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ABSTRACT

17-4 precipitation hardening (PH) stainless steel is a multi-purpose engineering alloy offering an excel-
lent trade-off between strength, toughness, and corrosion properties. It is commonly employed in additive
manufacturing via laser powder bed fusion owing to its good weldability. However, there are remaining
gaps in the processing-structure-property relationships for AM 17-4 PH that need to be addressed. For
instance, discrepancies in literature regarding the as-built microstructure, subsequent development of the
matrix phase upon heat treatment, as well as the as-built residual stress should be addressed to enable
reproducible printing of 17-4 builds with superior properties. As such, this work applies a comprehensive
characterisation and testing approach to 17-4 PH builds fabricated with different processing parameters,
both in the as-built state and after standard heat treatments. Tensile properties in as-built samples both
along and normal to the build direction were benchmarked against standard wrought samples in the so-
lution annealed and quenched condition (CA). When testing along the build direction, higher ductility
was observed for samples produced with a higher laser power (energy density) due to the promotion
of interlayer cohesion and, hence, reduction of interlayer defects. Following the CA heat treatment, the
austenite volume fraction increased to ~35 %, resulting in a lower yield stress and greater work hard-
ening capacity than the as-built specimens due to the transformation induced plasticity effect. Neutron
diffraction revealed a slight reduction in the magnitude of residual stress with laser power. A concentric
scanning strategy led to a higher magnitude of residual stress than a bidirectional raster pattern.
© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

conventional processing routes, it is a martensitic stainless steel
which undergoes precipitation hardening by the formation of Cu

The continued development of additive manufacturing (AM)
for metals has been of great interest to many engineering indus-
tries. AM allows engineers to break free from design constraints
imposed by traditional manufacturing methods as parts can be
produced with highly intricate and specialised designs well-suited
to achieve superior performance [1,2]. 17-4 precipitate hardening
(PH) stainless steel has been identified as the alloy which experi-
enced the biggest growth in AM profitability in 2021 [3]. The high
strength and toughness combined with high corrosion resistance
of 17-4 PH make it suitable for numerous applications, including
in the aerospace, marine, and petrochemical industries. Under
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rich precipitates on the nanoscale during ageing heat treatments
[4,5]. After casting, a typical thermal processing route for 17-4 PH
is to hold at 1040 °C for 1 h followed by a water quench, creating
a martensitic matrix supersaturated with Cu [5,6]. This heat
treatment state is referred to as CA (condition A). A subsequent
ageing treatment of 1 h at 480 °C (the H900 ageing treatment)
has been empirically found to give the greatest strengthening
effect [5,7].

Although 17-4 PH stainless steel is now widely used in metal
AM, existing literature makes contrasting observations relating to
its structure and properties [8]. Whilst some studies into the as-
printed material report predominantly martensitic microstructures
[9-11] others report predominantly austenite [9,12] or &-ferrite
microstructures [11,13-16]. Some researchers have found that
heat treating to CA can form a fully martensitic matrix in laser
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powder bed fusion (LPBF) 17-4 PH, resulting in the anticipated
effects of conventional thermal processing [17,18], whilst others
have found that even the CA heat treatment does not guarantee
a fully martensitic matrix [19,20] resulting in knock on effects
on the ageing response [10,20,21]. Some have attributed these
differences in phase behaviour to compositional differences in the
material, likely due to different powder feedstocks and fabrication
atmospheres [20,22,23]. These differences would result in a dif-
ferent Creq/Nieq ratio, a compositional term assessing the relative
stability of austenite vs ferrite or martensite in the matrix of a
steel [24]. Changes in phase behaviour can have significant effects
on the mechanical properties of 17-4 PH, such as strength and
toughness. This is why coupling the processing parameters to the
microstructure and properties remains challenging.

Further, the LPBF process can result in significant residual
stresses in builds. This is due to cyclic, rapid, and localised cool-
ing and reheating of the material layer by layer [25,26]. A conse-
quential residual stress is also incurred on the build plate. Upon
removal of the part from the build-plate, non-uniform stress re-
laxation causes residual stresses to redistribute in the final part.
Unless a form of heat treatment is applied, these resultant resid-
ual stresses will remain in the printed component and can im-
pact service performance. This can be advantageous, with residual
compressive stress states resisting the opening of cracks leading to
greater fatigue performance [27]. However, large, and unfavourably
aligned residual stresses can lead to poor mechanical properties.
Poorly chosen process parameters and build geometries can result
in large part distortion, cracking, and delamination during printing,
resulting in an overall reduction in print quality to the detriment
of part strength and ductility [25,28-30]. AM-induced intragranu-
lar residual stresses can negatively affect the part yield strength
due to resultant back stresses [31].

Some investigations into the residual stress in LPBF parts have
been undertaken using several techniques which measure the
amount of stress relaxation after building, such as hole-drilling
and build deflection measurement [25,27,32], however the data
from such techniques is qualitative and has low spatial resolution.
Diffraction techniques, using either X-rays or neutron beams, can
directly measure lattice strains via the shift in the Bragg angle to
non-destructively evaluate residual stress [32]. Compared to X-ray
diffraction, neutron diffraction has a greater penetration depth (a
few centimeters) so residual stresses can be measured through the
thickness of larger AM builds [27]. Another advantage of neutron
diffraction is that triaxial residual stress results can be obtained
by taking measurements along multiple axes. A number of pre-
vious studies have investigated the residual stress distribution in
LPBF builds using neutron diffraction [33-37], finding that residual
stress can be reduced by remelting and reducing the scan island
size. So far, no studies using neutron diffraction have investigated
the effect of a uniform concentric scanning strategy, as considered
in this study. Such patterns are of great interest given the unusual
and inhomogeneous phase behaviour that they can produce in as-
built samples [14], but advantageous applications may only be re-
alised with a more thorough understanding of the residual stresses
they incur.

The current work aims to address the gaps in knowledge
around mechanical properties of LPBF 17-4 PH stainless steel builds

Table 1
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and link this to the as-built microstructure and residual stress dis-
tributions incurred by the fabrication process. It aims to elaborate
on the effect of laser power and scanning strategy on the residual
stress. The atypical post heat-treatment microstructures and their
mechanical behaviours are evaluated. By coupling properties with
processing parameters, the results of this work will inform future
engineers on the achievable microstructures and mechanical prop-
erties of LPBF 17-4 PH as well as the residual stress distributions
and magnitudes formed in LPBF builds.

