3 is a scalar multiplied
times the second-order identity tensor, which represents the coefficient of the

thermal expansion, D is the fourth-order elasticity tensor, S is the second

10



Piola-Kirchhoff stress tensor, E¢ is the elastic strain tensor and E' is the
inelastic strain tensor. A typical AT-stress amplitude diagram is shown
in Fig. 8. When the stress amplitude exceeds a threshold, the temperature
variation versus the applied stress amplitude curve presents a slope variation
(it becomes non derivable), indicating that a new dissipative phenomenon
occurs in the specimen. In the low temperature regime (Group 1, 2, 3
and 4) there are no persistent slip bands (PSBs) in the material and the
material is elastic at both macroscopic and mesoscopic scales. According
to Eq. (2), the temperature variation is mainly due to the thermoelasticity
effect — (,8 :D: Ee) T. In the high temperature region (Group 5, 6, 7
and 8), PSBs occur in the material. And from Group 5 to Group 8, the
number of PSBs increases with the stress amplitude (Munier et al., 2014,
2017). The material is no longer elastic in mesoscopic scale due to the
dissipative phenomenon occurring in the interface between PSBs and elasto-
plastic matrix. Therefore, the temperature varies significantly due to both
thermoelasticity effect — (,8 D Ee) T and instrinsic S : E*. According
to Luong’s method (Luong, 1998; Prochazka et al., 2017), the intersection of
curves in the low and high temperature regimes can be seen as the beginning

of PSBs initiation and used to estimate the fatigue limit empirically .

3. Computational model

In this paragraph, a computational model based on crystal plasticity
theory and a mesoscopic fatigue criterion is established in order to simulate
the aforementioned experimentally investigated phenomena, namely the
effect of the grain size and the ductility.

To this end, a RVE (0.25 mm X 0.25 mm x 0.25 mm) shown in Fig. 9 is

11



-

;0

1 2 3 4 78/
X — ;7 A °§
PSBs 1571 &
~\ l 1 / Zi / ‘w%

b | =l - 6III7:\ ,///<$

el 4 () A

\ . /°

elasto-plastic matri 1 é/ ,/ fs !
- ~ Low temperature group ¢_ 7 '5" T

-4
> L f_% - —g - Estlmated fatigue
-~ limit

RVE: representative volume element

Stress amplitude

Figure 8: Change of temperature and the fatigue estimation based on temperature.

considered. It is constructed by 125 single crystal grains, which are meshed
with eight-node elements and assigned with a set of orientations by random
generation. To model the mechanical response of the RVE at the grain level,
the crystal plasticity theory is applied using the user-material subroutine
(UMAT) developed by (Huang, 1991).

A slip system is denoted () and it corresponds to the combination of
a slip plane, identified by its normal n(@_ and a slip direction, s(®. The
rate of crystallographic glide strain 4(® only depends on the resolved shear

stress 7(®) (Hill and Rice, 1972)

;y(a) — ol (T(a)>
g(a)

where a(®) represents the reference strain rate, ¢(® the strength of current

n—1

()

7@ (3)

slip system and n the strain-rate-sensitivity parameter. The resolved shear
stress 7(®) acting on « can be calculated from the stress tensor o by means
of the orientation tensor m(® (Eq. (4) and Eq. (5)). According to m(®), it

is then possible to calculate the plastic strain rate €P (Eq. (6)).

a)

@) =@ . 4. (4)
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Figure 9: The FE model of the RVE.
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The evolution of the current strength ¢(® can be calculated by the slip
hardening modulus hng (Eq. (7)). Here hao and hag are self and latent
hardening moduli, respectively. According to the hardening law proposed by
(Peirce et al., 1983), the self and latent hardening moduli can be calculated

by the Taylor cumulative shear strain « on all the slip systems (Eq. (8) and
Eq. (9)).

G\ = Z ha,B"Y(m- (7)
B
hao = hosech2 (ﬂ> ,
i 0

hoz,B = qhaoc (a 7é 6)

13
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where hgy and 7y are the initial hardening modulus and yield stress which
equals the initial value of current strength ¢(®) (0), respectively. 7 is the
reference stress where large plastic flow initiates and ¢ is a hardening factor.

In order to consider the effect of grain size on the mechanical response,
the Hall-Petch relation is introduced here to relate yield stress and grain
size

ky
To = TR + NG (10)

where 7R is the intrinsic hardness of the material. d,, and ky are the average

grain size and Hall-Petch coefficient, respectively.

To implement the crystal plasticity model, material parameters for the
FCC AISI 316L single crystal (Simonovski et al., 2005) are used. And the
Hall-Petch coefficient &, for FCC metal (Liu et al., 2013) is adopted. All

the material parameters are summarized in Table 2.

Table 2: Material parameters used for the 316 steel.

