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A B S T R A C T   

This study investigates the possibility of correlating specimen property to part performance for laser beam 
powder bed fusion (LB-PBF) additive manufacturing by altering the process parameters in order to create similar 
thermal histories experienced during fabrication. In particular, the effects of altering scanning speed on LB-PBF 
17-4 precipitation hardening (PH) stainless steel (SS) parts with different geometries on the thermal history, as 
well as the resultant defect formation, microstructure, and fatigue behavior are studied. It was found that parts 
with different geometries, all fabricated using the same manufacturer recommended process parameters, 
exhibited different fatigue strengths, which challenges the specimen property to part performance correlation. 
Melt pool analysis revealed that altering scanning speed can affect the melt pool characteristics including its 
depth and overlap depth. Increasing the input energy within the process window, by decreasing the scanning 
speed during fabrication, was seen to result in deeper melt pools and melt pool overlaps, and consequently, less 
volumetric defects, specifically lack of fusion, in the material. Therefore, the scanning speed was adjusted for 
different geometries to result in similar melt pool characteristics, as an indicator of the thermal history expe-
rienced during fabrication, which also resulted in these parts having similar porosity. Accordingly, fatigue lives 
of parts fabricated with adjusted process parameters were observed to be within a similar range. While many 
other factors may be involved, the findings of this research indicate that maintaining a similar thermal history by 
altering the process parameters is critical in establishing reliable relationships between specimen property and 
part performance in additive manufacturing.   

1. Introduction 

Additive manufacturing (AM) has enabled the possibility of fabri-
cating parts with complex geometries, which may not be feasible 
through subtractive manufacturing methods. However, at the current 
stage of AM technologies, the formation of volumetric defects such as 
lack of fusion (LoF), keyhole, and entrapped-gas pores is inevitable. The 
creation of these defects is mainly governed by the melt pool 
morphology, which in turn is affected by the thermal history experi-
enced by a part during fabrication. The variations in thermal history can 
primarily be affected by the process parameters (e.g. laser power, 
scanning speed, hatch spacing, layer thickness, etc.) [1–3]; however, the 
design parameters (e.g. part size and geometry, layer orientation, etc.) 
may also influence the thermal history [4–11]. Since the existence of 

volumetric defects can considerably decrease the fatigue resistance of 
additively manufactured (AM) parts as compared to the wrought 
counterparts, an in-depth understanding of the effects of design pa-
rameters on the formation and distribution of volumetric defects is 
required, which can contribute toward qualification and certification of 
AM materials and parts [5,12–14]. 

Few studies have been conducted on the effects of part geometry and 
size on the thermal history, and the resultant defect formation and fa-
tigue performance. It has been shown that the thermal history in parts 
with different geometries or even at different locations within a part can 
be different during the AM process [5,9,15,16]. Shrestha et al. [5] 
showed that the distribution and size of entrapped-gas pores in laser 
beam powder bed fusion (LB-PBF) 17-4 precipitation hardening (PH) 
stainless steel (SS) parts with different geometries can vary. In their 
study, three different geometries including oversized cylindrical dog- 
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bone parts with 7 mm diameter, small and large square blocks with 12 ×
12 mm2, and 25 × 25 mm2 cross-sections were fabricated. Shallower 
melt pools were observed in the oversized dog-bone parts followed by 
small blocks, while the deepest melt pools were observed in the large 
blocks. This variation in the melt pool size was attributed to the different 
solidification rates in parts with different geometries, which was the 
fastest in dog-bones and the slowest in large blocks. 

In addition, the higher solidification rate in dog-bone parts resulted 
in a larger and a higher number of defects as compared to the large 
blocks, which had relatively lower and smaller sized defects [5]. Under 
uniaxial strain-controlled cyclic loading conditions, fatigue specimens 
obtained by machining the large square blocks showed better fatigue 
performance, while the shortest fatigue lives were reported for the 
specimens acquired from oversized dog-bone parts. Lower fatigue 
resistance of oversized dog-bone specimens was ascribed to the presence 
of larger and the greater number of pores [5]. The findings of this study 
highlighted the importance of adjusting the input energy density and the 
resulting solidification rates in parts with different geometries. As the 
input energy density is directly influenced by the employed process 
parameters including, laser power, scanning speed, hatch spacing, and 
layer thickness [17], altering the process parameters may be an effective 
way to change the thermal history experienced in each part during 
fabrication. 

Numerous studies have been performed to investigate the effects of 
process parameters on the resultant solidification rate by looking into 
the melt pool morphology and defect formation mechanisms [17–31]. In 
these studies, variations in the melt pool morphology and size distri-
bution of defects were attributed to different input energy densities as 
they affect the solidification rate. For instance, Li and Gu [18] reported 
that the solidification rate during the LB-PBF process of AlSi10Mg can be 
decreased by increasing the input energy density. Consequently, larger 
melt pools, better metallurgical bonding, and ultimately decreased LoF 
defects were observed in the parts as a result of increased laser power 
and decreased scanning speed, within the conduction regime. A single- 
track experiment conducted by Makoana et al. [32] on 17-4 PH SS, 
fabricated using an EOS M280 LB-PBF machine, also revealed that 
increasing laser power or decreasing scanning speed can increase the 
melt pool size. 

Gong et al. [17] illustrated that using very high scanning speeds and 
low laser powers in the fabrication of Ti-6Al-4V parts via LB-PBF or 
electron beam powder bed fusion (EB-PBF) can give low input energy 
densities, which are not sufficient to completely melt the material. In 
such conditions, there is no adequate overlap either between the melt 
pools of subsequent layers or between the adjacent hatch lines within 
the same layer, resulting in irregularly-shaped LoF defects. Cunningham 
et al. [20] reported similar observations on the formation of LoF defects 
in LB-PBF Ti-6Al-4V parts, which was attributed to the inadequate 

overlap between the melt pools of the adjacent scan tracks. Additionally, 
it was shown that using high laser powers along with low scanning 
speeds can yield to the formation of comparably deeper melt pools, and 
consequently, keyhole pores [20]. 

