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A B S T R A C T

The fatigue strength of additively manufactured metallic parts in their as-built surface condition is mainly
dominated by the surface roughness. Post-processing is often inevitable to reduce surface roughness effects even
though post-processing diminishes the main advantage of additive manufacturing, which is net-shaped direct-to-
service production. This study investigates the underlying mechanisms responsible for fatigue failure of addi-
tively manufactured 304L stainless steel parts in as-built and machined/polished surface conditions. Both strain-
and force-controlled, fully reversed fatigue tests were conducted to gain a comprehensive understanding of
surface roughness effects on fatigue behavior. The sensitivity to surface roughness is shown to be dependent on
the control mode, with stress-based fatigue tests showing greater sensitivity than strain-based fatigue tests.
Moreover, the fatigue life estimation for as-built specimens was performed based on surface roughness para-
meters as well as the fatigue properties of the specimens in machined/polished surface condition of the material
without using any fatigue data of specimens in as-built surface condition. Accordingly, the effect of surface
roughness on the fatigue behavior could be estimated reasonably well in both strain-life and stress-life ap-
proaches.

1. Introduction

Metallic additive manufacturing (AM) has been recognized as no-
table technology for its ability to produce complex and/or customized
components without additional efforts including tooling or machining
processes [1]. Complex production processes such as simultaneous
fabrication of several components into a single part can be performed
within the AM machine, making additional assembly processes un-
necessary. In addition, AM enables users to produce parts with complex
geometries such as lattice and porous structures unobtainable through
conventional subtractive processes. Moreover, AM is more capable of
providing small quantity production, without the excessive tooling
costs that limit this type of production in traditional manufacturing
techniques. For example, aerospace and biomedical industries can re-
duce costs and lead times associated with small-batch, legacy, or
custom components, using AM. Consequently, AM has been studied and
reviewed by a number of researchers to better understand and improve
the quality and reliability of manufactured products [1–8].

One of the major advantages of using AM is that parts can be fab-
ricated to net shape and directly implemented into service without

additional processing steps. However, the surface roughness (SR) that is
typical for additively manufactured parts in as-built (AB) surface con-
dition has proven to be extremely detrimental to their fatigue resistance
[8–15]. The SR is caused and affected by several processing char-
acteristics of AM technology; i.e. process parameters, unmelted/par-
tially-melted powder particles on the surface, layer-wise processing
nature of AM, stair-step effects (build orientation), the geometry of the
parts, etc. [16]. Therefore, many studies have investigated the corre-
lation between fatigue performance and SR [16–22], including attempts
to elucidate the critical SR parameters most representative for the SR
effect on the fatigue behavior [23–26]. To date, however, no consensus
has been established regarding the most informative SR parameter with
many of the works being in disagreement.

As a representative of SR values, Ra, provides the general context of
average surface topography. The surface, which has a higher Ra value,
is believed to introduce higher stress concentrations and lower fatigue
resistance. Therefore, most research works regarding fatigue behavior
have used this representative SR value [27–29]. However, Ra may not
fully capture the critical geometry effects related to the micro-notches
affecting the fatigue crack initiation process [30]. Therefore, some
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studies intended to adopt different SR parameters such as R ,t Rv , RzISO,
etc. to better quantify the effect of SR on the fatigue behavior
[14,26,31–38]. In summary, appropriate surface characteristic para-
meters capable of capturing the severity of the SR on the fatigue per-
formance should be introduced before AM parts with AB surface con-
ditions can be designed and considered for fatigue-critical applications.

In this study, the fatigue behavior of 304L stainless steel (304L SS)
parts, manufactured via the laser beam powder bed fusion (LB-PBF) AM
technique, with two different surface conditions, including AB and
machined and polished (M/P) is investigated. SR measurements are
conducted by a digital 3D microscope and values of various SR para-
meters are provided for a comprehensive understanding of the effects of
surface texture on fatigue behavior. Both strain- and force-controlled
fatigue tests are conducted and a previously established technique
[24,39] to evaluate the fatigue performance for AM Ti-6Al-4V parts is
utilized to predict the fatigue life of LB-PBF 304L SS specimens in AB
surface conditions. The meta-stable nature of 304L SS (i.e. the tendency
towards to martensite transformation) and its complex deformation
behavior make it an excellent material to test concepts of fatigue re-
sistance and failure mechanisms, particularly compared against a less
complex, mostly elastic behavior such as the one for AM Ti-6Al-4V
under cyclic fatigue loading. As such, the differences between strain-life
and stress-life fatigue behaviors are also considered.

2. Experimental procedures

In this study, two different specimen types were fabricated verti-
cally using an EOS M290 LB-PBF machine. Both net shape and over-
sized rectangular specimen blanks were fabricated to generate AB and
M/P surface conditions. The round AB and M/P specimens with a
straight gage section were designed to conform to ASTM E606 as shown
in Fig. 1 [40] with the M/P specimens fabricated as rectangular blanks
and machined to the final dimensions to minimize SR effects. The gage
sections of the M/P specimens were manually polished using a series of
abrasive silicon carbide papers to remove any machining marks which
can cause early life crack initiations.

The specimens were produced using EOS M290 default process
parameters recommended by the manufacturer for 316L stainless steel
(SS). The details of the fabrication process parameters are as followed:
layer thickness of 20 μm, hatching distance of 90 μm, scan speed of
1083 mm/s, laser power of 195 W, and using a carbon fiber recoater.
The fabrication process was conducted under an argon environment
maintaining an oxygen level below the threshold value, 1000 ppm. The
entire build layout is shown in Fig. 2. The recoater brings the powder
from East to West and the inert gas is infused from North to South with
the front of the machine facing south.