2. Materials and methods

17-4 PH stainless steel powder was provided by 3D systems.
Lashgari et al. [38] analysed the same powder using laser diffrac-
tion, reporting that the Dy 10 (i.e., particle diameter larger than
exactly 10 % of measured particles), Dy50, and Dy90 values for
this powder were 4.38, 11.8, and 29.4 pum, respectively. Samples
were printed in an N, gas atmosphere using a 3D Systems ProX
300 LPBF machine using a laser spot size of 90 nm. No preheating
was applied to the build plate. The various processing parameters
utilised in this study are summarised in Table 1. Hatch spacing,
scanning speed, and layer height were selected from manufacturer
recommended values and kept constant between printing condi-
tions. The hexagonal scanning strategy consists of a bidirectional
raster scan rotated 90° between each layer comprising of hexago-
nal island scans measuring 50 mm between opposite vertices. The
raster scan was the same as the hexagonal scanning strategy with-
out any island pattern within the scan. The concentric scanning
strategy used a bidirectional scan tracing the outer-most edge of
each layer first, then moving progressively inwards to fully melt
each layer. In the case of the hexagonal and raster scans, the bidi-
rectional scan was rotated 90° on and off every layer of the build.
The directions of these scans were 60° offset from the principal
axes of the build dimensions. Schematic diagrams of these print-
ing strategies are provided in Fig. 1. Specimens were printed as
cubes of 10 mm x 10 mm x 10 mm for neutron diffraction and
tomography analysis. Specimens were also printed as dog-bones
for tensile testing. These samples had a gauge length of 27.29 mm
with a cross section of 6.25 mm x 2 mm (in accordance with
ASTM E8-22 standard subsize dimensions). Some dog-bone sam-
ples were fabricated with the loading direction perpendicular to
the build direction (BD), hereafter termed “horizontally built”, and
others were fabricated with the loading direction parallel to BD,
hereafter termed “vertically built” samples, in order to investi-
gate the effect of build orientation on the tensile properties. Sam-
ples for Charpy impact testing were fabricated with a geometry of
5 mm x 10 mm x 55 mm with the 55 mm dimension parallel
to the build direction. A standard V-notch was machined into the
mid-point on one of the 5 mm x 55 mm faces (in accordance with
ASTM E23-07a).

After fabrication, samples were mechanically tested in three dif-
ferent post-built heat treatment conditions: The as-built condition
(AB), after a solution annealing treatment at 1040 °C for 1 h fol-
lowed by a water quench (CA), and after heat treating to CA fol-
lowed by an ageing treatment at 480 °C for 1 h followed by air
cooling (CA-H900). Heat treatments were performed in air using a
Nabertherm LHTCT 03/16/C550 high temperature furnace.

LPBF processing parameters for the samples considered in this study. Note: HP = High power, LP = Low power.

Condition name  Laser power (W)

Scanning speed (mm s~')

Hatch spacing (um)  Layer height (um)  Scanning pattern

Hex LP 127.5 1200
Hex HP 161.5 1200
Raster 127.5 1200
Concentric 127.5 1200

50 40 Hexagonal
50 40 Hexagonal
50 40 Raster

50 40 Concentric
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Hexagonal

Raster

Journal of Materials Science & Technology 198 (2024) 83-97

Concentric

\

60 \ \
Build
Direction @ § § ;\

_

Even Layers

AV Ry AV A AT AT 4y

V'l o :///'/
% % Odd Layers
o~ el ‘//‘:
Fig. 1. Schematic diagrams of the scanning strategies used in this research.
Table 2
Composition (wt%) of the 17-4 PH powder and an LPBF build.
Fe C Mn Si S P Ni Cr Mo Cu \% Nb Ti Al N
Powder 7349  0.03 087 0.71 <0.01 0.03 434 161 013 381 0.04 032  0.02 0.01 0.10
LPBF build ~ 72.19  0.02 090 092 <001 0.03 457 168 012 392 0.06 037 <0.01 0.01 0.09
Error (+) Bal 0.005 0.05 0.04 0.005 0.005 0.1 0.2 0.05 0.1 0.007 0.02 0.005 0.005  0.02

X-Ray Diffraction analysis (XRD) was performed on planes sec-
tioned along the build direction using an Empyrean PANalytical
Powder X-ray diffractometer in order to measure the volume frac-
tions of each phase in the builds via Rietveld refinement. Measure-
ments were taken midway along the build height, away from any
build surfaces.

Atom Probe Tomography (APT) was performed using a CAMECA
LEAP 3000 Si which had a detector efficiency of 55 %. Datasets
were collected from regions midway along the build height, away
from any build surfaces. During dataset collection, a temperature
of 50 K, a pulse rate of 200 kHz, and a pulse fraction of 20 % were
used. Datasets were reconstructed based on crystallographic infor-
mation. The APT datasets were reconstructed via CAMECA’s Inte-
grated Visualization & Analysis Software (IVAS) and AP suite 6.0.

Composition analysis was done for both a sample of the powder
and a section of a build using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) at a commercial laboratory. These
compositions are provided in Table 2.

Tensile tests were conducted at room temperature using an In-
stron 5982 tensile testing machine and an MTS laser extensometer
Lx500. The strain rate during testing was 1 mm min~!. At least
two samples were tested for each condition.

The fracture surfaces and as-received powder were investigated
with a JEOL 7001f scanning electron microscope using secondary
electron imaging. Electron backscattered diffraction (EBSD) analy-
ses of polished cross-sections immediately below the fracture sur-
face were performed on a JEOL 7001f using an accelerating voltage
of 20 kV, a probe current of 13 nA, a 6 x 6 binning, and a Hikari-
EDAX camera. Data analysis was done using TSL OIM 8.0 software.
The samples were prepared by grinding to 4000 grit with SiC pa-
per, and polishing with 3 pym and 1 pm diamond suspensions suc-
cessively. The final polishing step either used 0.04 pm OPU col-
loidal silica, for tested tensile specimens, or electropolished at 25 V
for 30 s using Struers A2 electrolyte, for pre-testing microstructure
analysis. Comparative analysis showed that no discernible phase
transformation was induced by the use of OPU polishing on the
tested tensile specimens. Energy dispersive spectroscopy (EDS) was
used to evaluate compositional differences across the fracture sur-
faces.
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Selected samples were also examined by transmission Kikuchi
diffraction (TKD) which provides higher resolution maps than stan-
dard EBSD [39]. Thin foil preparation for transmission Kikuchi
diffraction (TKD) was performed using standard twin jet elec-
tropolishing [40] with a Struers A2 electrolyte. TKD was carried out
in a ThermoFisher Helios G4 Xe PFIB using 30 kV accelerating volt-
age, 6.4 nA probe current, 4 mm working distance, —10° stage tilt,
an Oxford Instruments Aztec Symmetry system, sensitivity preset,
and a 25 nm step size.

