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ABSTRACT

This study focuses on process development and mechanical property evaluation of AISI 4140,
4340 and 8620 low-alloy steel produced by powder bed fusion — laser beam (PBF-LB). Process
development found that increasing the build plate preheating temperature to 180°C improved
processability, as it mitigated lack of fusion and cold cracking defects. Subsequent mechanical
testing found that the low-alloy steels achieved a high ultimate tensile strength
(4140:~1400 MPa, 4340:~1500 MPa, 8620:~1100 MPa), impact toughness (4140:~90-100 J,
4340:~60-70 J, 8620:~150-175 J) and elongation (4140:~14%, 4340:~14%, 8620:~14-15%)
that met or exceeded the ASTM standards. Mechanical testing also revealed limited
directional anisotropy that was attributed to low levels of internal defects (< 0.1%), small
grains with weak crystallographic texture and improved tempering due to build plate
preheating and post PBF-LB stress relief. This indicates that with adequate process
development, low-alloy steels produced by PBF-LB can meet or exceed the performance of
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conventionally produced alloys.

Introduction

Powder bed fusion - laser beam (PBF-LB) is an addi-
tive manufacturing technique that involves selective
fusion of a powder-bed using a high-powered laser
source. The precision of the process, along with its
ability to directly print CAD designs, has made it a
suitable method to produce near-net shape metallic
components [1]. Additionally, it offers a more sustain-
able processing route when compared to conventional
manufacturing techniques [2]. Despite this, PBF-LB
still lacks wide-spread adoption as a manufacturing
technique, which can be partially attributed to the
scarcity of approved alloys for the process.

Martensitic low-alloy steels are alloys of growing
interest for PBF-LB as they provide high strength,
wear resistance, toughness and hardness while main-
taining a relatively low materials cost [3,4]. Addition-
ally, the adoption of these alloys would expand the use
of PBF-LB to the automotive, railway and pipe-line
industries [4]. Still, to the authors knowledge these
alloys have yet to become commercially available for
the process.

The lack of martensitic low-alloy steel in PBF-LB
stems from the difficulty of processing these alloys
defect-free and high-density. One of the major issues
is related to their high carbon content (0.3-0.5 wt.%

C), which induces cracking within the material due
to the formation of brittle martensite along with the
presence of large residual stresses. Additionally,
there are generic issues during PBF-LB (e.g. keyholes
pores and lack of fusion defects) that can lead to a
reduction in performance when compared to conven-
tionally produced material and induce anisotropic
behaviour [5-7]. Overall, these issues have put into
question the viability of martensitic low-alloy steel
when using PBF-LB.

In order to adopt these alloys for PBF-LB, detailed
process development is required in combination with
mechanical property testing. To date, limited data on
this subject is available in the literature, with process
development of martensitic low-alloy steel primarily
involving single-track experiments [8-10] and the
production of specimens at specific sets of processing
parameters [6,7,11,12]. An important parameter that
has yet to be examined in adequate detail is the
build plate preheating temperature (BPT), which has
improved the processing of carbon-containing tool
steels during PBF-LB [13-15].

To fill this knowledge gap, the current study used
a combined approach of process development and
mechanical property testing to assess the perform-
ance of AISI 4140, 4340 and 8620 low-alloy steel
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when using PBF-LB. Initial process development
involved the printing of specimens at BPTs of
25°C, 100°C and 180°C, across volumetric energy
densities of 60-200 J/mm>. This range of parameters
was evaluated to not only determine the conditions
that achieved defect-free and high-density specimens
(>99.8%) but also to determine the largest proces-
sing window to help ensure process robustness.
Using the best parameters, tensile and Charpy
impact toughness specimens were produced and
tested in orientations horizontal and vertical to the
build plate. From these analyses, it was possible to
measure a material response for each of the alloys,
that made it possible to evaluate the feasibility and
performance of martensitic low-alloy steel when
using PBF-LB.

Materials and methods
Materials & processing

Pre-alloyed, inert gas atomised powder supplied by
Sandvik Osprey™ was used as the feedstock material
in this study. The chemical composition of each pow-
der grade is listed in Table 1, while the powder particle
size distribution is listed in Table 2. Examination of
the powder particles revealed a circular morphology
for each alloy, see Figure 1.

Powder bed fusion — laser beam (PBF-LB) was car-
ried out using an EOS M290 machine (EOS GmbH,
Germany). This machine is equipped with an Yb-
fibre laser that has a maximum power of 400 W and
a beam diameter of ~100 um. During laser exposure
a 5mm stripe scan pattern and a 67 scan rotation
angle was employed, along with no outer-skin or
top-skin parameters. During processing an oxygen
level of ~0.1% was maintained within the building
chamber using Ar gas.