C,j“i (A\IPa) C”IJ (hIPd) C,']',jj (MPa) h() (I\IPd) Ts (I\/IPd) TR (I\IPd) n q [.l,(n) ky (I\IPd }111170'5)

163 680 110160 100 960 330 270 90 55 1 0.001 600

In order to study the effect of the grain size on the fatigue limit two
different grain sizes are considered(60 pm and 120 pum), which, according
to the Hall-Petch relation, corresponds to the values of 7y 167.46 MPa and
144.47 MPa respectively. To consider the effect of ductility on the fatigue
limit, two strain-rate-sensitivity parameter are considered n = 55 and 10,

respectively.

14



In order to study the effect of the grain size and ductility on the fatigue
limit, a fatigue criterion at the mesoscopic (grain scale) based on the concept
of elastic shakedown proposed by (Papadopoulos, 1994) is adopted. It
assumes that a fatigue crack does not initiate in a grain if the accumulated
plastic slip on a given slip system does not exceed a threshold. To this end,
the Papadopulos’s fatigue criterion is expressed in terms of the mesoscopic

quantities instead of the macroscopic quantities as:

F =3y + fmaxlion()] < 1,

N,

NERENARS S lli <g,s>],
5,8 N, p N, e s,a (11)
1 Yo X
p oo | V4

where 75 4 is the mesoscopic resolved shear stress amplitude along every slip
systems in the polycrystal. o, is the mesoscopic normal stress along every
slip planes in the polycrystal. Ny and N, are the number of slip systems
and slip planes in one grain, respectively. N, is the number of grains in
the polycrystal and f is the fatigue factor. a and b are material parameters,
which can be calculated in function of fatigue limits relative to fully reversed

bending f_1 and fully reversed torsion ¢_1. (7'52

o) 1s the mean value of the
resolved shear stress along every slip system in the polycrystal corresponding
to Mises norm. (o,(t)) is the mean value of the normal stress acting on
these planes corresponding to the hydrostatic tension. In this paper, the

values t_1 = 196.2MPa and f_; = 313.9 MPa in (Papadopoulos, 1994) are

adopted.
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4. Results and discussion

4.1. Monotonic properties

The stress-strain curves of both AM and rolled 316 steel in Fig. 5 clearly
show that both yield stress (YS) and ultimate tensile stress (UTS) of rolled
316 steel are lower than those of AM 316 steel, while rolled 316 steel presents
a higher ductility. Furthermore fractographic analysis, using a scanning
electron microscope (SEM, VEGA3 TESCAN), shown in Fig. 10 also reveals
that the rolled 316 steel has a higher ductility. In fact, smaller and shallower
dimples can be observed in the fracture surface of AM 316 steel compared
with rolled one. Indeed, bigger and deeper plastic dimples can accommodate
larger strain during the tension (Xu et al., 2014).

In addition, XRD analysis shown in Fig. 4 confirms this results since
rolled 316 steel contains more austenite phase (FCC) and less ferrite phase
(BCC). In fact, as reported in (Mlikota and Schmauder, 2018) ferrite phase
(BCC) has a much higher strength than austenite phase (FCC), while

austenite phase has a higher ductility than ferrite phase.

4.2. Fuatigue properties

The temperature amplitudes for different stress amplitudes of AM 316
steel specimen and rolled 316 steel specimen are recorded by the IR camera.
For the sake of the repeatably, each experiment has been carried out three
times. Results relative to AM 316 steel specimen and rolled 316 steel
specimen are given in Fig. 11 and Fig. 12, respectively. It is shown that the
error related to the estimated fatigue limits measured for the three specimens
is very small (< 3%) for both AM 316 steel and rolled 316 steel. The fatigue
limit of AM 316 steel is about 188 MPa which is larger than that of rolled

one (138 MPa). Results are summarized in Table 3.

16
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Figure 10: Fractographic analysis of 316 steel: (a) AM 316 steel; (b) rolled 316 steel.

Table 3: Fatigue results based on self-heating method: the fatigue limit or,.

or (MPa)
Material
Specimen 1  Specimen 2 Specimen 3 Average
Rolled 316 steel 135.99 139.22 137.64 137.62
AM 316 steel 189.03 187.44 188.88 188.45

Results show that the SLM process produce parts with larger fatigue
limit compared with traditional manufacturing.

It is well know that dislocations are potential source for fatigue crack
initiation. On the other hand, grain boundary plays the role of fatigue crack
initiation inhibitor because it induces dislocations pile-ups. Furthermore,
small grain presents bigger surface area to volume ratio, which results in

larger number of grain boundaries. Therefore, refining grain can inhibit

17
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Figure 11: Fatigue limit evaluation of AM 316 steel specimens using Luong’s method: (a)

specimen 1; (b) specimen 2; (c) specimen 3.

crack initiation and improve the fatigue limit (Ni et al., 2009). As shown in
Fig. 3, rolled 316 steel has smaller grains than AM one, resulting in larger
fatigue limit of rolled 316 steel than AM one. It is in contradiction with
the obtained results, which suggests that other factors influence the fatigue
limit such as ductility.