Residual stress measurements were performed using the
KOWARI strain scanner at Australia’s Nuclear Science and Technol-
ogy Organisation (ANSTO) [41] on cubic specimens. For the three-
dimensional (3D) residual stress analysis on cubic builds, wave-
lengths of 1.67 A and 1.53 A were used to observe the shift of the
diffraction peak (d-spacing) from the (211) planes in body-centred
cubic (BCC) ferrite and the (311) planes in face centred cubic (FCC)
austenite respectively. The nominal gauge volume for each mea-
surement in these samples was 1.3 mm x 1.3 mm x 1.3 mm. Mea-
surements were taken at a scattering angle of 90°.

Since two matrix phases, BCC and FCC, are present within the
microstructure, the stress analysis treats the material as a com-
posite with analysis of phase strains and stresses with separation
of the macro-stress and micro-stress [42]. The true d, (stress-free
d-spacing) could not be obtained without, for example, the disso-
lution of one phase and removal of any remaining stresses. Con-
sequently, an assumption of the constant dy for both phases was
used for the evaluation of the phase strains. This was based on
the boundary conditions, i.e., residual stress must be 0 at a free
surface in the normal direction, and a force condition, that the in-
tegral of normal residual stresses of a full cross section must be
0. Using such “reference” dy values, the macro-stress can be eval-
uated provided that phase volume fractions are known. However,
the hydrostatic micro-stresses that are most likely present due to
mismatch of the elastic, plastic, and thermal properties of BCC and
FCC phase remain unknown and are therefore not discussed. The
reliably reconstructed macro-stress is further referred to simply as
“stress”.

Neutron computed tomography was conducted on the imag-
ing beamline DINGO at ANSTO [43]. The investigation was con-
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ducted in high resolution acquisition mode (length to diameter
ratios of up to 1000). The ANDOR MARANA sCMOS detector was
configured to yield images with a pixel size of 17 pm by setting a
70 mm x 50 mm field of view with a 100 mm lens coupled with
a gadolinium oxysulphide scintillation screen with a thickness of
30 pm. Projections were acquired with an equiangular step of 0.17°
over 360° and an exposure time of 90 s. Flat field normalization
with dose correction and dark current subtraction were applied to
each dataset. The data was processed using the NeuTomPy tool-
box [44]. The obtained slices were recomposed and evaluated us-
ing Avizo 9.1 software.

3. Results
3.1. As-Built and heat-treated microstructures

The results of XRD phase fraction analysis can be viewed in
Table 3. It shows that, contrary to the typical behaviour of this al-
loy following this thermal history [4,15,19], the FCC phase fraction
increases after the CA heat treatment. Typically, applying the CA
heat treatment to 17-4 PH results in a uniform microstructure of
close to 100 % martensite (BCC).

As-Built ,b

Build
Direction

001 101
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Table 3
Phase volume fractions (Vf) resultant from different printing and heat treatment
conditions as determined by X-Ray diffraction analysis.

BCC V¢ (%) FCC V; (%)
Hex LP - As-built 96.1 + 1.7 3.9+ 1.2
Hex HP - As-built 95.8 + 3.8 42429
Hex LP - CA 63.0 + 3.4 37.0 + 45
Hex HP - CA 68.2 + 5.1 31.8 £ 93

Fig. 2 shows EBSD data collected from the bulk regions of sam-
ples which did not undergo mechanical testing. Comparing the in-
verse pole figure (IPF) maps in Fig. 2(a) and (d), it is easily seen
that the average BCC grain size in the as-built state increases sig-
nificantly with increasing laser power. The average as-built grain
BCC grain area was 94 + 8, 249 + 12, and 114 + 9 pm? for the
Hex LP, Hex HP, and Raster samples, respectively. The phase maps
presented in Fig. 2(b) and (e) are consistent with the XRD results
shown in Table 3, demonstrating that the increase in laser power
between Hex LP and Hex HP did not lead to a significant change
in the phase volume fractions. Fig. 2(g-1) demonstrate the extent
of grain refinement and increase in austenite volume fraction as a
result of the CA heat treatment. Comparing the pole figures pre-

4.000
3.031
2.297
1.741
1.320
1.000

max = 2.624 0.758

101

max = 3.869

Fig. 2. EBSD Analysis of samples before mechanical testing (a-c) Hex LP As-Built, (d-f) Hex HP As-Built, (g-i) Hex LP CA, (j-1) Hex HP CA. (a, d, g, j) IPF Maps, (b, e, h, k)
Phase Maps, (¢, f, i, 1) Pole figures showing BCC texture along BD. Note that each of these pole figures uses the same colour scale. Colour in the IPF maps shows orientation
along the BD in each case. Area-weighted average BCC grain areas were evaluated for each EBSD map to be 94 + 8 um? (Hex LP As-built), 249 + 12 pm? (Hex HP As-built),
1.79 + 0.05 pm? (Hex LP CA), 2.56 + 0.11 um (Hex HP CA). Note: the difference in length scale between different IPF and phase maps.
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Edge of Foll

(b)

Fig. 3. Representative TKD map of the Hex LP CA build (a) IPF map, (b) Phase map clearly indicating the presence of nanoscale FCC regions along grain boundaries.

sented for each of the sample conditions (Fig. 2(c, f, i)), it can be
seen that the BCC phase’s clear cube texture in the as-built spec-
imens is eliminated by the CA heat treatment. Comparing the re-
sults for the Hex LP CA and Hex HP CA samples in Fig. 2, no sig-
nificant differences in the microstructure are apparent.

The fine scale of the multi-phase microstructure of the samples
following the CA heat treated samples exceeds the resolution of
the EBSD analysis in Fig. 2. For this reason, TKD was performed to
characterise the nanoscale FCC phase. These results are presented

CA

4000+
—— Data
3000- —— Random
-
S
3 2000+
(@]
1000
0 . : : ; . .
00 02 04 06 08 10 12
d-pair (nm)

in Fig. 3, showing that nanoscale FCC grains are present at grain
boundaries of larger BCC grains.