To vary the processing conditions during PBF-LB
the volumetric energy density (VED) was utilised.
This combined processing parameter provides an esti-
mation of the energy input and is a function of the
scan speed (v), hatch spacing (h), layer thickness (t)
and laser power (P):

Production of the 10x 10 x 10 mm® cube speci-
mens was done at build plate preheating temperatures
(BPT) of 25°C, 100°C and 180°C across VEDs of 60—
200 J/mm”. To vary the VED the scan speed was chan-
ged while maintaining a constant laser power (170 W),
hatch spacing (70 um) and layer thickness (20 um).

Table 1. Composition of the AlSI 4140, 4340 and 8620 low-
alloy steel powders.
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Production of the tensile and Charpy specimens was
carried out using a BPT of 180°C and a VED of
120 J/mm® following the results from process
development.

Metallography

Cube and select mechanical property specimens were
sectioned along the XZ direction, where the Z-direc-
tion related to the building direction, while the X-
direction related to the direction of gas flow. After-
wards, these specimens were mounted and polished
using a Struers TegraPol machine (Struers, Denmark).
After polishing selected specimens were further etched
with Nital (3%).

Light optical microscopy (OM) was conducted
using a Zeiss Axiovision 7 Light Optical Microscope
(Carl Zeiss AG, Germany). To measure the specimen
density, OM images of unetched specimen cross-sec-
tions were analysed using Image] software [16]. This
first involved cropping and converting the images to
a binary format to distinguish the defects from the
specimen bulk. After this was completed, Image]
could measure the area percentage of defects and
determine the specimen density. OM imaging was
also used to estimate the melt pool depth, which was
done by measuring the depth of the top layer in etched
specimen cross-sections. These measurements are
described in more detail during previous work by
the authors [17].

Scanning electron microscopy was carried out
using a Leo Gemini 1550 high-resolution SEM (Carl
Zeiss AG, Germany). The mentioned SEM was also
equipped with an Oxford Instruments Nordyls II elec-
tron backscatter diffraction (EBSD) detector that was
operated at an accelerating voltage of 20 kV, a mag-
nification of 1 kx and a step size of 0.1 um. Prior to
EBSD, specimens were further polished using OPU
suspension. From the collected EBSD data, recon-
struction of the parent austenite grains was carried
out using MTEX software that utilised the ORTools
function library [18].

Mechanical testing

Specimens for tensile testing were initially produced as
57 mmx8 mm diameter rods, in orientations horizon-
tal and vertical to the build plate. Prior to removal
from the build plate, these specimens underwent stress
relief at 200°C for 1h. After removal, they were

Table 2. Particle size distribution of the AISI 4140, 4340 and
8620 low-alloy steel powders.

C Ni Cr Mo Mn Si Dig (um) Dso (um) Dy (um)
AISI 4140 0.38 - 1.10 0.23 0.77 0.22 AISI 4140 18.6 31.1 52.2
AISI 4340 0.43 1.90 0.90 0.30 0.60 0.17 AISI 4340 18.0 31.9 55.6
AlSI 8620 0.22 0.60 0.50 0.22 0.70 0.32 AlSI 8620 24.9 446 711




96 (&) W.HEARNETAL.

Figure 1. SEM images of the inert gas atomised powders from the: (a) AISI 4140 alloy, (b) AISI 4340 alloy, (c) AlSI 8620 alloy.

machined to tensile specimens with a gauge diameter
of 4 mm and a gauge length of 20 mm following the
ASTM E8M standard [19]. During tensile testing a
strain rate of 2.5x 10~ s~' was maintained until
1.7% elongation to determine the Rp0.2. After this
elongation was achieved, the strain rate was increased
to 0.005 per second until fracture. This was done to
reduce testing time and was in accordance with the
ASTM E8M standard [19]. Tensile testing was carried
out at room temperature using an Instron 4505
machine (Instron, USA). For each low-alloy steel
and each orientation 3 specimens were tested.

Charpy v-notch impact toughness specimens were
initially produced as 12.5 mm x 15.5 mm x 59.5 mm
blocks, in orientations horizontal and vertical to the
build plate. Prior to removal from the build plate,
these specimens underwent stress relief at 200°C for
1 h. After removal, they were machined to 10 mm x
10 mm x 55 mm with the v-notch following the
ASTM 2298 standard [20]. Testing of these specimens
was conducted at room temperature using a Zwick
PSW 750 machine (Zwick Roell Group, USA). For
each low-alloy steel and each orientation 3 specimens
were tested.