The parts on the first column from the left side are ghost specimens
which received 0 W laser power increasing the interlayer time interval
to reduce the chance of failure often caused during the recoating pro-
cess. Since residual stresses are not significant for vertical specimens

Nomenclature

b Fatigue strength exponent
b’ Estimated fatigue strength exponent
c Fatigue ductility exponent
E Modulus of elasticity
f Fatigue strength fraction factor
K’ Cyclic strength coefficient
K̄t Effective elastic stress concentration factor
K̄f Effective fatigue notch factor
n Stress state
n’ Cyclic strain hardening exponent
N Number of cycles
2Nf Reversals to failure
q Notch sensitivity of the material
Ra Arithmetical mean height of the profiled line
Rt Maximum peak-to-valley height of the profiled line
Rv Maximum valley height of the profiled line
RzISO 10-point height roughness of the profiled line
εa Strain amplitude
ε 'f Fatigue ductility coefficient
Δε

2
e Elastic strain amplitude

Δε
2

p Plastic strain amplitude

εp,acc Accumulated plastic strain
γ Material characteristic length
ρ̄10 10-point valley radii
σa Stress amplitude
σf ' Fatigue strength coefficient
σm Mean stress

Abbreviations

AB As-built surface condition
AM Additive manufacturing
DIMT Deformation induced martensite transformation
HCF High cycle fatigue
ICF Intermediate cycle fatigue
LB-PBF Laser beam powder bed fusion
LCF Low cycle fatigue
304L SS 304L stainless steel
M/P Machined and polished
SEM Scanning electron microscope/microscopy
SR Surface roughness
UTS Ultimate tensile stress

Fig. 1. Fatigue specimens designed based on ASTM E606, the standard test method for strain-controlled fatigue testing.
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[41,42], no stress relief was conducted on the AB specimen or rectan-
gular specimen blanks to avoid any environmental effects on the surface
of the AB parts during heat treatment. The oversized rectangular spe-
cimen blanks in the middle were machined to the final shape of the
round fatigue specimens with a straight gage section, given in Fig. 1.
According to the ASTM E606 standard, the gage section of machined
specimens was polished longitudinally after machining and the SR was
reduced to ~0.2 μm [40]. The cylindrical parts on the right are the AB
(net-shape) specimens, designed per Fig. 1. The 304L SS powder for this
print was produced by LPW Technology Inc., with the reported particle
size of 15–45 μm and the chemical composition as listed in Table 1.

The SR of the AB specimens was investigated parallel to the build
and loading directions as shown in Fig. 3(a), using a Keyence VHX-6000
digital microscope. The microscope provides pixel-height data as CSV
files that were analyzed using Matlab. For the present study, two-di-
mensional analysis along the scanned region, described as a yellow
shaded area on the gage section, was conducted. Five lines were pro-
filed on the scanned region as shown in Fig. 3(a) and investigated for
every image to enhance statistical aspects of the surface roughness data.
In order to consider the facing directional dependency, four cardinal
directions were measured. Fig. 3(b) schematizes the four measured
cardinal directions (North, East, South, and West) in relation to the gas
inlet and the route of the recoater arm.

Strain- and force-controlled fatigue tests were conducted on both AB
and M/P specimens. The uniaxial, fully reversed fatigue testing was
conducted using an MTS landmark servohydraulic test frame with a
load capacity of 100 kN. The strain and stress amplitudes were selected
to cover both high cycle fatigue (HCF) and low cycle fatigue (LCF) re-
gimes; strain amplitudes (εa) from 0.002 mm/mm up to 0.0075 mm/
mm, stress amplitudes (σa) from 200 MPa up to 400 MPa, and fre-
quencies from 0.5 Hz up to 5 Hz to maintain similar average cyclic
strain/stress rates. The sinusoidal waveform was utilized for both force-
and strain-controlled fatigue tests and an extensometer was mounted on
the gage of the specimens for all strain-controlled fatigue tests. For HCF
tests (N > 106 cycles), the test was paused at 1 million cycles and
resumed with increased frequency after removal of the extensometer. If
the reversals to failure reached 107, the tests were suspended and con-
sidered as run-out.

Failure for strain-controlled fatigue tests was considered as the life
at which the stress dropped to approximately 70% of the maximum
stress from recorded peak and valley data. On the other hand, the fa-
tigue failure for force-controlled tests was considered when the speci-
mens fractured. The final fracture surfaces after fatigue testing were
investigated by a Zeiss Crossbeam 550 scanning electron microscope
(SEM). The entire cross-sectional area was captured at ~20X to in-
vestigate the macroscopic fatigue crack characteristics. Higher magni-
fication at ~100X was then used to observe the crack initiation sites at
the surface. The area of the final catastrophic rupture was measured

using ImageJ software.

3. Experimental results and discussion

3.1. Surface roughness

The values of different SR parameters, the arithmetical mean height
of profiled line, Ra, the maximum peak-to-valley height of profiled line,
Rt, and 10-point height roughness of profiled line, RzISO were calculated
using measured surface height data. The equations to calculate Ra, Rt,
and RzISO are expressed here [38]:

∫=R 1
l

|Z(x)| dxa 0

l

(1)

= −R |y y |t max min (2)

∑ ∑= ⎡
⎣

+ ⎤
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5
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5
i max j 1

5
j min (3)

where l is the length of the measurement line, Z(x) is the height of point
x along the measurement line, ymax is the maximum peak of the profile,
and ymin is the minimum valley of the profile. For these surface para-
meters, five lines with a minimum length of 2 mm were used to get the
mean and standard deviations and characterize the directional and lo-
cational dependencies of SR.

