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ARTICLE INFO ABSTRACT

Keywords: The influence of part size and geometry on the melt pool size, microstructural features, and resulting mechanical
Fatigue properties of additive manufactured 17-4 precipitation hardening (PH) stainless steel (SS), fabricated using a
Melt pool laser beam powder bed fusion (LB-PBF) process is investigated. Three different types of geometries including a

Specimen property
Part performance
Porosity

dog-bone part (i.e. representing the specimen or the witness coupon) and two square rods with different cross-
sectional sizes (i.e. representing the parts) were designed and fabricated using the same set of process para-
meters. Mechanical properties were determined under quasi-static tensile and uniaxial strain-controlled fully-
reversed fatigue loading conditions. Experimental results confirmed a minimal effect of part geometry on the
tensile behavior of the LB-PBF 17-4 PH SS as the yield strength ranged from 1145 to 1198 MPa and ultimate
tensile strength varied from 1171 to 1231 MPa. On the other hand, part geometry had a significant impact on the
fatigue behavior in the high cycle regime. Specimens fabricated from the large square blocks contained the
lowest amount of porosity, and consequently, exhibited the highest fatigue resistance. On the contrary, the
highest amount of porosity was observed in the specimens fabricated from the dog-bone parts resulting in an
inferior fatigue resistance as compared to other geometries. Microstructural analysis was performed to estimate
the effect of part geometry on the thermal history experienced during manufacturing by measuring the melt pool
dimensions. Some effects of geometry on the melt pool dimensions were observed as the melt pool depth was
found to be shorter for dog-bone specimens and longer for large block specimens. The less elongated melt pools
in dog-bone specimens can be attributed to higher cooling rate experienced by the specimens resulting in more
entrapped gas pores.

1. Introduction

The ability of additive manufacturing technology to fabricate parts
with complex geometries and even assemblies has attracted significant
attention from aerospace, biomedical, and automotive industries
alongside various academic and governmental institutions. Despite
various advantages of this emerging technology, additive manufactured
(AM) parts are susceptible to inherent defects such as entrapped gas
pores and lack of fusion (LoF) [1-4]. Distribution and quantity of such
defects can be affected by the thermal history experienced during the
manufacturing process, which in turn is a function of process para-
meters (e.g. laser power, hatch spacing, layer thickness, etc.) and design
parameters (e.g. part geometry and build orientation) [5-7]. As a result,

the effects of process and design parameters on defect distribution and
ultimately mechanical properties of AM parts, specifically under fatigue
loading, need to be investigated.

Moreover, the partially known effect of design parameters on the
thermal history, microstructure, defects, and mechanical properties
causes significant challenges in standardization, qualification, and
certification of AM parts [8]. For example, the relationships between
small specimen properties measured in the laboratory to AM part per-
formance under service loading should be determined before specimen
properties can be used for qualification and certification of these parts
[9,10]. Therefore, one is required to well understand how variations in
design parameters, such as part size, geometry, and build orientation,
affect the microstructural and mechanical properties and how the
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Nomenclature

2Ny Reversals to failure

d, Melt pool depth

d, Overlap between consecutive melt pools
R, Ratio of minimum to maximum strain

t Layer thickness

€q Strain amplitude

& Fracture strain

O Stress amplitude

Om Mean stress

o Yield strength

Oy Ultimate tensile strength

process parameters can be adjusted for the specimens to be re-
presentative of the critical location of the part under service loading.

Several studies have been conducted to investigate the effects of
various process parameters on the formation and distribution of dif-
ferent defect types. Cunningham et al. [11] investigated the effect of
process parameters on the formation of different types of internal (i.e.
volumetric) defects in Ti-6Al-4V parts fabricated using laser beam
powder bed fusion (LB-PBF) process and categorized them into LoF,
keyholing, and entrapped gas pores. The LoF defects are recognized by
their irregular shape and larger size (> 100 um) resulting from an in-
sufficient overlap between adjacent layers or melt pools. Keyhole pores
that are formed due to the vaporization of elements because of a high
laser power and/or a low scan speed typically have more circular shape
compared to the LoF. The entrapped gas pores resulting from the en-
trapment of gas pores in the melt pool are either present in the powder
particles or come from the inert atmosphere. These types of defects
typically have spherical morphology and smaller size as compared to
the other two types (i.e. LoF and keyhole pores) [11].

Weingarten et al. [12] studied the formation of hydrogen entrapped
gas pores as a function of scan speed in Al-Si-10Mg alloy fabricated
using a LB-PBF process. An increase in scan speed was found to decrease
the time between melting and solidification, resulting in less time for
the hydrogen present as moisture in the powder to escape the melt pool,
which causes the formation of entrapped gas pores [12]. Sheridan et al.
[13] conducted a study to determine the distribution of porosity re-
sulting from different scan patterns and variation in processing para-
meters including laser power, scan speed, and hatch spacing on the
fatigue life of LB-PBF Inconel 718. First, they fabricated specimens
using three types of meander scan strategies: continuous, stripe, and
island. The smallest maximum pore size and longest fatigue lives were
observed for specimens fabricated using the continuous meander scan
strategy. For the second set of experiments, they fabricated specimens
using a different combination of process parameters and reported the
lowest porosity level and significantly better fatigue lives for specimens
fabricated with higher scan speed and narrower hatch spaces [13].