Fig. 4 shows the distribution of Cu atoms within CA and CA-
H900 samples from APT data. In both heat treatment conditions,
no Cu clustering/precipitation behaviour is visible in the sections
of the atom maps (Fig. 4(a, b)). The Cu first nearest neighbour dis-
tributions for these samples plotted in black in Fig. 4(c) and (d),
do not show any significant deviations from the comparable ran-
domised nearest neighbour distributions.

(b) CA-H900

4000 -
3000 A
2000 A
1000 -
0 . ; . . : :
00 02 04 06 08 10 12
d-pair (nm)

Fig. 4. Atom probe data showing Cu distributions in the (a, c) CA, (b, d) CA-H900 conditions. (a, b) Cu atom maps from 20 nm x 20 nm x 20 nm cubic sections of APT

datasets. (c, d) Nearest neighbour distributions for Cu within the entire APT datasets.
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Table 4

Summary of mechanical properties from tensile tests of all horizontally printed
and vertically printed 17-4 PH samples. Standard ASM wrought 17-4 PH mechan-
ical properties are also shown. Where anomalous yield behaviour has occurred, the
lower yield stress is shown.

Yield Stress (MPa)  UTS (MPa)  Elongation to failure
Standard wrought [6]
CA-H900 1055 1380 0.150
Vertically built
Hex LP - AB 795 £ 20 892 £+ 15 0.057 + 0.020
Hex HP - AB 763 £ 45 931+ 6 0.187 + 0.010
Raster - AB 854 + 17 947 £ 1 0.105 £ 0.020
Horizontally built
Hex LP - AB 878 986 0.134
Hex HP - AB 822 £ 30 963 £ 20 0.147 + 0.020
Raster - AB 888 + 40 996 + 20 0.159 + 0.003
Hex LP - CA 281 £ 2 941 £ 6 0.156 + 0.007
Hex HP - CA 338 £ 10 943 £+ 30 0.118 + 0.020
Raster - CA 286 £+ 2 951 £ 2 0.161 + 0.001
Hex LP - CA-H900 All Anomalous
Hex HP - CA-H900 349 + 20 937 £ 30 0.141 £ 0.001
Raster - CA-H900 338 +£3 923 + 20 0.169 + 0.020

3.2. Mechanical testing

The tensile properties of the samples can be viewed in Table 4,
with representative engineering stress vs strain curves displayed in
Fig. 5. Comparing the mechanical properties for samples tested in
the as-built state, for each combination of processing parameters,
samples printed vertically have both lower average yield strengths

(@)

Vertically Built AB

1000
g AP
g 800+
?
Q600 ——Hex LP - AB
) —— Hex HP - AB
o — Raster - AB
‘w400
c
[0}
|_
200 -
0 T T T 1
0.00 0.05 0.10 0.15 0.20
Strain
C ; :
(c) Horizontally Built CA
1000
g
?, 800
(2]
[0}
g 600
0
K} —— Hex LP - CA
w400+ —— Hex HP - CA
qC) —— Raster - CA
'_
200
0 T T T 1
0.00 0.05 0.10 0.15 0.20
Strain
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and ultimate tensile strengths than those printed horizontally. It
can also be seen that vertically built Hex HP samples have a signif-
icantly greater elongation to failure than those printed with either
Hex LP or Raster samples. For horizontally built samples, the av-
erage elongation to failure is comparable between all printing pa-
rameters, but Hex HP samples showed slightly decreased average
yield and ultimate tensile strengths compared to Hex LP or Raster
samples. In comparison to standard wrought samples in the CA-
H900 condition [6], the as-built properties presented here show re-
duced yield and ultimate tensile stresses, with some showing com-
parable elongation to failure.

Table 4 shows that the greatest yield stresses and ultimate ten-
sile strengths (UTS) in LPBF fabricated parts occurred within sam-
ples in the as-printed state. After heat treating to CA, the yield
stress significantly decreased while the work hardening capac-
ity of the material increased. This resulted in a slight decrease
in UTS for all printing conditions. Many samples in CA exhibited
a yield plateau in the stress strain curve. Additionally, many of
the stress strain curves for the heat-treated samples show sec-
ondary discontinuities, as indicated by yellow arrows in Fig. 5. Fur-
thermore, ageing to the H900 condition after the CA heat treat-
ment did not result in any appreciable difference in mechanical
properties.

The results of Charpy impact testing show no great variation
in impact toughness with changing processing parameters between
Hex LP (1.4 + 0.1 MJ] m~2), Hex HP (1.4 + 0.1 M] m~2), and Raster
(1.6 £ 0.1 M] m~2). Wrought 17-4 PH exhibits a Charpy impact
toughness of 2.710 M] m~2 and 0.813 MJ m~2 in the CA and CA-
H900 conditions respectively [45].

(b)

Horizontally Built AB

1000 4
- F"—”’_—__\
< 800
s
7))
£ 600+
ﬁ Hex LP - AB
= i —— Hex HP - AB
2 g —— Raster - AB
()
|_
200 -
0 T T T 1
0.00 0.05 0.10 0.15 0.20
Strain
(d) Horizontally Built CA-H900
1000 4
g
S 800
s
® 600
) _
& AN
[}
L Hex HP - CA-H900
B 40 ’ Raster - CA-H900
2
200
O T T T 1
0.00 0.05 0.10 0.15 0.20
Strain

Fig. 5. Representative stress vs strain curves from the tensile tests of LPBF 17-4 PH samples. (a) Vertically Built AB, (b) Horizontally Built AB, (c) Horizontally Built CA, (d)
Horizontally Built CA-H900. Yellow arrows indicate secondary discontinuities in the curves.
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10 um

As-Built
Premature Failure

Fig. 6. Representative fracture surfaces from horizontally built tensile test specimens with the (a-i) Raster samples. (a-c) As-built, (d-f) CA, (g-i) CA-H900. (j-1) As-built
samples fabricated using Hex LP processing parameters that underwent premature failure. Each scale bar applies to each column of subfigures. Yellow arrows indicate hard
particles observed on the surfaces. The red, dashed ellipses indicate smooth regions of the fracture surface.