Similar observations have been reported for the LB-PBF 316L SS 
parts [28]. It was indicated in Ref. [28] that increasing the scanning 
speed, while keeping the laser power constant, or decreasing the laser 
power at constant scanning speeds can considerably decrease the melt 
pool depth. Moreover, increasing the scanning speed was found to 
noticeably decrease the density of the as-fabricated parts. However, 
when higher laser powers were used, less variation in part density was 
observed by the increase in scanning speed. Choo et al. [31] investigated 
the melt pool morphology and defect formation in LB-PBF 316L SS parts 
fabricated with different laser powers and a constant scanning speed (i. 
e. 300 mm/s). It was shown that increasing the laser power from 200 to 
380 W can decrease the solidification rate almost by the factor of eight. 
Consequently, larger melt pools, as well as smaller and fewer pores were 
observed when higher laser powers were used during fabrication. 

It was illustrated that design factors such as part size and shape as 
well as process parameters can remarkably affect the thermal history 
experienced during the LB-PBF process. This variation in thermal history 
can give rise to differences in the defect formation and distribution, and 
ultimately, affect the fatigue performance of the part [5]. Therefore, 
understanding the effects of design and process parameters on the fa-
tigue behavior of AM parts is of great importance before these parts can 
be used in applications where they are under dynamic cyclic loads. Such 
an understanding is also crucial in correlating specimen property to part 
performance and enabling the design of AM parts based on material’s 
data generated in the laboratory from specimen testing. 

In the present study, process parameters are altered to fabricate LB- 
PBF 17-4 PH SS parts with different geometries in an attempt to main-
tain a similar thermal history, defect size distribution, and consequently, 
fatigue resistance among all. This is a major step towards establishing 
specimen property to part performance relationships in AM and 
enabling the use of generated material’s data in the laboratory utilizing 
standard specimens to design and qualify AM parts. Following the 
introduction, the experimental procedure describing the material and 
part fabrication process, fatigue testing, and microstructural and frac-
tography analyses are presented. The relationships among the melt pool 
characteristics, defect formation, and the resulting fatigue lives are then 
presented and discussed. Finally, some conclusions are made based on 
the presented experimental results and discussions. Although this study 
is mainly focused on experimental observations, any means of analytical 
evaluations, thermal simulations, or in-situ monitoring methods are 
exceedingly recommended, which can contribute toward property- 
performance correlations [33–36]. 

Nomenclature 

2Nf Reversals to failure 
DB7.5- Dog-bone parts with 7.5% lower scanning speed 
DB10- Dog-bone parts with 10% lower scanning speed 
DB15- Dog-bone parts with 15% lower scanning speed 
Dequivalent Equivalent defect size based on Murakami’s approach 
dp Melt pool depth 
do Overlap depth between consecutive melt pools 
LB7.5+ Large Block parts with 7.5% higher scanning speed 
LB10+ Large Block parts with 10% higher scanning speed 
LB20+ Large Block parts with 20% higher scanning speed 
Rε Ratio of minimum to maximum strain 
Ra Arithmetical mean height of the profiled line 
tL Layer thickness 

εa Strain amplitude 

Abbreviation 
AM Additive manufacturing/Additively manufactured 
CA Condition A 
CT Computed tomography 
DB Dog-bone 
EB-PBF Electron beam powder bed fusion 
HIP Hot isostatic pressing 
LB Large block 
LB-PBF Laser beam powder bed fusion 
LoF Lack of fusion 
PH Precipitation hardening 
SB Small block 
SS Stainless steel  
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2. Experimental procedures 

2.1. Material and part fabrication 

Argon atomized 17-4 PH SS powder from Carpenter Technology with 
a particle size distribution of 15–45 µm and the chemical composition 
reported in Ref. [5] was utilized to fabricate all parts in this study. It is 
also important to mention that the current study is the continuation of 
the work already published in Ref. [5]. In the previous study [5], the 
fatigue lives of 17-4 PH SS parts were seen to be affected by the part 
geometry, which was related to its effect on the thermal history expe-
rienced by each part during the fabrication. Three different geometries 
were designed to introduce variation in thermal history during fabri-
cation, which included an oversized dog-bone part with a 7 mm diam-
eter and two different square blocks with 12 × 12 mm2 (small block) and 
25 × 25 mm2 (large block) cross-sections. Since all of the parts with 

Table 1 
Major process parameters utilized for fabrication of LB-PBF 17-4 PH SS parts using an EOS M290.   

Scanning speed (mm/s) Laser power (W) Hatching space (µm) Layer thickness (μm) Stripe width (mm) 

SB Default 755.5 

220 100 40 100 

DB7.5- 698.8 
DB10- 680.0 
DB15- 642.2 
LB7.5+ 812.2 
LB10+ 831.1 
LB20+ 906.6  

Fig. 1. (a) Isometric and (b) top views of the build layout used to fabricate 
oversized dog-bone (DB) parts with 7 mm gage diameter and 90 mm height, 12 
× 12 × 90 mm3 small blocks (SB), and 25 × 25 × 90 mm3 large blocks (LB) in 
an EOS M290 machine under nitrogen environment and from argon-atomized 
17-4 PH SS powder. The half-built melt pool specimens are indicated with 
red dashed squares. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. (a) Schematic illustration of oversized dog-bone (DB), small block (SB), 
and large block (LB) specimens which were further machined to the geometry 
of fatigue specimens with uniform gage section shown in (b) [5]. All dimensions 
are in mm. 
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different geometries were fabricated using default process parameters, 
the variation seen in the defect distribution was assumed to be resulting 
from the variation in thermal history, which consequently, affected the 
fatigue behavior [5]. 