On the other hand, studies on the effects of additive manufacturing
design parameters on the distribution and formation of defects as well
as the resultant mechanical properties have been mostly focused on the
build orientation [14-17] and inter-layer time intervals [7,18]. For
example, in a study conducted by Zhao et al. [19], a higher amount of
porosity was reported for Al-Si-12Mg alloy fabricated in the horizontal
direction compared to the vertical direction. Furthermore, irrespective
to the build orientation, the fatigue life of LB-PBF Al-Si-12Mg was
shown to primarily be governed by the size of the pores responsible for
crack initiation. In the presence of similar size pores, the horizontally
built specimens exhibited better fatigue resistance compared to the
vertically built ones, which was attributed to the tendency of the cracks
to propagate on the loading plane along the weakly bonded layers in
the vertical specimens [19].

Similar observations were made in [16], in which a larger amount of
LoF defects was noticed in the gage section of LB-PBF 17-4 PH SS
specimens fabricated in horizontal direction compared to the ones built
in vertical direction. Interestingly, even with the presence of a higher
amount of defects, horizontal specimens exhibited better fatigue per-
formance compared to the vertically built specimens. This anisotropy in
the fatigue behavior was associated with the orientation of LoFs with

respect to the loading direction. Due to the higher angle between the
layer orientation (i.e. wide side of LoF defects) and the loading plane,
higher stress concentrations are expected in vertical specimens as
compared to the horizontal specimens. However, this anisotropic be-
havior may also depend on the type of defect initiating the fatigue
crack, as the build orientation effect was minimum in LB-PBF Ti-6Al-4 V
in the absence of LoF defects [20].

The orientation at which the specimens are fabricated can also re-
sult in the variation in heat dissipation within the same part and affect
the formation of defects including surface roughness and pores. Pegues
et al. [21] observed the surface roughness in LB-PBF Ti-6Al-4 V speci-
mens fabricated at an angle of 45° to the built plate (i.e. diagonal di-
rection) to be higher for the down-skin surface (i.e. surface facing the
build plate) as compared to that of the up-skin surface (i.e. surface fa-
cing opposite to the build plate). The variation in the surface roughness
was attributed to the difference in the volume of the solidified material
available for the dissipation of heat during the fabrication of up-skin
and down-skin surfaces. During the fabrication of up-skin surfaces, the
majority of supplied heat is dissipated through the previously solidified
layers. On the other hand, due to the smaller volume of solidified ma-
terial available for the heat dissipation during the fabrication of down-
skin surfaces, the specimen edge remains hotter for a longer period of
time, which may result in a higher number of partially melted powder
particles attached to the surface, and therefore, an increase in the
surface roughness. Cracks in all specimens initiated from the down-skin
surface with higher surface roughness. Similar results were also re-
ported in [9] for LB-PBF Inconel 718, in which a higher surface
roughness along with larger number of close-to-surface pores of down-
skin surface of the diagonally fabricated parts initiated the crack in all
specimens.

The effects of varying inter-layer time intervals on the mechanical
properties and formation of defects in 316 L SS fabricated using a laser
beam directed energy deposition (LB-DED) process were reported in
[7]. To vary the inter-layer time interval, one cylindrical rod per build
and multiple cylindrical rods per build were fabricated in vertical di-
rection. Due to longer inter-layer time interval, multi-built specimens
exhibited finer grains resulting in higher Vickers hardness, as well as
yield and ultimate tensile strengths when compared to the specimens
fabricated one at a time (i.e. single built). However, due to the higher
inter-layer time interval, multi-built specimens contained higher
amount of defects, resulting in them having a decreased elongation to
failure. Similar results were also reported for Ti-6Al-4V specimens
fabricated using an LB-DED method in [18]. Shorter fatigue lives of the
double-built specimens as compared to the single-built ones were re-
lated to the presence of large LoF defects in double-built specimens as
compared to smaller spherical pores in single-built specimens.

The effects of design parameters including, build orientation and
inter-layer time interval as well as process parameters, on the mono-
tonic tensile and compressive properties of LB-PBF 17-4 PH SS were
studied in [22]. Better yield and ultimate tensile strengths were re-
ported for horizontally built specimens when compared to the vertically
built specimens. Furthermore, the effect of inter-layer time interval for
specimens fabricated in vertical direction was only seen to affect the
hardness of the material, while other tensile properties were somewhat
similar. This variation in hardness was associated with the dis-
crepancies seen in the microstructure, resulting from differences in the
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thermal history. Shorter time interval during the fabrication of single-
built specimens resulted in a higher bulk temperature and lower cooling
rate, leading to the presence of retained austenite, which decreased the
hardness of LB-PBF 17-4 PH SS specimens. In the case of multi-built
specimens, the longer inter-layer time interval resulted in lower bulk
temperature, higher cooling rate, and presence of harder martensitic
phase; thus, increasing the hardness value. Finally, the optimized pro-
cess parameters obtained by decreasing the scan speed from 350 mm/s
to 300 mm/s, while keeping the inter-layer time interval constant, was
observed to improve the ultimate tensile strength and elongation to
failure and result in smaller size pores and lower amount of porosity in
the fabricated specimens [22].

Yang et al. [23] investigated the effects of energy per unit volume
(volumetric energy density) and energy per unit area (areal energy
density) on the formation of different types of defects including LoFs,
small entrapped gas pores, and large keyhole pores for LB-PBF Al-7Si-
Mg and Al-10Si-Mg alloys. Both volumetric and areal energy densities
depended on the process parameters, mainly laser power, scan speed,
and hatch spacing. The primary difference between the two types of
energy densities was the consideration of layer thickness along with
other parameters for calculation of volumetric energy density, while the
layer thickness was excluded from calculation of the areal energy
density. Results showed that a low volumetric energy density was re-
sponsible for formation of LoF defects, a high areal energy density was
associated with the formation of small spherical entrapped gas pores,
and a high volumetric energy density coupled with utilized meander
scan strategy were responsible for larger key hole pores. The effect of
part geometry on the distribution of defects was also investigated in
[23] by fabricating a special type of specimen that consisted of cubic
geometry at the bottom, cylinder in the middle section, and thin plate at
the top. It was found that the thin plate section contained a higher level
of porosity as compared to other two sections. This was attributed to the
smaller cross-sectional area available in the thin plate for the heat to
dissipate along with the use of meander scan pattern [23].