Fig. 6(a-i) shows representative fracture surfaces for horizon-
tally built Raster tensile specimens in each heat treatment condi-
tion at multiple magnification levels. Several differences can be ob-
served comparing these subfigures. In the as-built condition, cracks
and ridges can be observed on the fracture surfaces at low magni-
fication. At high magnification, a mixture of dimpled and smoother
regions of fracture surface topography can be observed. Smoother
crack regions, indicated by the red dashed ellipses, are likely due
to the opening of pre-existing lack of fusion pores in the build
during failure. Comparing Fig. 6(a) and (d), it can be seen that,
after the CA heat treatment, the fracture surface becomes more
topographically flat on the 100 s nm length scale. Greater mag-
nifications reveal that the CA and CA-H900 heat treatments also
resulted in a fracture surface much more devoid of cracks, show-
ing an almost exclusively dimpled morphology. Fig. 6 shows that
all samples following all processing routes contain hard particle
inclusions, as indicated by yellow arrows. Energy dispersive spec-
troscopy (EDS) was undertaken to reveal the composition of these
inclusions. The EDS results, presented in Fig. 7, show these parti-
cles to be depleted in Fe and rich in Mn and Si both in the as-built
and CA states. The inclusion analysed on the fracture surface of the
as-built specimen was also enriched in O. These MnSi and MnSiO
enriched inclusions were likely incorporated into the builds from
impurities in the powder during fabrication. Ageing did not result
in any significant differences to the fracture surfaces as compared
to the CA state. Fig. 6(j-1) shows the fracture surface of a sample
which failed prematurely. This early failure was clearly the result of
poor consolidation of the material during printing. Fig. 6(j) shows
the fracture surface to contain a large, interconnected network of
lack of fusion pores.
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Fig. 8 shows representative fracture surfaces from the as-built
vertically fabricated samples. Similar to Fig. 6, Fig. 8 also shows
that the presence of 90° intersecting smooth defects, highlighted
with dashed red ellipses, are abundantly present on the fracture
surfaces for the Hex LP samples but are absent for Hex HP samples.

Fig. 9 shows EBSD analyses of the x-y plane (as defined in Figs.
S1 and S2 in the supplementary material) in the sub surface frac-
ture regions of the horizontally built tensile specimens. These re-
sults were taken from the same samples presented in the fracture
surfaces in Fig. 6. The pole figures displayed in Fig. 9(a, e, i) show
strong (110) textures along the loading direction, as is expected
after the plastic deformation of BCC crystals resulting in strain ac-
cumulation [46]. For the as-built sample, this is in the form of a
(100) cubic texture with (110) along the loading direction whilst
the heat-treated samples show (110) fibre textures along the load-
ing direction. However, this is not the case for the prematurely
failed sample, shown in Fig. 9(m), which retains its pre-testing
(100) cubic texture parallel to BD (Fig. 2). This cube texture is
not retained beyond the CA heat treatment. The inverse pole fig-
ures clearly show grain refinement between Fig. 9(b, f, j) resulting
from the CA heat treatment. Fig. 9(b-d) highlights that regions be-
tween scan tracks are prone to porosity. Based on their irregular
morphology and periodic alignment, it can be surmised that these
pores are the result of lack of fusion between scan tracks. The pres-
ence of this level of porosity within the sample, however, did not
lead to a significant reduction in strength (yield stress = 927 MPa,
UTS = 1016 MPa). After the CA heat treatment, the microstruc-
ture experiences significant refinement during which these peri-
odic scan-track grain structures are eliminated, as can be seen
comparing Fig. 9(b) with Fig. 9(f) and (j).
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of the (a) as-built, (b) CA fracture surfaces. EDS point scan spectra observed for the (c) as-built, (d) CA surfaces. Red crosses indicate where the point scans were taken in
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Fig. 8. Representative fracture surfaces from as-built vertically built tensile tests. (a-c) Hex LP (d-f) Hex HP. Red, dashed ellipses indicate smooth regions of the fracture

surface.

Due to the differing scale of the as-built grain structure to the
CA and CA-H900 grain structures, many of the features in the heat-
treated microstructures are not well resolved in Fig. 9. As such,
Fig. 10 shows higher magnification EBSD scans from the same re-
gions as Fig. 9. In Fig. 10(a), many grains rotate towards (110) along
the loading direction, as highlighted by the increase of datapoints
in green leading up to the fracture surface. This highlights the ef-
fect of deformation on grain orientation. Comparing the IPF maps
shown in Fig. 10(a, e, i), not only is grain refinement by the CA
heat treatment highlighted, but the presence of a martensitic grain
structure, composed of packets and laths, rather than a ferritic
grain structure is also apparent. The Kernel Average Misorientation
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(KAM) maps presented in Fig. 10 show an increase in the average
misorientation within grains at the fracture surface of the CA-H900
samples as compared to the CA sample.

The reduction in the austenite volume fraction resultant from
mechanical testing can be clearly observed when comparing the
phase distribution maps in Figs. 9 and 10 to the phase distribution
map in Fig. 2(c).

3.3. Residual stress analysis

Fig. 11 shows the 3D residual stress distribution within three
cubic builds: Hex LP, Hex HP, and Concentric. The grid of mea-
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Fig. 9. Results from EBSD at sub-fracture surface regions of horizontally built tensile specimens. (a-d) As-built, (e-h) CA, (i-1) CA-H900, (m-p) An as-built sample which
failed prematurely. (a, e, i) Pole figures showing BCC texture. The centre of each pole figure shows the loading direction. (b, f, j) Inverse pole figure maps for the BCC phase
with colour showing grain orientation along the loading direction. (c, g, k) Image quality maps. (d, h, 1) Phase maps. The data presented in (a-l) relates to Raster samples
and (m-p) a Hex LP sample which failed prematurely. Note: The fracture surface is located at the bottom of these maps, at the transition to the black regions.

Table 5

Maximum and minimum residual stress measurements along each axis for each build. Stress values

are given in MPa.

0, Max 0, Min 0 xx Max oxx Min oy Max oy Min
Hex LP 256 £17 -3154+ 17 270 £17 -264+17 259 +£17 273 £ 17
Hex HP 155 +£ 22  —-360 + 22 224 + 21 —-330 £ 21 216 + 21 -334 + 21
Concentric 199 + 14  -1177+14 85+ 14 -871+14 423 +14 897 + 14

sured points is shown in black in each case. The heat maps were
produced by extrapolation and interpolation of the measured data
points. All samples show tensile residual stresses near the surfaces,
and compressive residual stresses at their interiors. Similar residual
stress profiles as well as stress magnitudes can be observed when
comparing the stress distributions in the Hex LP and Hex HP sam-
ples. The Concentric sample shows a much higher residual stress
magnitude in both tensile and compressive regions than either the
Hex LP or Hex HP samples. The distribution of the residual stresses
within the Concentric sample is significantly different to the other
samples, with an almost cylindrical column of triaxial compressive
residual stress orientated along BD at the centre of the build. The
residual stresses within this sample, both tensile and compressive,
have a significantly greater magnitude than within samples fabri-
cated with the hexagonal scanning strategy.