Vickers hardness indentations were performed
using a DuraScan 70-G5 machine (EMCO-TEST
GmbH, Austria) on cuboid and Charpy specimens.
Measurements on cube specimens involved sixteen
HV10 indentations, oriented in a 4 x 4 pattern, with

each indentation being spaced 2 mm apart. Hardness
measurements on the horizontal Charpy specimens
involved 182 HV10 indentations, oriented in a 7 x 26
pattern, with each indentation being spaced 2 mm
apart. While hardness measurements on the vertical
Charpy specimens involved 49 HV10 indentations,
oriented in a 7x7 pattern, with each indentation
being spaced 2 mm apart.

Results
Process development

Effect of VED & BPT on porosity
The specimen density of the low-alloy steels was con-
nected to the VED, see Figure 2. At low VED (Region
I), cross-sections revealed numerous lack of fusion
pores, see Figure 3(a,b), that contributed to low den-
sities (<99.5%). These defects formed as the energy
input was insufficient to achieve proper bonding
between layers and melt tracks. As the VED increased,
lack of fusion porosity steadily decreased, see Figure 4.
This was due to an increased size of the melt pool, see
Figure 5, which helped to improve material bonding.
Once higher VEDs were applied minimal porosity
was observed within the specimens (Region II), lead-
ing to high densities (> 99.8%), see Figure 3(c,d).

The BPT also influenced specimen density, see
Figure 2, as increasing this temperature limited lack



100

O
oo

96

94

92

90

Specimen Density (%)

50 100 150 200
Volumetric Energy Density (J/mm?3)

—4—25°C —ii=—100°C 180°C

100

98

96

94

92

POWDER METALLURGY e 97

4340

_ 100 === =—t==<===t =0T
X 7

~ 98 "//

Z b

2 96

o

0 o

c

o

£ 2

‘0

g 90

v 50 100 150 200

Volumetric Energy Density (J/mm3)

=4—=M290 25°C  —@=M290 100°C M290 180°C

Specimen Density (%)

50 100

150 200

Volumetric Energy Density (J/mm?3)

—4—25°C —#—100°C

180°C

Figure 2. Specimen density as a function of the VED for the AISI 4140, 4340 and 8620 alloys. Marked areas (I and Il) represent
different processing regions, where specimens within Region Il achieved densities > 99.8%. A density of 99.8% is indicated in each

of the graphs using a dashed line.

of fusion porosity within the specimens, see Figure 4.
This change was due to a higher ambient temperature
during processing, which improved material bonding.
Additionally, there was an increase in the melt pool
depth, see Figure 5, which also enhanced material
bonding. Despite these improvements, an increase in
the BPT did not noticeably alter the processing range
of high-density specimens (> 99.8%), as Region II for
the AISI 4340 and 8620 alloys remained unchanged
as the temperature increased. While increasing the
BPT to 180°C reduced the lower limit of Region II
from 100 to 80 J/mm® for the AISI 4140 alloy.

Effect of VED & BPT on cold cracking
Within some of the higher carbon low-alloy steels
(AISI 4140 and 4340) cracking defects were observed,
see Figure 4. These cracks primarily formed at the side
surface and grew inwards perpendicular to the build-
ing direction. This type of defect is related to a cold
cracking phenomenon that has been described pre-
viously in works by Hearn et al [17,21]. The men-
tioned cracking was not observed for the AISI 8620
alloy as this alloy had a much lower carbon content
(0.22 wt.%), making it more ductile and thus less sus-
ceptible to form these defects.

Cold cracking within the AISI 4140 and 4340 alloys
could be mitigated by adjusting the VED or the BPT as

this defect was not observed in specimens produced at
high VED or at high BPT, see Table 3. This is in part
due to the reduction in hardness as both parameters
increased, see Figure 5. The reduction in hardness
with increasing BPT is connected to a higher ambient
temperature during processing which improves mar-
tensite tempering. As for the reduction in cracking
with increasing VED, this is connected to the larger
size of the melt pool, see Figure 5, which reduces the
rate of heat dissipation from the solidifying material
[22], lowering the speed of heat extraction and
increasing the level of martensite tempering. Out of
these parameters a BPT of 180°C had the most promi-
nent effect, as under these conditions no cracks were
observed in any of the produced specimens.