Therefore, formation and distribution of defects may be affected by
changing the design parameters (e.g. part geometry, size or orienta-
tion), while keeping the process parameters constant. Furthermore, due
to the localized nature of fatigue failure, even small variations in defect
features can significantly affect the fatigue life of AM parts. While many
studies on the effects of layer orientation and inter-layer time interval
are available, a systematic investigation to evaluate the effects of geo-
metry changes on the microstructure, defect features, and mechanical
properties of AM parts is missing in the literature. Such studies are
needed to better understand specimen property to part performance
relationships, which ultimately supports standardization, qualification
and certification of AM materials/parts. Thus, this study is designed to
fill this gap by conducting an investigation into the effect of part geo-
metry on the tensile and fatigue properties of LB-PBF 17-4 PH SS in
relation to defect size and distribution.

In this study, 17-4 PH SS, a martensitic/austenitic precipitation-
hardenable stainless steel is selected as the material of interest due to its
weld-ability, which makes it suitable for the additive manufacturing
processes [24]. Additionally, this grade of stainless steels possesses
superior mechanical properties including high yield and ultimate ten-
sile strengths, fracture toughness, and corrosion resistance at working
temperatures below 300 °C [25,26], making it a desired material for
aerospace, naval, marine, and nuclear applications. After the in-
troduction, experimental procedures are presented, followed by the
results obtained from different experiments. The experimental results
are then discussed based on variations in thermal history experienced
during manufacturing, estimated based on microstructural analysis.
Finally, some conclusions drawn from this study are presented.
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Table 1
Chemical composition of 17-4 PH SS powder provided by LPW Technology Inc.

Element Fe Cr Ni Mo Mn Si N

Weight (%) Balance 15.6 4.03 <0.01 0.24 0.29 0.01
Element (o] P C S Cu Nb
Weight (%) 0.05 0.004 0.01 0.003 3.89 0.33

2. Experimental procedures
2.1. Material and specimens preparation

Argon atomized 17-4 PH SS powder from LPW Inc. with the che-
mical composition shown in Table 1 was used in this study. All parts
were fabricated in vertical direction (i.e. perpendicular to the build
plate) using EOS M290, an LB-PBF machine, under nitrogen environ-
ment. Three different groups of part geometries, including a dog-bone
part with 7 mm diameter (i.e. representing the laboratory specimen or
the witness coupon) and two types of square rods with 12 x 12 mm?
and 25 x 25 mm? cross-section (i.e. representing parts) as shown in
Fig. 1(a—c), respectively, were fabricated. These parts were designed to
introduce variations in thermal history resulting from differences in
part size and geometry. All parts were fabricated using default process
parameters provided by EOS, as listed in Table 2. As can be seen from
Fig. 1 for each part category, there were several parts on the build plate
resulting in inter-layer time intervals of 59s, 52, and 59s for dog-
bones, small blocks, and large blocks, respectively. Additionally, to
conduct an accurate melt pool size analysis at the gage section of spe-
cimens, one set of parts including both the dog-bone and square rods
was also manufactured up to the middle of the gage section (i.e. half-
built specimens), following the exact same inter-layer time intervals of
full builds.

To reduce the variability in the specimens, dog-bone parts as well as
small and large square rods were machined into identically sized round
specimens, based on the schematic shown in Fig. 2(a), with uniform
gage section following ASTM Standard E606 [27] with the dimensions
presented in Fig. 2(b). It should be noted that the required minimum
gage diameter of 6.35 mm in ASTM Standard E606 was deviated in this
study to ensure an adequate removal of the material at the gage section
of dog-bone specimens during the machining process [9]. The 25 x 25
mm? square blocks (i.e. large blocks) were first cut in the longitudinal
direction into four square rods with equal cross-section of approxi-
mately 12 X 12 mm?. For simplicity purposes, the specimens machined
from the dog-bone parts, square rods with 12 x 12 mm? cross-section,
and square rods with 25 x 25 mm? cross-section will be referred to,
respectively, as dog-bone, small block, and large block specimens
throughout this manuscript.

Due to the existence of precipitation mechanisms in 17-4 PH SS, the
applied heat treatment procedure can have a significant effect on the
mechanical behavior [28]. In this study, all of the machined specimens
were subjected to CA-H1025 heat treatment condition in which the
specimens were first heat treated at 1922 °F for half an hour followed by
air cooling (solution treatment). In addition, specimens were further
aged at 1025 °F for four hours followed by air cooling. It was shown in a
recent study [28] that CA-H1025 heat treatment could be very effective
in homogenizing the microstructure of LB-PBF 17-4 PH SS specimens.
All the heat treating steps were conducted in a batch furnace in the
argon environment. Following the heat treatment, specimens were
polished using different grit sand papers to remove machining marks
and eliminate any effects of surface condition on the fatigue behavior.