Table 5 shows the maximum and minimum residual stresses
from the measured data points shown in Fig. 11. Comparing the
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data for the Hex LP and Hex HP cubes shows that printing with
a greater laser power resulted in lower maximum tensile stresses
along all axes but increases the severity of the maximum com-
pressive residual stresses in the interior. Table 5 also highlights the
high triaxial compressive stress in the column at the centre of the
Concentric sample.

3.4. Neutron computed tomography

The results of the computed tomography analysis are shown
in Fig. 12. Due to the resolution of this technique (pixel size of
17 pm), smaller inclusions and pores are not resolved. The inclu-
sions detected in the Hex LP and Hex HP samples were resolved
by their greater attenuation coefficient than that of the embed-
ding matrix. The attenuation coefficient of these inclusions was
found to be ~ 1 cm~!. This allows the inclusions to be related
to the presence of manganese as its theoretical attenuation co-
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Fig. 10. Results from EBSD at sub-fracture surface regions of horizontally built tensile specimens in the subsections indicated within the subfigures of Fig. 9(b, f, j). (a-d)
As-built, (e-h) CA, (i-1) CA-H900. (a, e, i) Inverse pole figures for the BCC phase with colour showing grain orientation along the loading direction. (b, f, j) Image quality

maps. (¢, g, k) Phase maps. (d, h, 1) Kernel Average Misorientation maps. Note: The fracture surface is located at the bottom of these maps, at the transition to the black
regions.
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Fig. 12. Results of neutron computed tomography. Detected inclusions are shown for (a) Hex LP, (b) Hex HP, (c) Concentric samples. Detected pores are shown for (d) Hex
LP, (e) Hex HP and (f) Concentric samples. Note that each panel shows two different views of the same data.

efficient (at a neutron wavelength of 1.5 A) is 1.054 cm~!. It is,
therefore, likely that these inclusions are of the same chemistries
as those observed on the fracture surface of the tensile test spec-
imens (Fig. 7). Fig. 12(e) and (f) shows the presence of large open
volumes within the sample.

4. Discussion
4.1. As-built and heat-treated microstructures

As both martensite and ferrite are BCC in 17-4 PH, changes in
the XRD signal or EBSD Kikuchi pattern cannot be used to dis-
tinguish between them. Therefore, these phases must be identi-
fied by their morphology. As the BCC phase in the as-built mi-
crostructures shown in Fig. 2 exhibits a grain structure consistent
with the solidification phase of LPBF material, it is surmised that
this BCC phase is the solidification phase for 17-4 PH: §-ferrite
[14]. Therefore, the as-built microstructures consist of §-ferrite and
a small volume fraction of austenite. The high power fabrication
condition results in a greater grain size along the build direction
due to more pronounced epitaxial growth, as detailed in [14]. Both
Table 3 and Fig. 2 show a large increase in austenite volume frac-
tion following the CA heat treatment. Fig. 2 also shows the refine-
ment of the now duplex martensitic-austenitic microstructure that
this heat treatment induces. Based on the ICP-AES results displayed
in Table 2 and Eqgs. (1) and (2) [47], the Creq/Nieq ratios for the
powder and the builds are calculated to be 1.99 and 2.19, respec-
tively.

Creq (Wt%) = Cr +2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb)
+1.5(Ti) + 0.75(W) (1)

Nieq (Wt%) = Ni + (C0) + 0.5(Mn) + 0.3(Cu) + 25(N) + 30(C)
(2)
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The discrepancy between these two values is accounted for by
the loss of more volatile elements during LPBF fabrication as well
as the incorporation of impurities. The greater the Creq/Nieq ratio
the greater the stability of ferrite/martensite. The lower this ra-
tio, the greater the stability of austenite. A Creq/Nieq ratio greater
than 1.5 will result in ferrite becoming the stable equilibrium so-
lidification phase [24]. It is possible that the Creq/Nieq ratio for
the powder used in this study (1.99) was not sufficiently high to
obtain a fully martensitic microstructure after the CA heat treat-
ment. Others in the field who reported a fully martensitic mi-
crostructure following this heat treatment listed powder compo-
sitions with greater Creq/Nieq ratios [17,18]. Further investigation
on the effect of this ratio on phase transformation pathways in
additively manufactured 17-4 PH will be the subject of further
study.

4.2. Microstructure and mechanical property relationships

It can be seen in the tensile testing results presented in
Table 4 and Fig. 5 that, in the as-built state, horizontally built Hex
HP samples showed lower yield and ultimate tensile strengths than
Hex LP or Raster samples. The greater laser power used in fabricat-
ing the Hex HP samples led to an increased average grain size in
the as-built microstructures as shown in Fig. 2. Given that there is
no major difference in the volume fractions of ferrite and austenite
between these printing conditions (as shown in Table 3), the more
refined microstructure will have an increased strengthening effect
as per the Hall-Petch relationship [48]. Previous work by the cur-
rent authors [49] has indicated that using the greater laser power
during fabrication led to an increase in the clustering of Cu atoms
in the as-built condition due to the effect of the intrinsic heat
treatment of the laser powder bed fusion process. Given that the
use of the lower laser power led to an increase in tensile strength,
it can be surmised that the effect of the increase in Cu clustering
is not the dominant factor in determining the strength of this ma-
terial in the as-built state.
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Dimpled fracture surfaces shown in Figs. 6-8 are the result
of microvoid coalescence during ductile failure [50]. This demon-
strates that all samples, in each heat-treated state, show ductile
failure. Considering the prematurely failed as-built sample anal-
ysed in Fig. 9, the premature failure is likely due to the preva-
lence of lack of fusion porosity. This low ultimate tensile strength
(669 MPa) means that the required plastic deformation accumula-
tion to produce a strong (110) texture has not occurred. Compar-
ing the (001) pole figures in Fig. 9, it can be seen that the as-built
specimen which did not undergo premature failure still retains its
cube texture resulting from solidification and epitaxial growth dur-
ing fabrication, as outlined in Ref. [14]. This shows that the plastic
deformation was accommodated by a rotation of the existing cube
texture to align an average (110) texture with the build direction.