Generally, austenite phase (FCC) has a higher dislocation density than
ferrite phase (BCC) (Wronski et al., 2012). And FCC metals are ductile and
most BCC metals are semi-brittle (Suresh, 1998). For the ductile metals,
dislocations at the interface between the PSB and matrix are the main reason
for fatigue crack nucleation (Suresh, 1998). This is because the interface

between the PSBs and matrix is a plane of discontinuity across which there

18
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Figure 12: Fatigue limit evaluation of rolled 316 steel specimens using Luong’s method:

(a) specimen 1; (b) specimen 2; (c) specimen 3.

are abrupt gradients in the density and dislocations distributions. Due to
the lower strength of austenite phase, PSBs are much easier formed in the
austenite phase than ferrite phase (Wu et al., 2017). According to XRD
results, rolled 316 steel contains more austenite phase (FCC) than AM
316 steel. Consequently much more PSBs are formed in rolled 316 steel
compared with AM 316 steel as shown in Fig. 13, resulting in a larger
number of PSB-matrix interfaces for the same volume. Therefore, rolled 316
steel presents higher probability for fatigue crack nucleation which leads to
a smaller fatigue limit.

Hence, high ductility and small grain size present antagonist effect on

the fatigue limit. According to the experimental results, the effect of the

19



ductility plays a more important role on fatigue limit than the grain size.

(a) &y 7 "

! OUI) drfi

(b) &

Figure 13: Diagram of dislocations at the interface between PSBs and matrix in the grain:

(a) rolled 316 steel; (b) AM 316 steel.

4.8. Sitmulation results

In this section, the crystal plasticity simulations using the computational
model presented above in Section 4.2 aim to verify two issues: first, the
fact that grain refinement improves the fatigue limit; second, the fact that
reduction of ductility improves the fatigue limit. In the first simulation, the
ductility is kept invariant and the grain size changed in order to confirm that
grain refinement improves the fatigue limit. And in the second simulation,
the grain size is kept invariant and the ductility changed to confirm that
reduction of ductility improves the fatigue limit.

For two different average grain sizes considered, 60pm and 120 um,
Eq. (10) gives 19 167.46 MPa and 144.47 MPa, respectively. Applying a
macroscopic stress >1; = 400 MPa on the RVE using periodic boundary
condition (PBC), the obtained equivalent stress-strain curve is shown in

Fig. 14. Then a cyclic macroscopic stress X11(t) (X11,, = 200 MPa and

20



R = 0) is applied during 10 cycles on the RVE and the Papadopuloss
fatigue criterion is used to calculated the fatigue factor f. The obtained
fatigue factor f equals 0.676 with 60 um grain size which is smaller than
0.717 obtained with 120 pum grain size. As shown in Eq. (11), smaller f
indicates a larger fatigue limit. Therefore, the simulation results also verifies

that grain refinement improve the fatigue limit as mentioned in Section 4.2.

Grain size 60 um
Grain size 120 pm
400
& 300 f
<
M 200
100 [
O 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Strain (%)

Figure 14: The stress-strain curves under different grain sizes.

The effect of ductility on the fatigue limit is studied by changing
the strain-rate-sensitivity parameter n. For m = 10 and n = 55, the
same macroscopic stress i1 is applied on the RVE, and the stress-strain
curves obtained are shown in Fig. 15; the material having a larger strain-
rate-sensitivity parameter n is much more ductile. Then the same cyclic
macroscopic stress ¥11(t) is applied on the RVE and the fatigue factor f
is calculated according to the Papadopuloss fatigue criterion. The fatigue
factor n equals 0.695and 0.717 for n = 10 and n = 55, respectively. The

simulation results also verify that reducing the ductility of the material

21



improves the fatigue limit as mentioned in Section 4.2.

It’s worth noting that the real AM and rolled 316 steel would not fail at
0.3 to 0.45 percent strain. But here we are only interested in the simulation
of the tendency. Therefore, the 0.3 to 0.45 percent strain is enough to study
the tendency.

——n=10
——n=55
100 F
& 300 f
=
B 200 F
100 |
0 L L L L
0.0 0.1 0.2 0.3 0.4

Strain (%)

Figure 15: The stress-strain curves under different strain-rate-sensitivity parameters.
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5. Conclusions

In this work, fatigue properties of both AM and rolled 316 steel have
been investigated and compared using self-heating approach.

To this end, microstructural characterization and X-Ray diffraction
measurements have been carried out by metallurgical microscope and X-ray
diffractormeter, respectively. Furthermore, a computational model based on
crystal plasticity and mesoscopic fatigue criterion has been developed and
used to simulate the effect of microstructure, namely grain size and ductility,
on the fatigue limit.

It has been shown that ductility plays a more important role than refining
grain size on fatigue limit. Due to more austenite phase contained in rolled
316 steel than AM one, rolled 316 steel presents higher ductility and PSBs
are easier formed in rolled 316 steel. For this reason, AM 316 steel presents

a higher fatigue limit than 316 rolled steel.
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