2.2. Mechanical testing

Mechanical characterizations, including quasi-static tensile and
uniaxial fatigue tests, were performed using a closed-loop servo
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Fig. 1. LB-PBF 17-4 PH SS parts fabricated in vertical direction with three different geometries: (a) cylindrical dog-bone parts with 7 mm gage diameter, 90 mm
height and a time interval of 59 s, (b) small blocks with dimensions of 12 x 12 x 90 mm?® and a time interval of 52 s [33], and (c) large blocks with dimensions of

25 x 25 x 90 mm® with a time interval of “59.

hydraulic MTS Landmark machine with load capacity of 100 kN. An
MTS mechanical extensometer with a gage length of 10 mm was used to
both measure the axial deformation on the gage section of the specimen
as well as to control the test. As mentioned earlier, all of the specimens
were fabricated following ASTM Standard E606 [27]; hence, the quasi-
static tensile properties of LB-PBF 17-4 PH SS in this study were not
obtained from specimens designed by following ASTM Standard E8/8 M
[29] for tension testing. Quasi-static tensile tests were conducted at a
strain rate of 0.001 s~! first under strain-controlled mode up to
0.045 mm/mm strain followed by displacement-controlled mode until
failure. Extensometer was removed after the strain-controlled mode
portion of the test to prevent it from being damaged due to its small
travel limit. Two tensile tests were conducted for each specimen type to
confirm the consistency of the results.

Since the main purpose of this study was to investigate the effect of

Table 2

part geometry on the fatigue behavior and not to establish a strain-life
curve for LB-PBF 17-4 PH SS, the uniaxial fatigue tests were conducted
only at two fully-reversed (R, = -1) strain amplitudes of 0.0030 mm/
mm and 0.0035 mm/mm. From the preliminary studies, LB-PBF 17-4
PH SS specimens subjected to CA-H1025 heat treatment procedure were
seen to primarily exhibit elastic deformation at the strain amplitude of
0.0030 and 0.0035 mm/mm without any evidence of strain hardening
or softening [28]. Hence, the fatigue tests in this study were first con-
ducted under strain-controlled loading to determine the stable values of
load and then switched to force-controlled mode until failure. The
failure was defined as the complete separation of specimen. Each fa-
tigue test for a specific part geometry was repeated three times at a
particular strain level to verify the consistency of results.

EOS recommended major process parameters utilized to fabricate LB-PBF 17-4 PH SS parts.

Laser power (W) Scanning speed (mm/s) Hatching space (um)

Layer thickness (um) Layer rotation angle Strip width (mm)

220 755.5 100

40 67° 100
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Fig. 2. (a) Schematics showing dog-bone parts, small blocks, and large blocks
from which specimens were machined to the geometry and dimensions de-
signed based on ASTM Standard E606 [27] and shown in (b). All dimensions are
in mm.
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2.3. Microstructure and fractography analysis

Two specimens, one without any heat treatment and one heat
treated under CA-H1025 procedure, for each specimen type (i.e. dog-
bone, small block, and large block) were cut at the middle of the gage
section and then cold mounted in an epoxy resin solution to prepare
optical micrograph samples following ASTM Standard E3-11 [30]. The
samples were polished using different grit sand papers followed by
colloidal silica suspension to obtain a mirror-like finish. The mirror
finished samples were then used to quantify the defect size and dis-
tribution resulting from the variation in thermal history experienced by
the fabricated parts. The distribution of porosity was determined from
at least four different radial locations of the gage section and analyzed
using an image processing software associated with the employed di-
gital microscope. Only pores greater than 6 pm were considered in this
study. Furthermore, the polished specimens were then etched using
Beraha’s tint etchant to conduct microstructural analysis to determine
the effect of part size and geometry on the grain characteristics before
and after heat treatment as well as to measure the melt pool size in non-
heat treated specimens. To understand the factors responsible for crack
initiation and failure in LB-PBF 17-4 PH SS specimens, fractography
analysis was also performed on the failed fatigue specimens. Both op-
tical microscopy and fractography analysis were conducted using a
Keyence VHX-6000 digital microscope.

3. Experimental results
3.1. Microstructural analysis

Optical micrographs presenting the grain morphology for dog-bone,
small block, and large block specimens in their longitudinal direction
(i.e. perpendicular to the build plate) are shown in Fig. 3 in non-heat
treated condition. During the additive manufacturing process, grains
tend to grow in the opposite direction of heat transfer, which is from the
solidifying melt pool to the previously solidified layers; therefore,
elongated grains oriented perpendicular to the build plate (i.e. epitaxial

Fig. 3. Optical micrographs showing grain morphology in (a) dog-bone, (b) small block, and (c) large block specimens in their longitudinal direction (i.e. per-

pendicular to the build plate) in non-heat treated condition.
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grain growth) are typically evident in AM parts [21,31]. Similar ob-
servation of elongated grains growing parallel to the build direction can
be made for the non-heat treated LB-PBF 17-4 PH SS in Fig. 3.

Even though elongated grains were primarily seen in all of the
specimen with different part geometries, some variation in the crys-
tallographic texture was evident, which was revealed by the employed
tint etchant. The orientation of epitaxial grains in the dog-bone speci-
mens were observed to be mostly straight, while the grains in small and
large block specimens were seen to be slightly oriented in different
directions, (compare Fig. 3(a) with (b), and (c)). This type of variation
in the orientation of epitaxial grain growth was also observed in [32],
for LB-PBF 316 L SS, and reported to be affected by the size of the melt
pool. The grains in smaller melt pools tend to grow straight from the
bottom of the melt pool to the top, while grain growth was observed to
be perpendicular to the melt pool boundary and oriented at different
directions in larger melt pools [32]. The discrepancies in crystal-
lographic texture in LB-PBF 17-4 PH SS specimens may also suggest the
differences in the resulting melt pool size, which is affected by the
variations in thermal history experienced during the fabrication of parts
with different geometries. Furthermore, differences in thermal history
can affect the pore size and distribution, and ultimately, the fatigue
behavior of these parts.