The difference in average KAM between the CA and CA-H900
samples in Fig. 10 is likely due to the fact that the CA-H900 sample
analysed with EBSD experienced a much higher plastic strain be-
fore failure than the analysed CA sample. Correlating this with the
average mechanical properties and their associated standard devi-
ations, presented in Table 4, it can be surmised that this increased
grain deformation at the fracture surface is not a consistent dif-
ference between samples in the CA and CA-H900 condition. How-
ever, increased KAM after H900 could be indicative of misorienta-
tion generated by precipitate formation. This is suggested to be the
subject of further study.

There is no great difference between the values of impact
toughness for the LPBF samples considered in this study for each
printing condition. These as-built impact toughness values are infe-
rior to wrought solution annealed (CA) 17-4 PH stainless steel but
superior to wrought material in the CA-H900 condition [45].

Vertically built Hex HP samples were shown to have a greater
ductility than either Hex LP or Raster samples. This is explained
considering the morphology of their fracture surfaces presented
in Fig. 8. The Hex LP sample shows a network of interconnecting
lack of fusion defects indicated by red, dashed ellipses in Fig. 8(b),
which were absent on the fracture surface of the Hex HP samples.
The presence of these defects resulted in a reduced ductility in
the Hex LP samples, as they enabled plastic instabilities to form
at lower strain values. This shows that a greater laser power pro-
moted greater remelting of previous layers, resulting in better in-
terlayer fusion, reducing the prevalence of such defects [14]. This
is consistent with the general finding in LPBF that a greater energy
density results in an increased penetration depth (i.e., melt pool
depth) which leads to a reduction in lack of fusion porosity [51].
The open columnar volumes present in the Hex HP build analysed
in Fig. 12(e) align well with the build direction and are arranged
at 60° to the sample axes (i.e., aligning with the scan direction), it
can be surmised these are also lack of fusion pores resultant from
an issue with the laser scan on a certain region of the powder bed.
These are not thought to be reflective of a consistent difference be-
tween the Hex LP and Hex HP conditions.

It is expected from literature concerning 174 PH stainless steel
[8,17,18] that heat treating to CA would result in an increase in
yield stress due to the formation of a refined martensitic mi-
crostructure. However, the yield stress decreased after the CA heat
treatment in all cases in this study. This is likely the result of
the increase in the austenite volume fraction in the samples af-
ter heat treatment, as shown conclusively by the XRD results in
Table 3. The characteristically high levels of work hardening after
yielding are likely caused by the transformation of the austenite
to martensite during mechanical testing, as is the case with trans-
formation induced plasticity (TRIP) assisted steels [52]. The reduc-
tion in austenite volume fraction after mechanically testing the
heat treated samples, shown by comparing Fig. 2 with Figs. 9 and
10, confirms that this phase transformation takes place during
mechanical testing. Using digital image correlation, Shaffer et al.
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[20] showed that the transformation of austenite to martensite in
LPBF fabricated 17-4 PH results in Liiders banding across the gauge
length during the yield plateau both in as-built and heat treated
samples containing significant volume fractions of austenite. The
authors also showed a second onset of Liiders banding in samples
which showed a second discontinuity in the stress vs strain be-
haviour. Such tensile behaviour is also observed in Fig. 5 for the CA
and CA-H900 samples considered in this study, as well as in 17-4
PH samples in literature containing substantial volume fractions of
austenite [22]. This second stage of Liiders banding was shown to
occur after most of the austenite within the microstructure had al-
ready transformed to martensite, without any resolvable change to
the phase transformation behaviour with continued straining [20].
After the Liiders banding transformation region of the stress-strain
curves, the significant hardening that follows is a result of contin-
ued transformation of the remaining austenite of this dual phase
microstructure, with the transformation resulting in higher resis-
tance against further deformation [20,52]. It has been reported for
TRIP assisted steels that the ultimate failure of the part shortly fol-
lows the beginning of plastic deformation within the martensite,
after the austenite has transformed to its fullest extent [53].

Ru et al. [54]| performed in situ synchrotron X-ray diffrac-
tion during tensile tests on a Cu/ Steel nanolamellar composite.
The Cu deformation was stated to be uniform. Similar secondary
stress vs strain discontinuities were observed in some samples,
as seen in this study and in literature. Both the initial disconti-
nuity (yield plateau) and secondary discontinuity were shown by
the XRD spectra to coincide with austenite to martensite trans-
formations within the microstructure. TEM analysis showed that
two morphologies of austenite were present within the microstruc-
ture: island-like and plate-like. It was proposed that the differ-
ent morphologies of austenite on the observed length scale re-
sulted in different mechanical stabilities. Therefore, it was sur-
mised that island-like austenite transforms at the first discontinu-
ity and the plate-like austenite transformed at the secondary dis-
continuity. This mechanism would comply with the relevant ob-
servations made in the current study and the studies in literature
observing a secondary stress-strain discontinuity in TRIP-assisted
steels [20,22]. Figs. 2 and 3 show that the austenite present after
the CA heat treatment in the samples considered in the current
work varies in scale from 10 s of micrometres to 100 s of nanome-
tres. To confirm that Ru et al’s [54] proposed mechanism is tak-
ing place would require high-resolution in-situ microscopy or mi-
crostructural analysis of interrupted mechanical tests to determine
which populations of austenite transform at each point in the ten-
sile test. This should be the subject of future study.

Fig. 4(c) and (d) shows that the Cu distribution on the atomic
scale is random in both the CA and CA-H900 samples. This means
that, for both conditions, the position of the Cu atoms is random
relative to one another meaning that Cu atoms have not yet be-
gun to form clusters and/or precipitates within the matrix. This
is expected in the CA condition, as Cu dissolves in austenite at
high temperature before quenching gives sufficiently fast cooling
to inhibit diffusion. The H900 ageing treatment is expected to re-
sult in the formation of such clusters/precipitates in 17-4 PH as
are observed following conventional processing routes [55,56], but
Fig. 4(d) shows that this does not occur. Previous work has shown
that Cu clustering does occur in both the low power and high
power conditions in the as-built state under the effect of the in-
trinsic heat treatment during the LPBF process [49]. The fact that
ageing to the H900 condition did not result in any significant in-
crease in strength is undesirable and contrasts with some previous
studies [8,17,18]. The absence of Cu precipitation in the APT data
for the CA-H900 sample is consistent with observations in liter-
ature that the presence of austenite within the microstructure of
17-4 PH before ageing will reduce the capacity for age hardening
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[10,17,57]. As Cu is more soluble in austenite than in either ferrite
or martensite [5,17,58], during ageing it could be more energet-
ically favourable for Cu to stay in solid solution in the austenite
rather than forming precipitates [17,57].