SR parameters for each facing direction (i.e. North, East, South, and
West in Figs. 2 and 3) were investigated to decouple any directional
effects on the fatigue behavior. The differences in surface texture are
quantitatively shown in Table 2 and Fig. 4 with the directions corre-
sponding to Fig. 3(a). Interestingly, the south facincg direction shows
less variation in the measured data, which may be related to the lower
extreme surface roughness values for each parameter when compared
to the other directions. Despite these lower extreme values, however,
the box and whisker chart provided in Fig. 4 suggests that none of the
measured directional surface roughness parameters are significantly
different. Such a lack of directional dependency on SR may be influ-
enced by both a vertical build orientation and a cylindrical shape which
reduce stair effects and friction of recoater. In addition, SR was mea-
sured from cylindrical specimens which provided geometrical disparity,
hence it contains more variations. Although the directional dependency
of SR was not significant in this study, it should be noted that more
systematic studies, which are beyond the scope of this work, have re-
ported some directional dependencies of LB-PBF Ti-6Al-4V [43].

The roughness related to the proximity to the inert gas inlet was also
investigated to examine any locational dependence. The SR values of
each specimen are listed in Table 3 including averages and standard
deviations. Part locations on the substrate are schematically described
in Fig. 5(a), and (b) shows the box whicker chart for the SR parameters
related to specimens located either Northeast close to inert gas inlet,
East, or Southeast close to the inert gas outlet. It should be noted that
only the location dependency in relation to the gas injecting direction
(from North to South) has been investigated in this study for the AB
dog-bone specimens on the right side of the build plate in Fig. 5(a). The
box plots in Fig. 5(b) indicate that while there are no clear statistical
differences in SR among the three locations investigated (i.e. Northeast,
East, and Southeast), a decreasing trend in Rt and RzISO is somewhat
noticeable with parts located further from the gas inlet having the
lowest measured SR.

Fig. 2. The schematic build layout with cardinal points North, South, East, and
West. Inert gas flows from North to South and the recoater distributes powder
from East to West.

Table 1
The chemical composition of 304L SS powder, provided by LPW Technology.

C Mn P S Si Cr Ni Fe

0.017 1.20 0.012 0.005 0.55 18.40 9.40 Bal
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3.2. Fatigue behavior

The plastic and elastic strain amplitudes (Δε
2

p and Δε
2

e ), stress am-
plitude (σa), and mean stresses (σm) of strain-controlled tests were
measured from the data recorded by the extensometer. For
εa = 0.0075 mm/mm and εa = 0.003 mm/mm, mid-life hysteresis
loops were always used as representative values, while the hysteresis
loop at 106 cycles was used for M/P specimens at εa = 0.002 mm/mm,
which exceeded 106 cycles. If the reversals to failure reached 107, the
tests were suspended and considered as run-out. Strain-life and stress-
life plots from strain- and force-controlled fatigue tests are presented in
Fig. 6(a) and (b), respectively. The red data points represent the AB
surface condition and the blue data points represent the M/P surface
condition and arrows indicating run-out tests in both Fig. 6(a) and (b).
The test of specimen fC_MP_10 was suspended due to grip failure as
shown in Fig. 6(b).

Fig. 3. The schematic describing: (a) the details of build orientation, load di-
rection, and the profiled gage section on the specimen, and (b) the details of the
four regions in relation to the EOS M290 build plate.

Table 2
Mean and standard deviation values of SR parameters, Ra , Rt , and RzISO with AB
surface condition for each facing direction. The unit is μm.

Facing directions Ra Rz RzISO

North 13 (2) 80 (14) 65 (11)
East 13 (2) 81 (13) 66 (10)
South 12 (1) 75 (7) 60 (4)
West 12 (3) 80 (15) 62 (12)

Fig. 4. Box and whisker plot of the various SR parameters and corresponding
cardinal directions whithin the machine.

Table 3
Mean and standard deviation values of SR parameters, Ra , Rt , and RzISO with AB
surface condition for different locations on the substrate. The unit is μm.

Location of parts Ra Rz RzISO

Northeast 13 (2) 84 (11) 67 (8)
East 13 (3) 81 (16) 65 (13)
Southeast 11 (1) 71 (6) 57 (4)

Fig. 5. (a) Schematically described build plate from the top view. Circles are AB
dog-bone specimens and they are located restrictedly on the right side of the
substrate. (b) Values of SR parameters describing the locational dependency of
SR. The bars and error bars indicate means and standard deviations.
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The results presented in Fig. 6 show the detrimental effect of SR on
fatigue strength exists under both strain- and force-control modes,
however, the sensitivity to SR appears much greater for force-controlled
tests (i.e. stress-life approach). As it can be seen in Fig. 6(a) for strain-
life data, while no effect is seen in the LCF, significant effects of SR can
be noticed in the HCF data. However, the significant effect of SR on the
fatigue behavior is clearly visible in the stress-life data across all life
regimens of LCF, intermediate cycle fatigue (ICF) and HCF.

Hysteresis loops for strain-controlled fatigue tests were generated by
the strain data from the extensometer as shown in Fig. 7(a)–(d). The
hysteresis loops in Fig. 7 represent the cyclic stress-strain behavior of
the first and the ~mid-life cycle for both surface conditions at
0.0075 mm/mm and 0.003 mm/mm strain amplitudes. As seen, both
AB and M/P specimens exhibit cyclic softening at both strain levels. The
peak stress for the M/P specimens (Fig. 7(c) and (d)) are slightly higher
than those measured for the AB specimens (Fig. 7(a) and (b)). This is
because the true load-bearing cross-sectional area of AB specimens is
smaller than the measured cross-sectional area including the SR using a
caliper [14]. After considering Rt as a correction factor, the differences
between peak stress of the M/P specimen and AB specimen was de-
creased from 6.7% to 1.6%. This result confirms that SR of AB specimen
should not be included in the load-bearing region for stress calculations.