Since all of the fatigue specimens were subjected to CA-H1025 heat
treatment condition, microstructure characterizations were also con-
ducted on the heat treated specimens in their longitudinal planes in
Fig. 4 (a-c), respectively, for dog-bone, small block, and large block
specimens. Significantly different microstructure features can be no-
ticed between the heat treated and non-heat treated specimens by
comparing Figs. 3 and 4. Primarily, elongated grains representing epi-
taxial growth as well as solidified melt pool lines were not visible in the
heat treated specimens in Fig. 4. This can be attributed to the solution
treatment (Condition A) conducted prior to the ageing process, which
can homogenize the microstructure at a very high temperature of
1922 °F [28]. As a result, no distinct variation in the grain morphology
among dog-bone, small block, and large block specimens are noticeable
after CA-H1025 heat treatment in Fig. 4.

It should also be noted that the specimens were only subjected to a
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heat treatment procedure and no hot isostatic pressing (HIPing) was
performed on them. Hence, the applied heat treatment should not have
any considerable effects on the evolution of defects (i.e. entrapped gas
pores and/or LoFs) in LB-PBF 17-4 PH SS specimens. Furthermore,
conducting the heat treatment procedure eliminated the effect of mi-
crostructure by homogenization and most likely relieved any residual
stresses resulting from the fabrication process, enabling this study to
focus only on the effects of porosity, as they are affected by geometry,
on the mechanical properties of LB-PBF 17-4 PH SS under monotonic
tensile and fatigue loadings.

Porosity distribution at the gage section of dog-bone, small block,
and large block specimens captured using the digital microscope along
with their respective size distribution histogram are presented in
Fig. 5(a—c), respectively. It should be again noted that statistics pre-
sented were collected from at least four different radial sections at the
gage to be more representative of the porosity size distribution of these
specimens and only pores greater than 6 um in diameter were included
in this analysis. Although a large number of pores can be seen in all of
the specimens irrespective to the part geometry, a greater number of
pores in the dog-bone specimen is noticeable from both optical mi-
crograph and histogram presented in Fig. 5, when compared to the
small and large block specimens.

As can be seen from Fig. 5, among the three groups of specimens,
dog-bone specimens had slightly larger average pore size (11 pum),
while the pore size was similar for small block (8 um) and large block
(8 um) specimens. In addition, maximum defect size was also seen to be
larger for the dog-bone specimen ("31 um) when compared to the small
block ("23 um) and large block ("22 um) specimens. However, distinct
variations in the number of defects greater than 6 pm in diameter were
seen for specimens fabricated from different part geometries as dog-
bone specimen had a larger number of pores (an average of 95 pores),
followed by the small block specimen (an average of 55 pores), and
large block specimen had the lowest number of defects (an average of
48 pores). Such variations in defect size and number can affect the
mechanical properties of LB-PBF 17-4 PH SS, especially under fatigue
loading. Although fatigue failure is a localized phenomenon, the pre-
sence of more defects, specifically if they are large and closer to the

“(a)

(b)

Fig. 4. Optical micrographs showing grain morphology in (a) dog-bone, (b) small block, and (c) large block specimens in their longitudinal direction (i.e. per-

pendicular to the build plate) and subjected to CA-H1025 heat treatment.
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Fig. 5. Optical micrographs showing the porosity size distribution along with their respective histogram in the gage section of (a) dog-bone, (b) small block, and (c)

large block specimens.

surface, can increase the probability of crack initiation at less number of
cycles, which ultimately reduces the fatigue strength.

It should be mentioned here again that the sizes and numbers re-
ported in Fig. 5 are from 2D analysis of 4 cross-sectional areas per
specimen. While the information collected can be helpful in explaining

some of the mechanical behaviors observed, a 3D analysis of defects
within the entire gage section may be needed to capture the true effect
of geometry on the defect size distribution. For example, the large block
specimen is expected to have smaller size defects as compared to the
small block specimen; however, the maximum defect captured from the
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Fig. 6. Monotonic tensile behavior of CA-H1025 17-4 PH SS specimens ma-
chined from parts with different geometries and presented by (a) engineering
stress versus engineering strain curves prior to the removal of the extensometer,
and (b) engineering stress versus displacement curves up to failure.

Table 3

Monotonic tensile properties of LB-PBF 17-4 PH SS specimens machined from
parts with different geometries along with the wrought counterpart reported in
[34].

Properties Dog-Bone Small Block Large Block Wrought
oy (MPa) 1180 = 20 1198 + 27 1145 £ 5 1000
oy (MPa) 1195 = 6.5 1231 + 28 1171 = 0.25 1070
&f (mm/mm) 0.33 = 0.01 0.33 = 0.02 0.37 = 0.01 N/A

2D analysis of 4 cross-sectional areas were almost similar, 22 um for the
large block specimen and 23 um for the small block specimen. The
number of defects for each specimen is expected to be the most accurate
information gained from the 2D analysis.

3.2. Monotonic tensile behavior

Engineering stress versus engineering strain curves obtained from
monotonic tensile tests prior to the removal of the extensometer and
engineering stress versus displacement curves up to failure for dog-
bone, small block, and large block specimens are presented in Fig. 6(a)
and (b), respectively. Furthermore, the average along with upper and
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Table 4
Uniaxial strain-controlled fatigue test results for LB-PBF 17-4 PH SS specimens
machined from parts with different geometries.