Processing windows for high-Density, defect-free
specimens

From these results, processing windows were estab-
lished for each low-alloy steel that produced defect-
free and high density (> 99.8%) specimens, see Figure
6. For the AISI 8620 alloy, the size of the processing
window remained unchanged as the BPT increased as
this alloy did not suffer from cold cracking defects.
As for the AISI 4140 and 4340 alloys, the size of the pro-
cessing window increased with increasing BPT due to
the reduction in cold cracking. From these findings,
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Figure 3. (a) Noticeable lack of fusion porosity in an AIS| 4140 alloy specimen produced at 60 J/mm? using a BPT of 25°C. (b)
Higher magnification of (a) revealed the irregular shape characteristic of these lack of fusion pores. (c) Example of a high-density
(>99.8%) AlSI 4340 alloy specimen produced at 140 J/mm?3 using a BPT of 100°C. (d) Higher magnification of (c) revealed minimal

porosity within said specimen.
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Figure 4. Cross-sections of AlSI 4140 alloy specimens pro-
duced at VEDs of 60, 80, 100 J/mm?> and BPTs of 25°C, 100°
C, 180°C. At 60 J/mm? noticeable lack of fusion porosity was
observed in all specimens regardless of the BPT. Additionally,
in specimens produced at 25°C and 100°C cracking defects
were observed.

the most robust processing window was found ata BPT
of 180°C as this temperature provided the largest range
of VEDs that achieved high-density and defect-free
specimens. Consequently, the mentioned BPT, along
with a VED of 120 J/mm® was chosen to produce the
mechanical property specimens.

Mechanical properties

Tensile and Charpy impact toughness specimens were
tested in orientations vertical and horizontal to the
build plate. The results of this testing have been sum-
marised in Table 4. Generally, the horizontal speci-
mens performed slightly better than the vertical
specimens. However, the level of anisotropy between
the two orientations was limited as the difference in
yield strength, ultimate tensile strength, elongation,
area reduction, young’s modulus and hardness, was
below 10%. The largest difference between the orien-
tations was observed from impact toughness testing,
where the horizontal specimens outperformed the ver-
tical specimens by approximately 8-17%.
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alloys. Hardness is indicated as a scatter plot while the melt pool depth is indicated as a bar chart.

Additional analysis of the stress—strain curves in
Figure 7 indicated ductile behaviour for each low-
alloy steel. This was corroborated by observations of
the tensile fracture surfaces, as macro-observations
revealed a cup and cone fracture mode, while micro-
observations revealed the fine dispersion of dimples,
see Figure 8. Similar ductile features were observed
on the fracture surfaces of the Charpy specimens, as
macro-observations revealed the presence of shear
lips, while micro-observations revealed the presence
of fine dimples, see Figure 9. On the tensile and
Charpy fracture surfaces only a few scattered pores
were observed. Additionally, some secondary cracks
were observed in the AISI 4140 and 4340 alloys.

Microstructure

Optical microscopy (OM) revealed a martensitic micro-
structure within the specimens, see Figure 10. Further
hardness measurements found that this martensite was
noticeably tempered, see Table 4, as the hardness was

Table 3. VED required to avoid cold cracking in AISI 4140,
4340 and 8620 alloys at each BPT.

AISI 4140 AISI 4340 AIS| 8620
25°C 200 J/mm? 180 J/mm? N/A
100°C 140 J/mm?> 140 J/mm? N/A
180°C N/A N/A N/A

similar to conventionally quenched and tempered low-
alloy steel [17]. SEM revealed a collection of fine marten-
site laths, that became more prominent as the carbon
content of the alloys increased, see Figure 10. In between
these martensite laths, numerous fine precipitates were
observed that were less than 100 nm in size.

Results from EBSD are presented in Figure 11.
Examination of the band contrast found that the
boundaries of the deposited melt tracks had the lowest
indexing, as these regions contained many fine grains
as well as grain boundaries. Reconstruction of the
parent austenite grains found that they were predomi-
nantly composed of small columnar grains, along with
a few equiaxed grains. In terms of their orientation,
they were somewhat aligned with the building direc-
tion, however a distinct crystallographic texture was
not observed. Inverse pole figure mapping of marten-
site also revealed a lack of crystallographic texture.
This was reinforced from the pole figure mapping,
see Figure 12, where a relatively random orientation
was observed for each low-alloy steel.

Discussion

In this study, process development of defect-free and
high-density AISI 4140, 4340 and 8620 steel was
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Table 4. Results from mechanical property testing of each low-alloy steel.