In the current study, the same three geometries (i.e. oversized dog- 
bone, small block, and large block) were fabricated; however, the 
oversized dog-bone and large block parts were fabricated by altering the 
scanning speed, while the manufacturer recommended process param-
eters were used for the fabrication of small block parts. The main idea 
behind varying the process parameters was to maintain a similar ther-
mal history in all three geometries. In the previous study, the higher 
amount of porosity in dog-bone parts was attributed to the higher so-
lidification rate, while the lower amount of porosity in large block parts 
was related to the lower solidification rate [5]. Therefore, in the present 
study, the value of scanning speed was decreased by 7.5%, 10%, and 
15% of the default value in oversized dog-bone parts, and increased by 
7.5%, 10%, and 20% of the default value in large block parts during LB- 
PBF fabrication, as listed in Table 1. 

All parts were fabricated in the vertical direction following the build 
layout shown in Fig. 1 in an EOS M290, an LB-PBF machine, with ni-
trogen as the shielding gas. As can be seen from the figure, all of the parts 
were fabricated together and scattered throughout the build plate to 
minimize the effects of time interval (~62 sec) [8,37] and the location 
dependency [38], respectively. In addition, for the combination of each 
geometry type and process parameter set, some parts were fabricated up 
to the middle of the gage section (half-built parts). As the laser beam 
rotates by 67◦ every layer and the subsequent layer can also influence 
the previously solidified layers, the half-built parts were used to deter-
mine the exact direction of the laser scanning lines on the top layer for 
an accurate melt pool analysis [5,39]. 

Once the parts were removed from the build plate, fatigue specimens 
with uniform gage section were machined from oversized dog-bone as 
well as square blocks (i.e. small and large blocks), as schematically 
shown in Fig. 2(a). For simplicity, specimens machined from the over-
sized dog-bone, small block, and large block parts will be hereon 
referred to as DB, SB, and LB specimens, respectively. The number 
following the specimen name will represent the % value of scanning 
speed altered from the default value for the fabrication of that particular 
specimen. Moreover, the negative symbol will represent the decrease, 
and the positive symbol will represent the increase in the value of 
scanning speed. For instance, LB7.5+ will represent an LB specimen 
fabricated by increasing the scanning speed by 7.5% of the default value. 
The final specimen geometry was designed based on ASTM E606 [40] 
(with the exception of the gage diameter) and the dimensions shown in 
Fig. 2(b). Due to the fact that all specimens in this study were machined 
deep enough, there should not be any effects of contour process pa-
rameters on the mechanical testing results. 

To diminish the influence of microstructure and solely focus on the 
effect of defects on the fatigue behavior, all specimens were subjected to 
CA-H1025 heat treatment using a batch furnace in an argon environ-
ment after the machining process. The specimens were first solution 
treated at 1922 ◦F for half an hour and then air cooled to the room 
temperature, which is known as condition A. Following the solution 
treatment, the specimens were aged at 1025 ◦F for four hours, followed 
again by air cooling. Since this heat treatment has been reported to 
homogenize the microstructure of LB-PBF 17-4 PH SS [5,41], all speci-
mens should have had similar constituent phases, although fabricated 
using different process parameters. It is also worth mentioning that as 
the specimens were not subjected to the hot isostatic pressing (HIPing), 
the applied heat treatment is not expected to affect the size and distri-
bution of the volumetric defects [41]. 

2.2. Mechanical testing 

Uniaxial, fully-reversed strain-controlled fatigue tests (Rε = − 1) 
were conducted only at the strain amplitude of 0.003 mm/mm at which 

Fig. 3. Schematic illustration of (a) transverse plane (i.e. perpendicular to the 
build direction) for porosity analysis and (b) longitudinal plane (i.e. parallel to 
the building direction and perpendicular to the scan direction) for melt pool 
evaluation at the representative gage sections. The same approach was used for 
all geometries. 

Table 2 
Melt pool sizes including melt pool depth, dp, melt pool overlap depth, do, along 
with their ratio to layer thickness, tL, obtained for DB as well as SB and LB 
specimens, fabricated with different process parameters.  

Specimen dp (µm) dp/tL do (µm) do/tL 

Small Block 

SB Default 156 ~3.9 80 ~2.0 

Dog-bone 

DB7.5- 145 ~3.6 75 ~1.8 
DB10- 152 ~3.8 83 ~2.1 
DB15- 154 ~3.9 90 ~2.3 

Large Block 

LB7.5+ 160 ~4.0 78 ~1.9 
LB10+ 158 ~3.9 79 ~2.0 
LB20+ 152 ~3.8 70 ~1.7  
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the effect of part geometry was seen to be significant in the first part of 
this study [5]. All of the fatigue tests were performed using an MTS 
Landmark, a closed-loop servo-hydraulic test frame with 100 kN load 
cells, and the localized deformation on the gage section of the specimen 
was measured using an MTS extensometer with a gage length of 12.7 
mm. From the recent study, the deformation behavior of 17-4 PH SS at 

0.003 mm/mm strain amplitude was observed to be fully elastic [41]. 
Hence, to protect the extensometer, strain-controlled tests were first 
conducted to obtain stable force values; the tests were then switched to 
the force-controlled mode and continued until fracture. 

Fig. 4. Melt pool micrographs for DB parts along with the average values of melt pool depth, dp, and overlap depth, do, fabricated with (a) 7.5% (b) 10% and (c) 15% 
lower value of the default scanning speed. 

Fig. 5. Melt pool micrographs for LB parts along with the average values of melt pool depth, dp, and overlap depth, do, fabricated with (a) 7.5% (b) 10% and (c) 20% 
higher value of the default scanning speed. 
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2.3. Microstructure and fractography analysis 

Two different types of microstructural analyses were conducted in 
the current study to investigate the effect of process parameters, part 
geometry, and thermal history on the porosity distribution and the melt 
pool characteristics of LB-PBF 17-4 PH SS. For both microstructural 
analyses, non-heat treated half-built parts were first cut in the desired 

direction (i.e. transverse or longitudinal), and cold mounted in an epoxy 
resin solution. Mounted samples were then ground using different grit 
sandpapers followed by a polishing step using colloidal silica suspension 
to obtain a mirror-like surface finish. In the case of SB and LB samples, 
special care was taken to ensure that the porosity data as well as melt 
pool measurements were obtained from the locations representing the 
gage section of the fatigue specimens after machining. 