Specimen 1.D gq (mm/mm) oy (MPa) om (MPa) 2Ny (Reversals)

Dog —Bone
S02 0.0030 597 -11 145,330
S04 601 1 203,326
S03 598 5 267,225
S05 0.0035 697 18 67,402
S06 703 -3 89,462
S07 708 20 108,246

Small Block
S02 0.0030 622 5 317,060
S03 609 -11 434,606
S01 641 16 1,173,562
S06 0.0035 710 -2 122,300
S04 720 -20 123,384
S05 710 20 128,870

Large Block
S07 0.0030 612 3 291,130
S02 610 4 852,858
S03 610 4 4,165,068
S06 0.0035 712 —-20 35,132
S05 721 0 107,886
S04 718 2 117,520

2000000

- HiiSR068 4 === Dog-Bone
2 : ~ « « Small Block
& 1500000 | i lsmeses Large Block
§ H
‘©
[T
2 1000000 |
K] T
[ :
& |
[ . :
& 500000 : :
(74 [ . =

-

E
=i 5 -— = =
0
0.0030 0.0035

Strain Amplitude, €, (mm/mm)

Fig. 7. The chart showing the variation in fatigue lives along with upper and
lower values obtained for dog-bone, small block, and large block specimens
under uniaxial fully-reversed strain-controlled fatigue loading at strain ampli-
tudes of 0.0030 and 0.0035 mm/mm.

lower values of tensile properties, including yield strength, o, ultimate
tensile strength, o,, and fracture strain, ¢;, obtained from two repeated
tests for each specimen type along with those reported for the wrought
counterpart under the same heat treatment are listed in Table 3
[33,34]. Although all three specimen types exhibited varying amount of
porosity as seen from the optical micrographs in Fig. 5, such variations
did not have much effects on the tensile properties. Having similar
tensile properties may also suggest that the final microstructure of dog-
bone, small block, and large block specimens were similar as a result of
the applied CA-H1025 heat treatment.

Higher values of yield and ultimate tensile strengths for LB-PBF 17-4
PH SS as compared to the ones for the wrought counterpart and sub-
jected to the identical heat treatment procedure (i.e. CA-H1025) are
noticeable from Table 3. Better tensile properties of AM materials as
compared to their wrought counterparts have been also reported in
other studies [35-37] and attributed to the finer grains resulting from
the higher cooling rate inherent to the laser-based additive manu-
facturing processes. It may be worth reminding that all of the tensile
tests in this study were conducted on the specimens designed following
the ASTM Standard E606 for strain-controlled fatigue testing [27] and



R. Shrestha, et al.

not the ASTM Standard E8 for tension testing [29]. This deviation
should mostly affect the measured fracture strains and not the yield and
ultimate tensile strength values.

3.3. Fatigue behavior and fractography analysis

Due to the localized nature of fatigue failure, the presence of de-
fects, such as pores and LoFs, can have a detrimental effect on the
structural integrity of AM parts under cyclic loading as these defects
affect the localized stress field and cause stress concentration.
Accordingly, any variations in defects’ size, location, and shape (see
Fig. 5) are expected to cause variations in the fatigue strength of LB-PBF
17-4 PH SS. Fatigue test results are listed in Table 4 and line chart
presenting the variation in fatigue lives along with upper and lower
values obtained from at least three repeated tests at two different strain
amplitudes of 0.0030 and 0.0035 mm/mm for dog-bone, small block,
and large block specimens are shown in Fig. 7. As it can be seen from
this figure, part geometry has a significant effect on the fatigue beha-
vior of LB-PBF 17-4 PH SS specimens at high cycle regime (i.e. at lower
strain amplitude of 0.0030 mm/mm) as large block specimens exhibited
the longest fatigue lives, followed by small block specimens, while dog-
bone specimens had the shortest fatigue lives.

The fatigue life results presented in Fig. 7 can be explained to some
extend based on the variations in the defect size and number shown in
Fig. 5. The large block specimens, which exhibited the longest fatigue
strength had the lowest amount of porosity as well as smaller average
pore size of 8 um, while the dog-bone specimens with the highest
amount of porosity and an average pore size of 11 um had the shortest
fatigue lives. Furthermore, such variations in the fatigue strength were
primarily seen in the high cycle regime (i.e. the lower strain amplitude
of 0.0030 mm/mm), where the effect of defects are more significant
compared to the low cycle fatigue regime (i.e. the higher strain am-
plitude of 0.0035 mm/mm). It is well established that defects have a
more significant effect in the high cycle fatigue regime where the de-
formation is mostly elastic and defects generate higher stress con-
centrations [38].
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Fig. 8. Fracture surfaces showing pores re-
sponsible for the crack initiation and failure in
(a) a dog-bone specimen (2N; = 267,226 re-
versals), (b) a small block specimen (2N; =
1,173,562 reversals), and (c) a large block
specimen (2N; = 4,165,068 reversals). (d)
Fracture surface of a dog-bone specimen with
two pores within a close proximity with each
other and responsible for crack initiation and
failure. All specimens were subjected to
0.0030 mm/mm strain amplitude.

To further understand the factors responsible for crack initiation
and failure in the LB-PBF 17-4 PH SS specimens, fractography analysis
was performed on the failed specimens. Example fracture surfaces of
dog-bone, small block, and large block specimens, all of which were
subjected to a strain amplitude of 0.0030 mm/mm, are shown in
Fig. 8(a—c), respectively. In all of these specimens, cracks were observed
to initiate from pores located at or near the surface as indicated by the
white arrows in Fig. 8. Upon further analysis, the size of the pores was
found to be the main factor influencing the resulting fatigue life of the
specimen, while there was not much variation in the location of the
crack initiating pores.