The cyclic stress-strain curves and data for specimens in AB and M/P
surface conditions and the quasi-static tensile stress-strain curve are
superimposed in Fig. 7(e). For AB specimens, revised load-bearing
cross-sectional areas were used to calculate more precise stress values.
The relationship between stress amplitude (σa) and measured plastic

strain amplitude (Δε
2

p ) is provided by Eq. (4) [44]:

⎜ ⎟= ⎛
⎝

⎞
⎠

σ K'
Δε

2a
p

n'

(4)

where K’ and n’ are the cyclic strength coefficient and cyclic strain
hardening exponent, respectively. K’ and n’ were calculated to be
591 MPa and 0.070 for AB specimens, and 587 MPa and 0.065 for M/P
specimens, confirming that SR does not significantly influence the
cyclic hardening/softening behavior. Accordingly, the cyclic stress-
strain curves were generated by the Ramberg-Osgood relationship [45],
expressed in Eq. (5), based on the obtained K’ and n’ for each set of
specimens (i.e. AB and M/P):
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The stress-strain plots in Fig. 7 demonstrate the considerable cyclic
softening of LB-PBF 304LSS for both surface conditions. The complex
cyclic deformation behavior of the LB-PBF 304L SS is shown for both
strain- and force-controlled conditions in Fig. 8. The stress response for
strain-controlled fatigue tests is shown for (a) εa = 0.0075 mm/mm, (b)
εa = 0.003 mm/mm for both AB and M/P surface conditions, while the
hysteresis loops for force-controlled tests at 375 MPa are provided for
specimens in (c) AB and (d) M/P surface conditions. The plots in
Fig. 8(a) and (b) illustrate cyclic softening for both AB and M/P spe-
cimens, and slightly greater maximum stress responses for M/P speci-
mens. As discussed in preceding paragraphs, this different maximum
stress response was caused by SR of AB specimens; hence, it can be
neglected in calculations. Therefore, the stress-strain behavior of LB-
PBF 304L SS over time are similar for these specimens regardless of
their surface condition.

Secondary cyclic hardening was evident after approximately mid-
life cycles for the εa = 0.0075 mm/mm tests according to Fig. 8(a). This
secondary cyclic hardening behavior has also been observed in wrought
304L SS and is related to deformation induced martensitic transfor-
mation (DIMT) in this material [46–48]. The M/P stress response plot
under high strain amplitude (εa = 0.0075 mm/mm) in Fig. 8(a) clearly
shows substantial secondary hardening, while the AB specimen exhibits
much less secondary hardening under the same strain amplitude. The
M/P specimen starts cyclic hardening from ~650 cycles and progresses
up to ~2000 cycles. The AB specimen also starts cyclic hardening from
~650 cycles, but failure occurs sooner than the M/P specimens, sug-
gesting that lower fractions of DIMT are formed resulting in the lower
observed secondary hardening. The reasons for this abrupt failure are
discussed in detail in the following Fractography Analysis section.

Under the force-controlled condition, Fig. 8(c) and (d) show the
deformation behavior is significantly different between the two surface
conditions. In Fig. 8(c) and (d), black lines indicate early cycle (10th
cycle) and red lines represent the last recorded cycle (5000th cycle for
AB and 106th cycle for M/P surface condition) since the extensometer
only recorded log data points. While in the early fatigue life the hys-
teresis loops are similar in size, the AB surface condition shows pro-
gressively greater plastic deformation in the later fatigue life stage. In
addition to the increasing amount of plastic deformation, the specimen
with AB surface condition also shows greater ratcheting (cyclic creep)
compared to the one with M/P surface condition as indicated by the
increasing mean strain in the final fatigue cycles. The remarkable ex-
pansion of the cyclic hysteresis loop and increasing mean strain sug-
gests that the crack stability of specimens in AB surface condition de-
teriorates suddenly as compared to the specimens with M/P surface
condition which will be discussed in detail in the fractography section.

The total strain-life curves of LB-PBF 304L SS based on strain am-
plitude and reversals to failure for AB and M/P specimens were gen-
erated by adding the elastic and plastic strain-life relations, expressed in
Eq. (6):

Fig. 6. (a) Strain-life and (b) stress-life plots from respectively strain-controlled
and force-controlled fatigue tests of AB and M/P specimens.

S. Lee, et al. International Journal of Fatigue 141 (2020) 105856

5



= = + = +Δε
2

ε Δε
2

Δε
2

σ '
E

(2N ) ε '(2N )a
e p f

f
b

f f
c

(6)

where σ 'f and b are fatigue strength coefficient and exponent, and ε 'f
and c are fatigue ductility coefficient and exponent [49]. All constants
(σ 'f , b, ε 'f , and c) were calculated using practically measured plastic and
elastic strain amplitudes as discussed previously. Each elastic and
plastic strain fitted line was calculated from elastic and plastic strain

amplitude data points, respectively, and added together to generate the
total strain curve. Solid lines in Fig. 9(a) describe total strain-life curves
for AB and M/P strain-controlled fatigue data. In addition, the dashed
line and dash-dot line represent the elastic and plastic strain-life fitted
curves, respectively. Obtained fatigue strength and ductility coefficients
and exponents with 95% confidence bounds are listed in Table 4.

Comparing the AB and M/P fatigue curves in Fig. 9(a), some in-
teresting observations can be made. For low-cycle strain-controlled

Fig. 7. Hysteresis loops of first and mid-life cycles for strain-controlled fatigue tests: (a) AB, εa= 0.0075 mm/mm, (b) AB, εa= 0.003 mm/mm, (c) M/P,
εa = 0.0075 mm/mm, and (d) M/P, εa = 0.003 mm/mm. (e) Quasi-static tensile and cyclic stress-strain curves based on Ramberg-Osgood relationship.
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fatigue loading, the discrepancy in fatigue resistance between AB and
M/P specimens is minimal. In general, the fatigue life in the LCF regime
is dominated by crack growth as the high amount of plasticity results in
cracks initiating in the early stage of fatigue life. As such, the effect of
SR on crack initiation is less prominent and the crack growth behavior,
which is more influenced by the microstructure, has a greater effect on
the LCF strength. As the strain amplitude decreases, the effect of SR
becomes increasingly detrimental as observed at εa = 0.002 mm/mm,
where the fatigue life of the AB specimens is at least an order of mag-
nitude lower than the ones for the M/P specimens. In the HCF regime,
the fatigue life is dominated by crack initiation such that surface fea-
tures associated with AB SR are much more detrimental to the fatigue
strength.