Fig. 6. Pore size distribution in the DB specimens fabricated with (a) 7.5%, (b) 10%, and (c) 15% lower value of the default scanning speed.  
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For the 2D porosity analysis, samples were cut in the transverse di-
rection (perpendicular to the build direction) of parts, as shown in Fig. 3 
(a), and polished to a mirror-like finish. Porosity data was obtained 
using a digital microscope and analyzed using the image processing 
software associated with the microscope. After acquiring porosity data, 
the polishing steps and porosity analysis were repeated multiple times 
(at least four) in different gage cross-sectional areas to achieve a general 

idea for the size distribution of pores throughout the gage section of the 
specimen. In addition, the defects smaller than 10 µm were not 
considered in porosity evaluation. 

As the melt pool depths are typically greater than the layer thickness, 
melt pools of the new layer can influence the melt pools generated in the 
previously solidified layers. As a result, melt pool analyses were con-
ducted on the top layer of the half-built parts. To accurately determine 

Fig. 7. Pore size distribution in the LB specimens fabricated by (a) 7.5%, (b) 10%, and (c) 20% higher value of the default scanning speed.  
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the melt pool characteristics including the depths and overlap depths 
between two successive tracks, samples were cut longitudinally, 
perpendicular to the scan direction, as shown in Fig. 3(b). Cut samples 
were then mounted and polished using a similar procedure described 
previously. Mounted and polished samples were etched using Beraha’s 

tint etchant to reveal the synergistic effects of process parameters and 
part geometry on the melt pool characteristics of LB-PBF 17-4 PH SS. 

Finally, fracture surfaces of the failed specimens were also evaluated 
to determine the factors responsible for crack initiation and failure 
mechanisms in LB-PBF 17-4 PH SS specimens. For the fractography 

Fig. 8. Bar plots showing the range of defect obtained using 3D image analysis along with X-ray CT images showing the distribution of defects in the (a) SB, (b) DB, 
and (c) LB with default scanning speed, as well as (d) DB specimen with 10% reduction in scanning speed (DB10-) and (d) LB with 10% increase in scanning 
speed (LB10+). 
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analysis, the fracture surfaces were first removed from the failed spec-
imen, sonicated in an ethyl alcohol bath to remove any impurities such 
as dust particles, and then mounted in an aluminum stub. Special care 
was taken not to touch the fracture surface during the removal, cleaning, 
and mounting process. All microstructural (i.e. porosity and melt pool), 
as well as fractography analyses in this study, were conducted using a 
Keyence VHX-6000 digital microscope. 

To obtain a 3D accurate representation of the porosity distribution, 
X-ray computed tomography (CT) was also conducted using a Zeiss 
Xradia 620 Versa with a maximum voltage of 160 kV and power of 25 W. 
In the case of 17-4 PH SS, a voltage of 140 kV and 21 W power was used 
along with an exposure time of 2 s and 0.4× magnification. The voxel 
size was determined to be ~5 µm. Post scanning image reconstruction 
was conducted using the Dragonfly software and the 3D porosity anal-
ysis was conducted using ImageJ and defects smaller than 10 µm were 
excluded from the analysis because of the lower confidence in measuring 
smaller pores. In addition, for the 3D porosity analysis, the character-
istics including size and number of defects were normalized by the 
volume of the scanned gage section. On the other hand, in the 2D 
porosity analysis, defect size and numbers were determined by 

averaging the values obtained from a single layer at four different sec-
tions. Therefore, the results obtained from 2D and 3D porosity analysis 
may not be identical but both results should provide similar information 
on the general trend of defect distribution resulting from variations in 
the geometry and scanning speed. 

3. Experimental results 

3.1. Microstructural analysis 

In an effort to maintain a similar thermal history among different 
geometries in this study, DB and LB parts were fabricated using different 
increments of scanning speeds; decreasing for DB and increasing for LB. 
As the thermal history is expected to affect the melt pool morphology, 
the melt pool depth, dp, and the overlap depth between the consecutive 
melt pools, do, were measured for parts fabricated using various scan-
ning speeds. These melt pool morphologies were determined based on 
the procedure proposed by NASA Marshall Space Flight Center (MSFC) 
[39] and are presented in Table 2 along with the ratio of melt pool depth 
and melt pool overlap depth to layer thickness, tL. 

Melt pools for DB7.5-, DB10-, and DB15- parts are shown in Fig. 4(a), 
4(b), and 4(c), respectively. In addition, the average values of melt pool 
depths and the overlap depths determined for each part are also listed. 
By decreasing the scanning speed, the average melt pool depth, dp, was 
observed to increase from the DB part fabricated with the default process 
parameters (~142 µm [5]) to ~145 µm for DB7.5-, ~152 µm for DB10- 

and ~154 µm for DB15- parts. Along with the average values of melt 
pool depth, the average value of melt pool overlap depth, do, was also 
seen to vary with the employed process parameter. The melt pool 
overlap depth also increased by decreasing the scanning speed from 
~72 µm in parts fabricated using default process parameters to ~75 µm 
in DB7.5-, ~83 µm in DB10- and ~90 µm in DB15- parts. It is also worth 
mentioning that the melt pool overlap depth was seen to be more sen-
sitive to the employed process parameters as compared to the melt pool 
depth. For instance, the melt pool depths were almost similar for DB10- 

and DB15- parts, while the melt pool overlap depths were considerably 
different. 