In Fig. 8, the longest fatigue life was achieved for the large block
specimen (2N; = 4,165,068 reversals) with smallest pore size of
“14 uym, followed by the small block specimen (2N; = 1,173,562 re-
versals) with a pore size of 20 um, and the shortest fatigue life was
obtained for the dog-bone specimen (2N; = 267,226 reversals) with the
largest pore size of "26 um. Furthermore, in the case of a few dog-bone
specimens, cracks were observed to initiate from two adjacent pores
both located close to the surface, such as the one represented by white
arrows in Fig. 8(d). It is also worth mentioning that higher amount of
porosity was noticed in dog-bone specimens in Fig. 5, which may
suggests a higher probability of cracks to initiate from multiple pores in
a close proximity of each other.

From the fractography analysis conducted on all of the specimens
subjected to fatigue loading, the average pore size responsible for crack
initiation and failure was calculated for each specimen type subjected
to strain amplitude of 0.0030 mm/mm. The average pore size was
found to be larger for dog-bone specimens ("29 um), which also ex-
hibited the shortest fatigue lives. On the other hand, the average pore
size was measured to be ("20 um) for small block specimen, while it was
smallest ("17 um) for large block specimens, which also exhibited the
highest fatigue strength. Therefore, optical micrographs and fracto-
graphy analysis results may suggest that the fatigue strength of LB-PBF
17-4 PH SS specimens, at least at high cycle regime, is primarily gov-
erned by the distribution and size of pores in the specimen, which can
be affected by the thermal history experienced during the fabrication
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1 mm

process.

4. Discussion on experiential observations

As seen in Fig. 5, although similar size pores were seen in the large
and small block specimens, the large block specimens still exhibited
better fatigue resistance in Fig. 7. From the fractography analysis in
Fig. 8, the entrapped gas pores responsible for the crack initiation and
failure in LB-PBF 17-4 PH SS were all seen to be located close to the
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Fig. 9. Optical micrographs showing the porosity within the 100 um from the surface (i.e. pores in the highlighted region are excluded from the analysis) along with
their size distributions for (a) dog-bone, (b) small block, and (c) large block specimens.

10

surface and within 100 pm of it. Hence, a defect size distribution ana-
lysis was conducted to determine the number and size of pores located
within the 100 um from the surface and the results are presented in
Fig. 9(a—c), respectively, for dog-bone, small block, and large block
specimens.

Among three types of specimens utilized in this study, large block
specimens contained the lowest number of pores ("4) along with the
smallest maximum pore size of 15 um, followed by small block speci-
mens with “12 pores and a maximum pore size of “21 pm, while dog-
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Fig. 10. Optical micrographs showing varia-
tion in melt pool depth at the very top layer of
a half-built (a) a dog-bone specimen with
142 um average melt pool depth, (b) a small
block specimen with 156 pm average melt pool
depth, and (c) a large block specimen with
162um average melt pool depth in their
transverse direction (i.e. perpendicular to the
build plate) in non-heat treated condition.

bone specimens had both the highest number of pores ("27) as well as
the largest maximum pore size of "29 um, all within 100 um from the
specimen surface. Hence, due to the fact that the surface defects are
more detrimental than the defects located away from the surface [38],
large block specimens exhibited better fatigue resistance as compared
to the small block and dog-bone specimens.

Figs. 5,7, and 9 highlighted significant variations in porosity and
fatigue strength of specimens machined from LB-PBF 17-4 PH SS parts
with deferent sizes and geometries. It is hypothesized that such varia-
tions are coming from the differences in thermal history experienced
during additive manufacturing process as a result of changes in part
geometry and size. The localized thermal history experienced by the
part can significantly influence resulting melt pool characteristics [39].
Therefore, to further investigate the effect of part geometry and size on
the thermal history, microstructural analyses were conducted to char-
acterize the melt pool dimensions on non-heat treated specimens from
three different geometries utilized in this study; dog-bone, small block,
and large block. Non-heat treated specimens were chosen for this
analysis as the melt pools would not be distinguishable after conducting
CA-H1025 heat treatment.

It is also worth noting that due to the small layer thickness of 40 um
for 17-4 PH SS, the melt pool created in one layer can influence the melt
pools created in the previously solidified layer(s); this is because the
process parameters are typically selected to ensure that the melt pool
depth is larger than the layer thickness to avoid LoF defects. On the
other hand, the laser beam used as the heat source also rotates by 67° in
every layer, which results in the rotation of the melt pool tracks. To
better measure the melt pool size at the gage section of specimens, si-
milar geometries as the ones used in Fig. 1 with the exact inter-layer
time intervals were fabricated up to the middle of the gage section.
Basically, the fabrication was stopped half way for three reasons. First,
the melt pools at the top of these parts were not influenced by sub-
sequent layers. Second, the exact direction of the laser beam could be
easily seen at the top layer, enabling a more accurate calculation of
melt pool dimensions. Third, the melt pools at the top layers were re-
presentatives of the melt pools at the gage section of dog-bone, small
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block, and large block specimens. This process of determining the melt
pool dimensions at the top layer is also suggested in [40].

The melt pools observed at the middle of the top layer (i.e. very last
layer) of half-built dog-bone, small block, and large block parts are
presented in Fig. 10(a—c), respectively. ImageJ software was used to
calculate the melt pool dimensions including depth of melt pool, d,, and
the depth of overlap between the consecutive melt pools, d, [40] for all
the micrographs presented in Fig. 10. A larger average melt pool depth
of 162 um was measured in large block specimens, while shorter
average melt pool depths of "156 ym and “142 um were obtained for
small block and dog-bone specimens, respectively. The differences seen
in the melt pool size of different specimens imply that dog-bone, small
block, and large block parts have experienced some variations in
thermal history, which can in turn explain the variations observed in
their porosity levels and fatigue behaviors. The ratios of melt pool
depth, d,, to layer thickness, t;, and depth of overlap between con-
secutive melt pools, d,, to layer thickness, t;, were also determined (see
Fig. 3 of NASA document [40]). For all of the specimens, irrespective to
part geometry, the values of d,/t; and d,/t; were calculated to be
greater than one. The deeper melt pool than the layer thickness as well
as adequate overlap between the consecutive melt pools in all specimen
types can explain not seeing LoF defects in these specimens.