For force-controlled fatigue testing results (stress-life data), the
Basquin’s stress-life curves of LB-PBF 304L SS specimen in both surface
conditions are shown in Fig. 9(b). The details regarding Basquin’s
equation are provided in Eq. (7):

=σ σ '(2N )a f f
b (7)

where σa is the applied alternating stress, σ 'f is the fatigue strength
coefficient and represents the value of σa at the first cycle, and b is the
fatigue strength exponent or slope of the log-log stress-life curve [49].
The calculated coefficients and exponents for both surface conditions
are listed in Table 4 with 95% confidence bounds.

Based on the above investigations for each control mode, the surface
condition seems to have minimal effect on the fatigue strength in the
LCF and ICF regime of the strain-controlled fatigue tests. As shown in
Fig. 9(a), differences between AB and M/P are 220 reversals at
εa = 0.0075 mm/mm (eC_AB_3 versus eC_MP_1) and 15,592 reversals

at εa = 0.003 mm/mm (eC_AB_6 versus eC_MP_4). In the HCF regime,
the surface condition affected the strain-life fatigue behavior of the LB-
PBF 304L SS specimens considerably. For example, at εa = 0.002 mm/
mm, more than 2 orders of magnitude difference in reversals to failure
between AB and M/P specimens can be noticed in Fig. 9(a) (eC_AB_7
versus eC_MP_7).

Under the force-controlled testing, M/P specimens always exhibited
better fatigue performance than the AB specimens regardless of the life
regime, as evident from the stress-life plot in Fig. 9(b). For example, at
σa = 375 MPa which can be considered as the ICF regime, more than an
order of magnitude difference in reversals to failure between AB and M/
P specimens can be seen in Fig. 9(b). Lower stress amplitudes resulted
in a larger disparity between AB and M/P test specimens with the AB
condition showing almost two orders of magnitude decrease in fatigue
strength at σa = 300 MPa compared to the M/P condition (fC_AB_3
versus fC_MP_11).

In general, the stress-life behavior showed a greater sensitivity to SR
compared to the strain-life behavior. This discrepancy in loading effects
is believed to be related to the remarkable damage tolerance of 304L SS
such that the fatigue life is dominated by the deformation behavior of
the material. Under force-controlled loading, the crack stability dete-
riorates resulting in abrupt tensile fracture of the specimen, whereas
under strain-controlled loading the deformation is controlled, allowing
the crack to maintain stability through the entirety of the gage section.
Table 5 demonstrates this behavior by comparing the accumulated
plastic strains throughout the life of some specimens with different
surface conditions and tested under different control modes. Accumu-
lated plastic strains were calculated as the sum of the measured plastic
strains from the hysteresis loops. Since only logarithmic cycles were

Fig. 8. Stress responses of strain-controlled fatigue tests for (a) εa = 0.0075 mm/mm and (b) εa = 0.003 mm/mm, as well as hysteresis loops of force-controlled tests
for (c) σa = 375 MPa with AB surface condition and (d) σa = 375 MPa with M/P surface condition.
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recorded, the plastic strains of the intermediate cycles were taken from
the most recent measured cycle.

The accumulated plastic strain for M/P specimens is higher than the
AB specimens for both control modes. The difference in accumulated

plastic strain between surface conditions for strain-controlled mode is
only 11.62 mm/mm, however, the difference for force-controlled mode
is 46.17 mm/mm. Additionally, while the force-controlled M/P has
almost twice the accumulated plastic strain as that of the M/P strain-
controlled test, the force-controlled AB specimen has approximately
half of the accumulated plastic strain as compared to the one for the AB
strain-controlled specimen. The larger plastic strain accumulation for
the M/P force-controlled condition can be explained by the increasing
deformation resulting from the increasing true stress when accounting
for the decreasing load bearing area during the crack propagation in the
specimen. However, during the strain-controlled test, such an increase
in stress is not expected because of the reduction in the force response
as the stiffness drops as the crack propogates through the specimen. The
unstable deformation behavior for the force-controlled AB specimens
shown in Fig. 8(c) leads to early fatigue failure resulting in the lowest
measured accumulated plastic strain and accounting for the large dis-
parity between AB and M/P surface conditions. This disparity in ac-
cumulated plastic strain between the surface conditions under force-
controlled mode suggests an abrupt disruption to the crack stability
may be responsible for the greater sensitivity to SR.

3.3. Fractography analysis

The events leading to final fracture are distinct, and therefore,
provide information regarding crack initiation and propagation me-
chanisms. Fig. 10 shows the final fracture surfaces under
εa = 0.003 mm/mm with (a) AB and (b) M/P surface conditions. The
entire fracture surfaces, as well as the magnified crack initiation sites,
are presented in these images. In Fig. 10(a), arrows, dashed lines, and
shaded areas with red color indicate crack initiations, the early stage of
crack propagations, and surface defects, respectively. The multiple in-
itiated cracks in AB specimen, shown in Fig. 10(a), grew, coalesced, and
grew further until the final fracture. In contrast, the cracks of M/P
specimens shown in Fig. 10(b) were not solely initiated on the surface,
but also by internal defects close to the surface. Lack-of-fusion defects
highlighted as shaded areas were observed in both surface region and
internal part of M/P specimens, as shown in enlarged images of
Fig. 10(b). While the surface crack dominates the crack growth, it
coalesces with multiple internal cracks but maintains stability and
propagates through the entirety of the specimen under strain-controlled
testing, as seen in Fig. 10(b).