Similar to the DB parts, the melt pool morphology for LB7.5+, LB10+, 
and LB15+ parts are also determined and presented, respectively, in 
Fig. 5(a), 5(b), and 5(c). By increasing the scanning speed, the value of 
dp was seen to decrease from ~162 µm in the LB parts fabricated with 
default process parameters [5], to ~160 µm in LB7.5+, ~158 µm in 
LB10+, and ~152 µm in LB20+ parts. Moreover, with the increase in the 
scanning speed, the value of do was also seen to decrease from 81 µm for 
the LB part fabricated using the default process parameters [5] to ~78 
µm for LB7.5+, ~79 µm for LB10+, and ~70 µm for LB20+ parts. 

The variation in the thermal history represented by the melt pool 
morphology is expected to also affect the porosity distribution. 
Accordingly, porosity analysis was conducted at four different locations 
at the gage section for both DB and LB specimens fabricated with varying 
scanning speeds in order to gain a better understanding of defect dis-
tribution through the gage section of the specimens. Bar charts showing 
the number of defects for a particular range along with the total number, 
average value, and the maximum defect size are presented in Fig. 6(a), 6 
(b), and 6(c), respectively, for DB7.5-, DB10-, and DB15- specimens. In 
addition, the dashed lines in the accompanied micrographs represent the 
area from where the porosity analysis was conducted (i.e. representing 4 
mm diameter gage section), and only defects greater than 10 µm were 
considered for the analysis. 

The total number of pores, as well as the average and maximum 
defect sizes, were seen to decrease by reducing the scanning speed by 
7.5–15% of the default value. These bar charts reveal that the larger 
pores in the range of 31–40 µm were only observed in the DB7.5- part, 
while they were absent in DB10- and DB15- parts. In addition, defects 
between the range of 21–30 µm were absent in the DB15- specimen. In 
general, the porosity was seen to have a decreasing trend by decreasing 

Fig. 9. Box plots illustrating the range of fatigue lives obtained for (a) DB 
specimens fabricated using default process parameters, as well as 7.5% 
(DB7.5-), 10% (DB10–), and 15% (DB15-) reduction in scanning speed, and (b) 
LB specimens fabricated by default process parameters, as well as 7.5% 
(LB7.5+), 10% (LB10+), and 20% (LB20+) increase in scanning speed. All 
specimens were tested atεa = 0.003 mm/mm. Fatigue data for DB and LB 
specimens manufactured using default process parameters were adapted 
from Ref. [5]. 
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the scanning speed from the default value up to 15% that has been 
investigated in this study. 

In an attempt to increase the solidification rate in the LB specimen 
and to increase the porosity to the level of the SB specimens with default 
process parameters, the scanning speed was increased by 7.5%, 10%, 
and 20% of the default value. Similar porosity analyses to the ones 
conducted for the DB specimens were done for the LB specimens to 
determine the total number, average and maximum size of defects, and 
the results are shown in Fig. 7. As expected, increasing the scanning 
speed resulted in an increase in porosity in LB specimens. The total 
number of defects was seen to increase from 23 to 62 for LB specimen 
fabricated using the default process parameters [5] and LB20+ in Fig. 7, 
respectively. Additionally, the total number of defects and average and 
maximum defect sizes were somewhat similar in LB7.5+ and LB10+

specimens, which also had similar melt pool morphologies, suggesting 
that both specimens may have experienced similar thermal histories. On 
the other hand, a greater number of large defects in the range of 21–30 
µm as well as 31–40 µm were present in the LB20+ specimens, when 
compared to LB7.5+ and LB10+ specimens. 

In the 2D porosity analysis conducted in Ref. [5], for SB parts 
fabricated using default process parameters, the total number of defects, 
and average and maximum defect sizes were observed to be respectively, 
31, 11 µm, and 23 µm. In the current study, for the DB and LB parts 
fabricated using altered scanning speed, the closest defect distribution 
was observed for DB10- parts with a total defect of 36, an average pore 
size of 13 µm, and the maximum pore size of 24 µm. In the case of LB 
parts, porosity distribution of LB10+ with total defects of 28, an average 

pore size of 14 µm, and the maximum pore size of 26 µm were found to 
be the closest to the SB parts with default process parameter. Therefore, 
based on the 2D porosity analysis, SB with default process parameter, 
DB10-, and LB10+ parts are assumed to exhibit similar fatigue behaviors. 

To better understand the distribution of defects, 3D porosity analysis 
was also conducted using an X-ray CT on selected specimens, which 
exhibited similar defect distribution obtained by the 2D porosity anal-
ysis. Bar plots showing the range of defects obtained from the 3D defect 
analysis along with the reconstructed X-ray CT images of the gage sec-
tion of SB, DB, and LB specimens with default process parameters as well 
as DB10- and LB10+ specimens are presented in Fig. 8(a)–8(e), respec-
tively. Based on the X-ray CT analysis, the defects in the DB specimens 
were observed to decrease by reducing the scanning speed, while the 
defects in the LB specimens were increased by increasing the scanning 
speed. 

Both X-ray CT images, and the pore size distributions obtained from 
the 3D as well as 2D defect analyses, reveal that the distribution of de-
fects between SB with default process parameter, DB10-, and LB10+

specimens are somewhat comparable. However, the DB10- has fewer 
larger defects, which is expected to result in some improvement in the 
fatigue life of these specimens. It is also important to mention that the 
results for 2D porosity analysis were obtained by averaging the defects 
observed by sectioning the gage at four different locations. However, the 
results obtained from the 3D porosity analysis were normalized by 
dividing the number of defects by the volume of the scanned section of 
the specimen’s gage. Therefore, the results obtained from 2D and 3D 
analyses are not comparable; nonetheless, the range of defects, as well as 

Fig. 10. Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS for (a) a DB10- specimen with a fatigue life of 568,750 reversals, (b) a DB15- specimen with a fatigue life 
of 1,716,236 reversals, (c) an LB10+ specimen with a fatigue life of 196,450 reversals, and (d) an LB10+ specimen with a fatigue life of 569,088 reversals. All 
specimens were tested at εa = 0.003 mm/mm. 
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the trend of the increasing and decreasing in defects’ size and number, 
are similar in both 2D and 3D assessments. 