YS (MPa) UTS (MPa) Elongation (%) RA (%) YM (GPa) Impact (J) HV 10
4140V 1240+ 11 1400+ 9 142+0.2 60+ 1 218+3 92+7 450+ 10
4140H 1300+ 19 1420 + 26 13.9+0.1 63+1 225+3 100+3 432+9
4340V 1230+ 11 1510+ 23 141+1.0 50+5 209+ 14 61+3 448 +7
4340H 13309 1510+ 23 143+04 58+2 218+ 4 71+£3 445 +7
8620V 1040+ 7 1090 + 10 13.8+0.8 65+2 228 +2 148 + 16 3437
8620H 1070+ 10 1120+ 12 152+0.8 69+ 1 228+5 174+12 345+6

Note: Specimens produced in orientations vertical and horizontal to the build plate have been denoted as V and H respectively.

carried out at BPTs of 25°C, 100°C and 180°C. Analy-
sis indicated that increasing the BPT could mitigate
the formation of two common defects. The first were
lack of fusion pores, which were less likely to form
at higher BPT due to improvements in the heat

1600
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Figure 7. Characteristic engineering stress vs. strain curves for
the AISI 4140, 4340 and 8620 alloys produced in orientations
vertical and horizontal to the build plate.

input and melt pool depth. This corresponds to pre-
vious findings by Mertens et al. with H13 tool steel
[14], who showed that increasing the BPT could
improve material densification during PBF-LB.
Increasing the BPT also mitigated the formation of
cold cracking in alloys with higher carbon content
(e.g. AISI 4140 and 4340) as it enhanced martensite
tempering during PBF-LB. Increasing the BPT is
also likely to reduce residual stress within the material,
further reducing the crack susceptibility. Reported
studies on carbon-containing tool steel found that
increasing the preheating temperature to 200°C
would lower the level of residual stress [23,24] and
the maximum part deflection [24], supporting this
hypothesis. These results indicate that preheating of
the build plate is an important processing parameter
during PBF-LB that helps produce defect-free and
high-density low-alloy steel specimens.

After process development, mechanical testing of
defect-free and high-density specimens was carried
out for each low-alloy steel. Said testing found that
the specimens achieved high strength, area reduction
and impact toughness that exceeded the ASTM stan-
dards, along with solid levels of elongation that fell
within the ASTM standards, see Figure 13. The high
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4140 H

4340 H

8620 H

Figure 8. Fracture surfaces from horizontal tensile specimens at magnifications of 100x, Tkx and 10kx. Analysis of the fracture
surfaces at Tkx revealed a few scattered pores as well as some secondary cracks in the AlSI 4140 and 4340 alloys. While analysis at
10kx revealed many fine dimples across the fracture surfaces.

Figure 9. Fracture surfaces from vertical Charpy specimens. SEM images of the fracture surface show magnifications of 1kx and
15kx. Analysis of the fracture surfaces at Tkx revealed a few scattered pores. While analysis at 15kx revealed many fine dimples
across the fracture surfaces.
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impact toughness was notably exceptional, as in many
cases it exceeded that of conventionally produced
AISI 4140 [25], AISI 4340 [26,27] and AISI 8620 steel
[28] despite having a similar or higher strength.

This combination of properties was due to the
microstructure of the low-alloy steels that consisted
of tempered martensite and nano-sized precipitates,
see Figure 10. This finely tempered microstructure
allowed the alloys to retain the high strength and hard-
ness of martensite without noticeably reducing the
ductility or toughness. The observed precipitates are
likely non-transitional carbides, as previous work by
Hearn et al [29]. found that the precipitates observed
in plain carbon steel produced by PBF-LB related to
cementite. However, further phase analysis is still
required using higher resolution techniques to con-
clusively determine the presence and type(s) of car-
bides within the low-alloy steels.

Another finding from mechanical property testing
was the limited presence of anisotropy when compar-
ing the horizontally and vertically produced speci-
mens. This was in part due to the unique grain
structure of the low-alloy steels. Typically, alloys pro-
cessed by PBF-LB will form large columnar grains that
are preferentially oriented in the direction of heat flow
[1,30]. These grains subsequently lower the strength of
vertically oriented specimens, as the loading direction
will be perpendicular to these elongated grains [31].
However, in this work a different grain structure was