Fracture surfaces for force-controlled specimens were strikingly
different than the strain-controlled specimens. Fig. 11(a) and (b) show
the fracture surfaces of AB and M/P specimens both tested at
σa = 375 MPa. The cracks in AB specimens under force-controlled
loading similarly started on the surface at multiple locations as de-
scribed in Fig. 11(a), however, the shear lips visible at the merging
point of these cracks suggest that the failure occurred abruptly once the
cracks coalesced. For the M/P specimens, there were relatively fewer
crack initiations sites at the surface; however, there were multiple
cracks generated from the internal lack-of fusion defects, as shown in
enlarged images in Fig. 11(b). The internal cracks of M/P specimens did
not develop as rapidly as the surface cracks associated with the AB
condition, which is related to the lower driving force of internal cracks
compared to surface cracks. The smaller internal cracks coalesced with
the dominant crack initiated from the surface and maintained stable

Fig. 9. (a) Strain-life curves and fatigue data, as well as, (b) Basquin’s stress-life
curves and fatigue data for specimens in AB and M/P surface conditions. The
dashed line and dash-dot line in (a) represent the elastic and plastic strain-life
fitted curves, respectively.

Table 4
Strain-life and stress-life fatigue properties for LB-PBF 304L SS with AB and M/
P surface conditions. The 95% confidence bounds are also provided.

Surface conditions

AB M/P

Strain-Life σ 'f (MPa) 471 (418, 524) 364 (281, 446)
B −0.07 (−0.08, −0.05) −0.03 (−0.05, −0.01)
ε 'f (mm/mm) 2.1180(−0.3026,

4.5380)
1.0310(−0.7099,
2.7730)

C −0.74(−0.88, −0.60) −0.64(−0.83, −0.44)
Stress-Life σ 'f (MPa) 1359(847, 1871) 639(497, 782)

B −0.13(−0.17, −0.10) −0.04(−0.06, −0.03)

Table 5
Examples of accumulated plastic strain throughout the life of select specimens from strain- and force-controlled fatigue tests with AB and M/P surface conditions.

Control mode Surface condition Specimen ID εaor σa (mm/mm or MPa) εp,acc(mm/mm) 2Nf (reversals)

Strain control AB eC_AB_5 0.003 16.70 32,448
M/P eC_MP_5 0.003 28.32 60,986

Force control AB fC_AB_1 375 8.44 10,370
M/P fC_MP_5 375 54.61 231,782

S. Lee, et al. International Journal of Fatigue 141 (2020) 105856

8



crack growth, i.e. did not fail abruptly at the point of a merger as was
the case for the AB specimens.

Comparing the AB and M/P fracture characteristics suggest that the
greater sensitivity to SR of force-controlled tests can be correlated to the
sudden loss of crack stability for the AB condition when multiple cracks
coalesce. The area of crack propagation was measured for these two
surface conditions in Fig. 11 for force-controlled tests and show that the
stable crack growth region of the AB surface condition is approximately
29%, while it is approximately 45% for the M/P condition. This in
conjunction with the unstable deformation behavior shown in the AB

hysteresis loops presented in Fig. 8(c) demonstrates the sudden loss of
stability for the AB surface condition can be attributed to the fast
propagation of cracks initiated from the surface and them quickly
merging with each other.

Under stress-based conditions (i.e. force-controlled testing), the true
stress increases significantly as the cracks grow and the coalesce from
multiple cracks and promotes crack instability, ultimately yielding
shorter fatigue lives. Under strain-based loadings (i.e. strain-controlled
testing), the deformation is controlled, so despite the decreasing load
bearing area attributed to crack growth, stiffness drops, the stress

Fig. 10. Observed final fracture surfaces for strain-controlled fatigue test under εa = 0.003 mm/mm for specimens with (a) AB and (b) M/P surface conditions.
Arrows, dashed lines, and shaded areas with a red color in (a) show crack initiations, the early stage of crack propagations, and defects at the surface, respectively.
The shaded areas in (b) describe defects caused by lack-of-fusions.
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response does not increase as much, and crack stability is maintained
throughout the fatigue life. As such, the strain-life fatigue behavior is
less sensitive to SR as compared to stress-life fatigue behavior.

4. Fatigue life estimations based on surface roughness

The characterized fracture surfaces show that SR can be a dominant
factor in crack initiation and the reason for the shorter fatigue lives in
AB specimens. AB surface topology can be categorized by peaks and
valleys with un-melted or partially melted powder particles mostly
contributing to the peaks. The peaks on the surface do not affect the
fatigue behavior, however, the valleys on the surface of AB specimens

act as micro-notches promoting early life crack initiation [24]. As a
result, the AB specimens can be considered as notched specimens due to
SR, with the most severe notches contributing to the lower fatigue re-
sistance of AB specimens. Several factors dictate the severity of micro-
notch with the depth and sharpness of the valley most likely being the
dominant characteristics.

In order to estimate the effect of SR on fatigue strength in this study,
the SR is considered as micro-notches and the stress concentration
factors are calculated based on the Arola-Ramulu model [39,50].
Height-pixel SR data generated by digital focal variation microscopy
are evaluated. The maximum peak-to-valley roughness (Rt), 10-point
height roughness (RzISO), and 10-point valley radii (ρ̄10) were calculated

Fig. 11. Observed final fracture surfaces for force-controlled fatigue test under σa = 375 MPa for specimens with (a) AB and (b) M/P surface conditions. Red arrows
and dashed lines in (a) show crack initiations and early stage of crack propagations, respectively. The shaded areas in (b) describe defects caused by lack-of-fusions.
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using Eqs. (2), (3), and (8), respectively:

∑= ⎡
⎣

⎤
⎦= −ρ̄ 1

5
ρ10 j 1

5
j min (8)

where ρj are the radii of the deepest valleys. To minimize the error of
height-pixel analysis, the Gaussian filter was applied [51].