3.2. Fatigue results and fractography analysis 

Altering the process parameters for the fabrication of parts with 
different geometries was seen to affect the thermal history (indicated by 
the change in melt pool characteristics) and the level of the volumetric 
defects in the fabricated material. In addition, as these pores can directly 
affect the fatigue lives of AM parts, the employed process parameters can 
eventually affect the fatigue behavior of LB-PBF 17-4 PH SS specimens. 
Fatigue lives obtained for DB and LB specimens fabricated using altered 
scanning speeds along with the ones fabricated using default process 
parameters [5] are shown in Fig. 9, as box plots presenting the first-, 
second- (i.e. median), and third-quartile fatigue lives along with the 
whisker plots showing the maximum and minimum fatigue lives. As can 
be seen from the chart, the median fatigue life increased by decreasing 
the scanning speed for DB specimens, while the fatigue life decreased by 
increasing the scanning speed for the LB specimens. Therefore, based on 
the melt pool characterization and porosity measurements, controlling 
the input energy density, by altering for example the scanning speed to 

vary the thermal history experienced by the part during the AM process, 
can eventually affect the fatigue behavior. 

The fractography analysis was performed to determine the factors 
responsible for crack initiation and failure in LB-PBF 17-4 PH SS fabri-
cated using different scanning speeds. The fracture surfaces of selected 
specimens are shown in Fig. 10. The defect sizes, represented by the 
equivalent diameter, Dequivalent, were evaluated using Murakami’s 
approach and portrayed with green overlaid areas in this figure. Based 
on this approach, for the cracks initiating from multiple defects that are 
located at a distance smaller than the diameter of the smallest defect, the 
defect size is calculated as the square root of the semi-circle enveloping 
all these adjacent defects, which is illustrated in Fig. 10(b). Moreover, 
when the defect size is larger than its distance to the surface, the defect is 
considered as a surface defect. In this condition, the defect size is 
considered as the square root of the semi-circular envelope from the 
surface, hence, incorporating both size and location of the defect. 
Additional criteria for determining the defect size based on Murakami’s 
approach are given in Ref. [42]. 

The fracture surfaces revealed that the fatigue life was dictated by 
the size of a single and in some cases a cluster of multiple entrapped-gas 
pores located in the proximity of each other in most specimens. In 
addition, all crack initiating defects were seen to be located either at the 
surface or close to the surface of the specimen. For instance, a fatigue 
crack was observed to initiate from a 17 µm entrapped-gas pore in DB10- 

specimen with the fatigue life of 568,750 reversals, shown in Fig. 10(a), 
while a smaller 12 µm entrapped-gas pore, shown in Fig. 10(b), was 
found responsible for the crack initiation in DB15- specimen with a 
longer fatigue life of 1,716,236 reversals. A similar observation was also 
made for LB specimens; the LB10+ specimen (see Fig. 10(c)), which 
lasted for 196,450 reversals failed due to a 25 µm entrapped-gas pore, 
while another LB10+ specimen with a longer fatigue life of 569,088 
reversals (see Fig. 10(d)) failed due to a smaller entrapped-gas pore of 
19 µm. 

To further relate the results obtained from the microstructural 
investigation (melt pool and porosity distribution) and the fatigue tests, 
fractography analysis for each of the failed specimens was conducted to 
determine the type and size of defects responsible for initiating the fa-
tigue crack growing to cause the final fracture. The average defect size 
observed from the fractography analysis versus the average fatigue lives 
is presented in Fig. 11(a) and 11(b), respectively, for DB and LB speci-
mens fabricated with different scanning speeds. The defect size 
responsible for the fatigue failure seems to move to the desired direction 
as increasing the scanning speed for LB specimens resulted in larger 
defects and shorter fatigue lives. On the other hand, for DB specimens, 
decreasing scanning speed resulted in smaller defects, and subsequently, 
longer fatigue lives. All defect sizes presented in Fig. 11 were also 
evaluated using Murakami’s approach. 

4. Discussion on fatigue results 

Fatigue life data obtained for DB and LB specimens fabricated using 
different process parameters are shown in Fig. 12, which also includes 
the line charts representing the range of fatigue lives along with the data 
points obtained for DB, SB, and LB specimens fabricated using default 
process parameters in Ref. [5]. For the parts with different geometry 
fabricated using identical default process parameters, the lowest fatigue 
lives were seen for DB followed by SB, and the highest fatigue resistance 
was exhibited by LB specimens [5]. Hence, the objective of this study 
was to alter process parameters to obtain similar fatigue lives for DB and 
LB specimens with the ones for SB specimens fabricated by default 
process parameters (i.e. represented by the green horizontal dashed 
lines in Fig. 12). Among all the conditions investigated, DB10- and 
LB10+ specimens appear to have the most similarities to the fatigue lives 
of SB specimens manufactured via default process parameters. Although 
the range of fatigue lives was not identical, they were similar enough 
considering the typical scatter observed in fatigue data. Therefore, it is 

Fig. 11. Average fatigue lives versus average defect size obtained by Mur-
akami’s approach [42] for (a) DB specimens fabricated using default process 
parameters, as well as 7.5% (DB7.5-), 10% (DB10–), and 15% (DB15-) reduction 
in scanning speed, and (b) LB specimens fabricated using default process pa-
rameters, as well as 7.5% (LB7.5+), 10% (LB10+), and 20% (LB20+) increase in 
scanning speed. All specimens were tested at εa = 0.003 mm/mm. 
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concluded that the fatigue lives of DB and LB can shift to the desired 
direction by altering the value of a single process parameter, i.e. the 
scanning speed in this study. However, better results may be obtained by 
altering more than one process parameter, or by reducing the incre-
mental changes in the process parameters. 