4140

4340

8620

observed as instead of large elongated grains, the
alloys were comprised of fine martensite laths and
small columnar/equiaxed parent austenite grains, see
Figure 11. There was also a lack of crystallographic
texture within the examined low-alloy steels, see
Figure 12. Similar findings were observed in martensi-
tic maraging steel produced by PBF-LB [32], where the
lack of crystallographic texture was attributed to the 67
scan rotation angle during laser exposure. However,
the lack of texture is also due to the characteristics
of the martensitic transformation, that involve the
athermal nucleation and growth of martensite into a
multitude of variants whose preferred orientation is
independent of the heat flow direction [33]. Com-
bined, the smaller grains and weaker texture of the
examined low-alloy steels contributed to the reduced
levels of anisotropy within the produced specimens.
Another cause for the limited anisotropy was the
enhanced uniformity of martensite tempering due to
build plate preheating and post PBF-LB stress relief.
This uniformity was observed from hardness measure-
ments that showed limited differences in specimen
hardness in terms of orientation, see Table 4, as well
as limited deviations in hardness within each speci-
men, see Figure 14. Although this subject has not
been directly explored in literature, past studies have
shown that heat treatment after processing can
improve the mechanical properties of additively man-
ufactured specimens [31]. These results indicate the

Figure 10. OM and SEM images of the AlSI 4140, 4340 and 8620 alloys at magnifications of 20x, 15kx and 50kx. OM images at 20x
revealed a martensitic structure. 15kx SEM images showcase the lath-like morphology of martensite. While the 50kx SEM images
highlight the presence of nano-precipitates within the martensite.
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Figure 11. Representative EBSD images of AlSI 4140, 4340 and 8620 alloys found in vertically produced tensile specimens. These
include: (i) Images of the band contrast, (ii) Reconstruction of the parent austenite grains as calculated by MTEX [18], and (iii)
Inverse pole figure (IPF) mapping of martensite in the building direction (z-axis).
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Figure 12. Pole figures for AISI 4140, 4340 and 8620 alloys that correspond to the EBSD data shown in Figure 11. These pole
figures do not show strong texture and instead point to a more random crystallographic orientation.
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Figure 13. Mechanical properties of the AISI 4140, 4340 and 8620 alloys compared to the ASTM standards (highlighted as boxed
regions or as dashed lines). The ASTM standards for the yield strength (YS), ultimate tensile strength (UTS), elongation and area
reduction were taken from the ASTM A958 standard [36]. While the ASTM standard for the impact toughness was taken from the

ASTM A673 standard [37].
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Figure 14. Hardness mapping of horizontal Charpy specimens for the AISI 4140, 4340 and 8620 alloys. This mapping revealed
relatively uniform hardness throughout each specimen, with the maximum difference in hardness for each alloy reaching up

to 8%, 6% and 7% respectively.

potential of build plate preheating as well as post PBF-
LB stress relief to limit directional anisotropy.

Lastly, the limited presence of internal defects (<
0.1%) also contributed to the reduced levels of aniso-
tropy, as previous studies have shown that defects
oriented perpendicular to the loading direction are
one of the major factors that reduce the mechanical
properties of PBF-LB materials [34,35].

Conclusions

In this study, a combination of process development
and mechanical property testing was conducted to
evaluate the performance of AISI 4140, 4340 and
8620 low-alloy steel when using PBF-LB. The main
findings of this study can be summarised as follows:

- Lack of fusion defects can be significantly decreased,
and cold cracking defects can be mitigated by
increasing the VED and the BPT as both par-
ameters improve material bonding and in-situ
tempering of the alloys respectively.

- The investigated alloys could be produced high-den-
sity (> 99.8%) and defect-free by PBF-LB, with the
most robust processing window being found at a
BPT of 180°C.

- Mechanical property testing found that the low-
alloy steels had a high ultimate tensile strength
(AISI4140: ~1400 MPa, AISI 4340: ~1500 MPa,
AISI 8620: ~1100 MPa), impact toughness
(AISI 4140: ~90-100 J, AISI 4340: ~60-70 J,
AIST 8620: ~150-175 J) and elongation (AISI
4140: ~14%, AISI 4340: ~14%, AISI 8620:
~14-15%).



- Mechanical testing also revealed limited directional
anisotropy. This was attributed to the reduced
presence of internal defects, the prevalence of
small grains with limited crystallographic texture
and the improvement in martensite tempering
due to build plate preheating and post PBF-LB
stress relief.

In summary, this investigation has shown that
when processed defect-free and high-density, marten-
sitic low-alloy steels are not only suitable but actively
take advantage of PBF-LB to achieve mechanical prop-
erties that meet or exceed those of conventionally pro-
duced alloys.
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