The notch sensitivity of the material (q), the effective elastic stress
concentration factor (K̄t), and the effective fatigue notch factor (K̄f )
need to be calculated using surface characteristics values; Ra, Rt, RzISO,
and ρ̄10. The relationships between these parameters are expressed in
Eqs. (9), (10), and (11) [39,52]:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

q 1/ 1 γ
ρ̄10 (9)

⎜ ⎟⎜ ⎟= + ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

K̄ 1 n R
ρ̄

R
Rt

a

10

t

zISO (10)

= + −K̄ 1 q(K̄ 1)f t (11)

where the stress state (n) is assumed to be 2 for the tension and the
material characteristic length(γ) is considered to be 13 μm based on the
LB-PBF 304L SS average grain size [53]. Accordingly, the average and
standard deviation of surface characteristics values (i.e. Ra, Rt, RzISO,
and ρ̄10) , the effective elastic stress concentration factors and the ef-
fective fatigue notch factors (i.e. q, K̄t, K̄f ) for AB specimens are cal-
culated and listed in Table 6. Since the values were generated by the
data from many specimens with four directions (with a total of 180
profiled lines), the results can be considered statistically reliable.

The stress-life behavior of M/P specimens were estimated using
ultimate tensile stress (UTS) of LB-PBF 304L SS [53], 650 MPa, and
experimentally obtained fatigue endurance limit, 300 MPa at 107 re-
versals. The fatigue strength fraction factor, f = 0.85, was acquired by
UTS [54] and the fatigue strength, 553 MPa at 2000 reversals, was
calculated by using obtained f and UTS. The stress-life curve is gener-
ated as a straight line through the estimated fatigue strength at 2000
reversals and the experimental endurance limit at 107 reversals, which is
described as a blue line in Fig. 12(a). To estimate the AB stress life
curve, the experimentally obtained endurance limit of M/P specimens,
300 MPa was divided by the estimated effective fatigue notch factor,
K̄f = 2.30, calculated based on the SR and methodology explained
above, to estimate the endurance limit of AB specimens. The calculated
endurance limit of AB specimens, 130 MPa at 107 reversals, is connected
as a red line with the estimated fatigue strength, 553 MPa at 2000 re-
versals as shown in Fig. 12(a).

As seen in Fig. 12(a), the estimated AB line generated by SR para-
meters, endurance limit of M/P specimens, UTS, and fatigue strength
fraction, captures the detrimental effect of the SR on the stress-life fa-
tigue behavior of AB specimens. Furthermore, the predicted versus the
experimentally observed fatigue lives of AB specimens under force-
controlled testing with a scatter band of two is given in Fig. 12(b). All
data points fall within the scatter band of two demonstrating the ef-
fectiveness of predicting the stress-life behavior of AB specimens based
on SR and the procedure described above. It is worth reminding that the
stress-life curve for AB specimens is generated without the use of any
AB fatigue data and it seems to provide an effective design tool when
data related to a particular SR is not available.

The other approach to correct the stress-life fatigue behavior for the
effect of SR is to use the power law equation; for example, Basquin or
Tri-Slope approach. It is well established that the SR affects the slope of
the stress-life curve in the HCF regime [49]. If the stress-life fatigue
properties of M/P specimens are available, the stress-life curve for AB
specimens can be potentially estimated based on the effective fatigue
notch factor (K̄f ) calculated for the relevant SR and the assumed run-out
number of reversals. For example, the Basquin equation for M/P spe-
cimens can be revised to capture the effect of SR for parts that are not
machined/polished or have undergone other techniques of surface

treatments as follows:

= −σ σ '(2N )a f f
b 0.143 log(K̄ )f (12)

where σ 'f and b are the coefficient and exponent of the power-curve
(either using Basquin or Tri-Slope methods) to the stress-life data of M/
P specimens based on 107 number of reversals for the run-out tests. The
effective fatigue notch factor (K̄f ) can be calculated from Eqs. (2), (3),
and (8)–(11). It is worth noting that the Tri-Slope method typically
provides a better fit to stress-life data, and therefore, it is also re-
commended here to use the coefficient and exponent of the power-
curve to the ICF/HCF stress-life data based on the Tri-Slope approach.
Again it should be mentioned that no fatigue data for the material with
SR is needed in Eq. (12) and the information about the SR will be
adequate for the described fatigue life calculations.

Fatigue strength of LB-PBF 304L SS specimens in AB surface con-
dition under strain-controlled loading was also estimated by the effec-
tive fatigue notch factor approach as shown in Fig. 13 using the same
approach for calculating the effective fatigue notch factor K̄f = 2.30 for
AB specimens. There are not many effects of SR in LCF due to the sig-
nificant presence of plastic deformation, while the effects of SR are
primary in HCF where elastic strain is dominant. In order to adapt the
influence of SR, the elastic portion of the total strain-life curve of M/P
specimens is solely adjusted based on the calculated effective fatigue
notch factor [49]. The elastic strain amplitude at 107 reversals,
Δε

2
e = 0.0019 mm/mm, was obtained from the fitted elastic strain-life

curve of M/P specimens, and then it was divided by K̄f = 2.30 to es-
timate the effect of SR. The estimated elastic strain amplitude at 107

reversals, Δε
2

e = 0.0008 mm/mm, is connected as a red dashed line in
Fig. 13(a) with elastic strain of M/P specimens at the first reversal,
Δε

2
e = 0.0034 mm/mm. As a result, the estimated elastic strain-life

curve of AB specimens was added to the plastic strain-life curve of M/P
specimens, resulting in the total estimated strain-life curve of AB spe-
cimens as a solid red curve in Fig. 13(a).