The similarity observed in the fatigue lives between SB specimens 
with default process parameters and DB10- and LB10+ specimens may 
be attributed to the similarity in the thermal histories experienced by 
these parts. As seen in Table 2, the melt pool depths and melt pool 
overlap depths were found to be ~152 µm and ~83 µm for DB10- part, 
~156 µm, and ~80 µm for the SB part with default process parameter, 
and ~158 µm and ~79 µm for LB10+ parts. This similarity in melt pool 
characteristics may indicate that all three specimens have experienced 
similar thermal histories during fabrication, resulting in the similarity 
between melt pool morphologies as well as defect size distributions in 
DB10-, SB, and LB10+ parts. In addition, from the fractography analysis 
conducted for parts fabricated with different process parameters, the 
average defect sizes were seen to be very comparable for DB10- (i.e. 
~19 µm), SB with default process parameter (i.e. ~20 µm [5]), and 
LB10+ (i.e. ~22 µm), as seen in Fig. 11. 

As mentioned earlier, the thermal history experienced by the part 
during fabrication is primarily governed by the employed process and 
design parameters. The process parameters utilized are primarily 
responsible for the melting of the powder layer, which also influences 
the amount of input energy during fabrication. Moreover, the thermal 
history in the part can be affected by the design parameters such as the 
part geometry/size, number of parts on the build plate, time interval, 
and more. In the previous study, by using identical process parameters, 
the thermal history experienced during the fabrication process, repre-
sented by the melt pool morphology, was found to be affected by the part 
shape and size. Shallower melt pools in DB (i.e. the smaller part) and 
deeper melt pools in LB (i.e. larger part) were associated with the higher 
and lower solidification rates, respectively [5]. 

The scanning speed was lowered in this study for fabricating DB parts 
in an attempt to increase the input energy. Higher input energy densities 
can result in a lower solidification rate as the previously solidified layer 
upon which a new layer is fabricated is at a higher temperature [43,44]. 
This lower solidification rate can result in higher absorbed energy in the 
part due to longer exposure time, and consequently, larger melt pools 
[45]. This is also supported by the observation that melt pool depth and 

overlap depth increase with the decrease in scanning speed. In the case 
of LB parts, the scanning speed was enlarged to increase the solidifica-
tion rate, which resulted in decreased melt pool depth and overlap 
depth. 

Among specimens fabricated using different scanning speeds, the 
LB20+ specimens particularly showed a significant reduction in the fa-
tigue resistance (see Fig. 12), owing to the presence of large defects in 
the material (see Fig. 7(c) and Fig. 11(b)). Upon fractography analysis, 
the cracks in LB20+ specimens were seen to initiate from LoF defects, 
illustrated by white arrows in Fig. 13(a) and 13(b) for specimens with 
fatigue lives of 53,470 and 71,834 reversals, respectively. Since LoF 
defects are larger and more irregular-shaped than entrapped-gas pores, 
their effect on the fatigue strength is often more detrimental. The 
presence of these LoF defects in LB20+ specimens can explain their very 
short fatigue lives. Nevertheless, fatigue cracks were observed to initiate 
from the entrapped-gas pores in all other DB and LB specimens manu-
factured with adjusted process parameters. 

The value of scanning speed (~906 mm/s) and the laser power of 
220 W, employed for the fabrication of LB20+ specimens resulted in 
melt pool depths with an average size of 152 µm, which was appreciably 
greater than the layer thickness (i.e. 40 µm). Therefore, observing LoF 
defects derived from insufficient bonding between subsequent layers for 
these specimens was unexpected. In other words, the employed laser 
power and scanning speed should have ensued a melt pool depth capable 
of penetrating through multiple layers, resulting in a proper metallur-
gical bonding and eliminating the probability of LoF formation. How-
ever, it is notable from Table 2 that the overlap depth and overlap depth 
to layer thickness ratio of LB20+ are consistently smaller (i.e. do ~ 70 µm 
and do/tL ~ 1.7) than other parts including the SB part with default 
process parameter, for which do ~ 80 µm and do/tL ~ 2.0. 

Some studies have shown that the insufficient overlap between two 
adjacent melt pools can result in LoF defects [20,39,46], which cannot 
be avoided only by ensuring deep enough melt pools. Interestingly, the 
current do/tL ~ 1.7 of LB20+ part indicates that the melt pool overlap 
depth is also larger than the layer thickness, and thus, there should have 
been an adequate fusion between the two adjacent tracks and subse-
quent layers [20]. However, any anomalies during the manufacturing 
process can result in this ratio getting closer to (or even less than) 1, and 
consequently, form LoF defects in some locations. 

Melt pool micrographs of an LB part fabricated using default process 

Fig. 12. Fatigue lives obtained for LB-PBF 17-4 PH 
SS DB specimens fabricated with 7.5% (DB7.5-), 
10% (DB10–), and 15% (DB15-) reduction in scan-
ning speed, and LB specimens fabricated with 7.5% 
(LB7.5+), 10% (LB10+), and 20% (LB20+) increase 
in scanning speed. All specimens were tested at εa =

0.003 mm/mm. The hollow data points and the bars 
represent the range of fatigue lives obtained for DB, 
SB, and LB specimens manufactured by default 
process parameters [5]. The targeted fatigue life 
range is the range of fatigue lives for SB specimens 
with default process parameters represented by the 
green horizontal dashed lines. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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parameters and an LB20+ part are shown in Fig. 14(a) and 14(b), 
respectively. The top part of the melt pool in the LB20+ part was seen to 
be slightly rougher than the one in the LB part fabricated using the 
default process parameters. The surface roughness measurements con-
ducted using the Keyence digital microscope along the direction 
perpendicular to the scanning tracks on the top of half-built parts 
revealed a higher surface roughness of Ra ~ 11.4 µm for LB20+ parts as 
compared to Ra ~ 6.1 µm for the LB parts with the default process 
parameter. This relatively higher surface roughness in LB20+ can 
adversely affect the powder spreadability, and consequently, the powder 
layer uniformity on top of the part during the subsequent recoating. 
Similarly, a higher surface roughness for the top layer associated with 
higher scanning speed is also reported in Ref. [47] for an LB-PBF 
aluminum alloy. 