To further understand the variation in the porosity seen within close
proximity of the surface of dog-bone, small block, and large block
specimens in Fig. 9, melt pool analysis was also conducted at the region
from which the specimens were machined. The analysis was focused at
the section closest to the surface of the specimens as shown in Fig. 11
(a—c) for dog-bone, small block, and large block specimens, respec-
tively. Similarly, a shallower average melt pool depth of 136 um was
measured for the dog-bone specimen, followed by “148 um for the small
block specimen, while the deepest average melt pool of "158 um was
observed for the large block specimen.

Shorter melt pool depths and more vertically oriented grain growth
observed in dog-bone specimens can be associated with the lower
temperature of the solidified material upon which a new layer is fab-
ricated, resulting in a higher cooling rate [32] experienced by these
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Fig. 11. Optical micrographs showing variations in melt pool depth at the region where the fatigue specimens were machined in (a) a dog-bone specimen with
136 um average melt pool depth, (b) a small block specimen with 148 um average melt pool depth, and (c) a large block specimen with 158 pm average melt pool

depth.

specimens as compared to the small and large block specimens. On the
other hand, the larger melt pool size of large block specimens is an
indication of a lower cooling rate experienced by these specimens
during fabrication, which is most likely derived by the higher tem-
perature of the solidified material upon which a new layer is fabricated.
The higher cooling rate, and consequently, the faster solidification in
dog-bone specimens decreases the time for the gas pores to escape the
melt pool and results in them transforming into entrapped gas pores
[41]. This explains the more and larger pores in dog-bone specimens as
well as less and smaller pores in large block specimens, as evident in
Figs. 5 and 9. Similarly, Liu et al. [42] reported the presence of en-
trapped gas pores resulting from the evaporation of tin in the struts of
Ti-24Nb-4Zr-8Sn porous structures. Larger entrapped gas pores were
seen for the parts fabricated using selective laser melting process as
compared to the ones fabricated using electron beam melting process,
which was attributed to the higher cooling rate associated with the
selective laser melting process.

In summary, this study suggests that a good understanding of the
effects of part geometry and size on the resulting thermal history, which
can significantly affect the distribution of porosity, and consequently,
the fatigue lives of AM parts is necessary to successfully establish spe-
cimen property to part performance relationships. Similarity in thermal
histories between test specimens and the critical location of the part, by
altering process parameters, may be the key for establishing property-
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performance relationships of AM parts.
5. Conclusions

In the current study, the effect of part size and geometry on the melt
pool dimensions and porosity distribution and how they influence the
tensile and fatigue behavior of 17-4 PH stainless steel (SS) fabricated
using a laser beam powder bed fusion (LB-PBF) process were in-
vestigated. The variation in the fatigue lives of specimens were related
to the size and number of entrapped gas pores acting as the crack in-
itiation sites. Since the formation and distribution of these defects are
primarily affected by the thermal history experienced during the laser
based fabrication, microstructural analysis was performed to determine
variations in melt pool size as an indicator of the experienced thermal
history during additive manufacturing. Based on the experimental re-
sults and discussions presented, the following conclusions can be
drawn:

1 Optical micrographs showed a higher amount of porosity as well as
larger pores in the dog-bone specimen as compared to the ones in
small and large block specimens.

2 Irrespective to the variations observed in the amount of porosity
among specimens machined from parts with different sizes and
geometries, the effect of geometry on the tensile properties of LB-
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PBF 17-4 PH SS was minimal. The values of yield and ultimate
tensile strengths ranged between 1145 to 1198 MPa and 1171 to
1231 MPa, respectively. Similarity in the tensile properties may
have been resulting from the homogenization of microstructure
after CA-H1025 heat treatment.

3 The large block specimens with not only less, but also smaller pores
within a close proximity of the surface, exhibited the highest fatigue
strength, followed by small block specimens, while the dog-bone
specimens with largest pores had the shortest fatigue lives.

4 From the fractography analysis, the pores responsible for crack in-
itiation were larger for dog-bone specimens when compared to the
ones for large and small block specimens. In some cases, cracks were
found to initiate from two pores located in a close proximity with
one another in the dog-bone specimens, which had a higher number
of pores and shorter fatigue lives.

5 Microstructural analysis revealed a smaller average melt pool depth
for dog-bone specimens, while it was the deepest in the large block
specimens. The shorter melt pool depth in dog-bone specimens can
be associated to the higher temperature gradient and cooling rate
resulting in less time for the gas bubbles to escape, which can lead to
formation of not only larger, but also a higher number of entrapped
gas pores.

This study showed that a small change in size and/or geometry of
the part fabricated using LB-PBF can significantly affect the formation
and distribution of defects, which ultimately govern the structural in-
tegrity of the part under cyclic loading. This raises an important issue
on how to relate and use the properties obtained from small laboratory
specimens or witness coupons to evaluate the part performance in fa-
tigue critical applications. Therefore, further studies need to be con-
ducted to better understand property-performance relationships as they
are affected by process-structure relationships and develop a procedure
on how to design specimens to be representative of the critical location
of the part under service loading. Such studies are indeed necessary in
enabling standardization, qualification, and certification of AM parts in
safety critical applications.
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