Alternatively, the elastic portion of the total strain-life equation
generated from the fitted curves to M/P strain-life fatigue data can be
adjusted for the fatigue strength exponent based on the effective fatigue
notch factor (K̄f ) calculated from Eqs. (2), (3), and (8)–(11). Based on
the 107 run-out reversals considered in this study the total strain-life
equation for specimens with SR can be written as:

= = + = +−Δε
2

ε Δε
2

Δε
2

σ '
E

(2N ) ε '(2N )a
e p f

f
b 0.143 log(K̄ )

f f
cf

(13)

where σ 'f , b, ε 'f , and c are obtained from strain-life fatigue data of M/P
specimens. The only information from the specimens with SR needed in
this approach is the surface topography to calculate K̄f , as no AB fatigue
data is utilized.

The estimated versus experimentally observed fatigue lives of AB
specimens under strain-controlled loading with scatter bands of two is
shown in Fig. 13(b). All estimated fatigue lives again fall within the
scatter bands of two from experimentally obtained fatigue lives. Fatigue
strength estimation using a effective fatigue notch factor based on SR
parameters successfully predict fatigue lives of AB specimens not only
under force-controlled (stress-life) but also under strain-controlled
(strain-life) fatigue tests. However, it should be noted that the predic-
tion method is distinct for each control mode. In terms of using the SR
parameters and the experimentally obtained fatigue data for M/P spe-
cimens, these estimation approaches show great potential as non-

Table 6
Calculated SR characteristics, effective stress concentration factors, and effec-
tive fatigue notch factors for fatigue life estimation of AB specimens.

Ra(μm) Rt(μm) RzISO(μm) ρ̄10(μm) q K̄t K̄f

Average 12 79 63 12 0.45 4.12 2.30
(STD) (2) (13) (10) (4) (0.09) (1.41) (0.36)

S. Lee, et al. International Journal of Fatigue 141 (2020) 105856

11



destructive fatigue life prediction methods for parts with SR typical to
AM processes.

5. Conclusions and future outlook

The main objective of this research was to assess the effect of surface
roughness and loading (i.e. force versus deformation) on the cyclic
deformation and fatigue behavior of LB-PBF 304L SS. Through a rig-
orous experimental approach, the sensitivity to surface roughness was
investigated for both stress-based and strain-based fatigue testing
through post-mortem fracture analysis, and classical fatigue modeling
approaches. Several interesting and impactful conclusions can be drawn
from this study as listed here:

1. Surface roughness measurements on the various faces and speci-
mens from different locations on the build plate suggest that while
directional effects on surface roughness are minimal, there is a
certain locational dependency based on the position of the part re-
lative to the inert gas inlet. However, the effect of locational de-
pendency on the surface roughness of LB-PBF 304L SS was also
found to not be statistically significant.

2. The crack initiation for the as-built specimens is dominated by the
surface features in the high cycle fatigue regime resulting in an early
fatigue life crack initiation, while defects at or near the surface are
the dominant initiation mechanisms for the specimens with ma-
chined/polished surfaces.

3. The low cycle fatigue regime shows little to no effect from surface
roughness for strain-based fatigue loading, indicating the micro-
structure is more influential to the fatigue life despite the presence
of surface roughness (i.e. potential stress concentrations) at the
surface of as-built specimens.

4. The sensitivity to surface roughness is thus dependent on the
loading condition with strain-based fatigue loadings showing lower
sensitivity to roughness, particularly in the low cycle fatigue regime.
Under stress-based fatigue loading, the sensitivity to surface
roughness was observed for all stress levels and increased sig-
nificantly for the lower stress amplitudes.

5. The general effect of surface roughness on the stress-life fatigue
behavior of LB-PBF 304L SS can be adequately estimated using
standard surface roughness parameters, a geometrical parameter
based on notch sharpness, ultimate tensile strength, grain size, and

Fig. 12. (a) Stress-life fatigue plot with estimated fatigue strength using the
endurance limit of M/P data, a fatigue strength fraction with UTS, and an ef-
fective fatigue notch factor based on SR parameters. (b) Estimated fatigue lives
compared to experimentally obtained fatigue lives with the scatter bands of two
for AB specimens.

Fig. 13. (a) Strain-life fatigue plot based on experimental data for M/P speci-
mens and estimated curve for AB specimens based on correcting the elastic
strain behavior using an effective fatigue notch factor with SR parameters. The
blue dashed line and dash-dot line represent the experimentally obtained elastic
and plastic strain-life of M/P specimens. The red dashed line represents the
estimated elastic strain-life of AB specimens. (b) Estimated fatigue lives com-
pared to experimentally obtained fatigue lives with the scatter bands of two.
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smooth surface endurance limit. Fatigue life predictions for speci-
mens with as-built surface roughness utilizing this approach fall
within scatter bands of two from experimentally obtained fatigue
lives.

6. For strain-based fatigue loading, a classical approach utilizing a
surface factor to correct the elastic portion of the total strain-life
curve can adequately capture the surface roughness effects. Fatigue
life predictions utilizing this approach also fall within scatter bands
of two from experimentally obtained fatigue lives for specimens in
as-built surface condition.

In closing, the results and analysis presented in this study demon-
strate a simple approach for predicting the detrimental effect of as-built
surfaces on the fatigue behavior for both stress- and strain-based loads.
While these results have shown success for both 304L SS and Ti-6Al-4V
[24], which show vastly different cyclic stress-strain behaviors, addi-
tional studies on other additive manufactured metals including post
processing are necessary to further validate this method. For example,
Ni-based superalloys are particularly interesting as AM is increasingly
being explored for fabricating high temperature turbine blades with
internal cooling channels. Additionally, as Ni-based superalloys and
many other materials require extensive post-process including surface
and thermal treatments to achieve desired mechanical performance,
understanding the influence of such treatments on the surface condition
and resulting fatigue resistance is critical. Showing success of this ap-
proach for additional material systems and surface conditions would
further advance additive manufacturing as a universally applicable
technology to fabricate fatigue and fracture critical components with
complex geometries.
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