Considering the higher thermal conductivity of the solidified mate-
rial compared to the powder, the melt pool may deflect towards the side 
with lower powder layer thickness because of directional heat flow 
within the melt pool [47]. This deflection of the melt pool may not affect 
the melt pool depth as much, but it can result in a smaller melt pool 
overlap depth and a reduction in do/tL ratio to less than unity, leading to 
the formation of unexpected LoF defects. In addition, the probability for 
the occurrence of nonuniformity in the distribution of powder may be 
higher for the parts with the larger surface area. This is due to the higher 
possibility of scraping leading to powder layer disturbance during the 
powder distribution, which may be another reason that these LoF defects 

were generally seen in the LB20+ specimens. It is also important to note 
that these slit-shaped LoF defects are formed between the layers, which 
means that they can only exist in every 40 µm. As a result, the LoF de-
fects will be easily missed when sectioning the gage in a few random 
locations for microscopy, as such, they were not observed from the 2D 
porosity analysis in Fig. 7(c). 

Therefore, only considering the melt pool depths as a measure of 
reaching similarity in thermal histories between test specimens and the 
critical location of the part may not be adequate. The overlap depth 
between the consecutive melt pool tracks is also an important factor to 
consider for ensuring the properties measured from test specimens in the 
laboratory are representative of the part performance (i.e. property- 
performance relationships). It should be noted that many other factors 
such as powder specification and re-use, post-fabrication thermal and 
surface treatments, etc. can also affect the structure-property- 
performance relationships of AM materials and parts. However, based 
on observations and analyses performed in this study it appears that 
maintaining a similar thermal history between the laboratory specimens 
and the critical location of the part by altering process parameters is an 
important step towards establishing property-performance relationships 
and assuring that the mechanical properties obtained from the labora-
tory specimens can be representative of the part performance. 

Fig. 13. Fracture surfaces of LB-PBF CA-H1025 17-4 PH SS LB20+ specimens 
tested at εa = 0.003 mm/mm with (a) 53,470 reversals and (b) 71,834 reversals 
to failure. Cracks were observed to initiate from LoF defects in these specimens. 

Fig. 14. Melt pool micrographs for LB parts manufactured by (a) default pro-
cess parameters (LB Default) adapted from Ref. [5], and (b) 20% increase of the 
default scanning speed (LB20+). 
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5. Conclusions 

In the current study, the effects of altering scanning speed for parts 
with different geometries on the thermal history, defects formation and 
distribution, as well as fatigue behavior were investigated for 17-4 
precipitation hardening (PH) stainless steel (SS) fabricated using laser 
beam powder bed fusion (LB-PBF) process. Melt pool characteristics 
such as the depth and overlap depth between melt pools of adjacent 
tracks were considered to represent the thermal history. The variations 
seen in the melt pool morphology were correlated to the defect size 
distribution, which could ultimately explain the fatigue lives obtained 
for specimens from parts with different geometries. Based on the 
experimental observations and analyses performed, the following con-
clusions can be drawn:  

1. Melt pool analysis, conducted using optical microscopy, indicated 
that altering scanning speed could affect the thermal history expe-
rienced during AM, which was evident by the changes in melt pool 
depth and overlap depth between the melt pools from two adjacent 
tracks.  

2. Increasing the amount of input energy density by decreasing the 
scanning speed during the fabrication of dog-bone parts decreased 
the solidification rate resulting in deeper melt pools, and conse-
quently, fewer and smaller entrapped-gas pores. This reduction in 
porosity level helped to obtain longer fatigue lives for dog-bone 
specimens.  

3. In the case of large block specimens, an increase in scanning speed 
resulted in shallower melt pools and their overlap depths, and 
consequently, larger and more defects, which decreased their fatigue 
lives.  

4. Although the melt pool depth was seen to be almost three times of 
layer thickness, LoF defects were still formed in large block speci-
mens fabricated using 20% increase from the default value of scan-
ning speed. The presence of lack of fusion defects was attributed to 
smaller melt pool overlap depths in these specimens and the possi-
bility of melt pool deflection, influenced by the potential process 
anomalies, resulting in the overlap depth to powder layer thickness 
ratio to occasionally become close or smaller than unity.  

5. Similar thermal histories represented by similar melt pool depths and 
melt pool overlap depths were obtained in the dog-bone, small block, 
and large block specimens fabricated using 10% lower, default value, 
and 10% higher scanning speeds, respectively. In addition, the defect 
size distributions, and the resulting fatigue lives, were also observed 
to be similar among these specimens. 

In summary, the results of this study indicate that any variations in 
the thermal history experienced by the part during fabrication can 
considerably affect the defect formation and the fatigue performance of 
the AM parts. It is also shown that the differences in the fatigue per-
formance of parts with different geometries can be minimized by 
ensuring a similar structure (i.e. microstructure and porosity level) 
through maintaining a similar thermal history. This is an important 
factor for establishing property-performance relationships and gener-
ating reliable materials data for the design and qualification of AM 
products. It is worth mentioning that a reliable and experimentally 
validated thermal simulation, modeling, or monitoring package that can 
incorporate the effects of process and design parameters on the thermal 
history will be very helpful in designing AM parts based on the most 
representative materials data generated by specimen testing in the lab-
oratory. Such a design tool can be used to ensure the gage section of the 
specimen and the critical location of the parts experience the same 
thermal history, and therefore, exhibit the same mechanical/fatigue 
strengths. 
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