Fig. 5(c) and (d) shows that, after the CA heat treatment, sam-
ples which were fabricated with a higher laser power (stress-strain
curves shown in red) exhibited a shorter yield plateau before the
onset of work hardening. This is a consistent difference observed
between all samples tested in this study, not only in the repre-
sentative curves shown in Fig. 5. Table 3 and Fig. 2 do not show
any discernible shift in phase fraction to cause this change in ten-
sile behaviour. However, the average BCC grain size is significantly
higher in the Hex HP-CA sample than in the Hex LP-CA sam-
ple (having average area weighted grain diameters of 2.5 pm and
1.3 pm, respectively), which may have led to this change in work
hardening behaviour.

At higher magnification, the decohesion of martensitic packet
boundaries beneath the fracture surface is evident in the CA sam-
ple (Fig. 10(e-h)). This indicates intergranular failure resulting from
a comparative weakness of the packet boundaries to the packet
interiors. However, the micrographs of the corresponding fracture
surface, shown in Fig. 6(g-i), show a dimpled surface indicative of
ductile failure via microvoid coalescence. Despite delamination oc-
curring at packet boundaries adjacent to the fracture surface, this
failure remains ductile and not brittle, explaining the absence of
a faceted fracture surface typical of intergranular failure [50]. This
type of intergranular delamination continuing into the subsurface
of the crack region is not observed across all samples that under-
went heat treatment. It is speculated that the absence of these
signs of failure allowed the CA-H900 samples analysed in Fig. 10 to
accumulate greater plastic deformation up to failure, as shown by
the KAM map in Fig. 10(1).

4.3. Residual stress analysis

The presence of a tensile residual stress at the surface of as-
built metal AM parts and a compressive stress in the interior (as
shown in Fig. 11) is well established [25,26,33]. Using a layer-by-
layer model (excluding the effect of individual tracks), this arises
as a newly deposited layer contracts when it cools on top of the
cooler previous layer. The previously solidified layers and the sub-
strate resist the contraction of the new layer resulting in a ten-
sile residual stress within the plane of the build layers through-
out the build, with this stress increasing with build height [25,59].
After removal from the build plate, residual stresses in the part
and build plate can no longer interact with one another, mean-
ing partial stress relaxation occurs through the part. This results in
the observed residual stress profile in these samples; tensile along
the top and bottom surfaces, compressive in the interior [25]. As
the scanning direction of the hexagonal bidirectional laser raster
in samples Hex LP and Hex HP in Fig. 11 was rotated 90° in each
scan layer, the results presented in Fig. 11 are assumed to have 90°
rotational symmetry.

Comparing the residual stress distributions shown for the cu-
bic Hex LP and Hex HP builds in Fig. 11, the profiles of residual
stress through these builds are almost exact matches, likely due to
the fact that the scanning pattern and scan rotation remains con-
stant between these two samples. Additionally, a slight decrease in
the residual stress magnitude can be observed along z and x with
increasing laser power. It is expected that this is the result of a
greater laser power causing a larger melt pool which leads to a re-
duction in cooling rate and therefore a more uniform contraction
of the material [59]. Both samples show a similar biaxial residual
stress state (in tension in x and y) on the top and bottom surface of
the build. Midway along the build height, on the sides of the build,
the residual stress is almost uniaxial with o,; ~300 MPa and oy,
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~0 MPa. Given that there is no great difference between residual
stress magnitude and distribution with changing laser power for
this scanning strategy, it can be surmised that residual stress had
a minimal effect on observed differences in mechanical properties
between the Hex LP and Hex HP fabrication condition.

There is a great difference in both the magnitude and 3D pro-
files of residual stresses within the cubic builds fabricated with a
hexagonal scanning strategy and fabricated with a concentric scan-
ning strategy (see Fig. 11). This shows the significant dependence
of residual stress within as-built LPBF builds on the scanning strat-
egy used. The concentric scanning pattern has allowed more resid-
ual stress to accumulate across layers, which has previously been
observed in some samples printed with long scanning paths with-
out rotation [32,60]. This does not apply to the hexagonal scanning
strategy due to the 90° laser raster scan rotation between layers
[32] or in scenarios where scanning paths become so short that
the effective melt pool shape and subsequent local thermal his-
tory are affected [61]. Beyond the absence of laser scan rotation
between build layers, an effect of the concentric scanning strat-
egy is that as the laser scans concentrically inwards in each layer,
material closer to the centre of the scan has less time to solidify
and cool before the next adjacent pass of the laser. This effect has
previously been observed to affect the local phase fraction within
LPBF builds in this alloy [14]. It also results in a gradient of cooling
rates as well as thermal contraction behaviour through the build.
This means that regions at the centre of the concentric build retain
heat for longer as regions further away from the centre in the same
layer will cool faster. Consequently, material at the centre will yield
at a lower yield stress due to the greater temperature, then cool
and contract. This contraction is then resisted by the material ad-
jacent to the centre, putting these areas into tension. This results
in the column of high compressive stress in this cube, coinciding
with the centre of the scanning pattern in each layer. Kudzal et al.
[16] attributed inferior mechanical properties in their 17-4 PH LPBF
builds fabricated using a concentric scanning pattern to the align-
ment of inter melt track defects creating low energy crack paths
during loading. Whilst this effect may also play a role, the me-
chanical properties will have also been negatively impacted by the
high residual stresses incurred by this scanning strategy. Pant et al.
[37] showed a slight reduction in residual stress in a sample pro-
duced with a concentric scanning strategy, however this scanning
strategy was elongated meaning that inward progress of the laser
path did not align to a point but rather a line scan. The resulting
scan path is therefore incomparable in terms of residual stress to
the concentric scanning strategy considered in the present work.

In the Concentric sample, the strongest tensile residual stresses
are observed along the y direction (Fig. 11). Given the plane
in which measurements were taken, this corresponds to tensile
stresses along the scanning direction, which does not change be-
tween layers. The presence of high tensile residual stresses in re-
gions away from the core of this build, potentially exceeding the
local ultimate tensile strength, likely played a role in the presence
of the internal crack shown in Fig. 12(f). Given this crack’s geome-
try around the pattern of residual stress in the build (Fig. 11), the
strain incurred by its formation will have allowed local stress re-
laxation [25].

As seen in Table 5, the measured maximum tensile residual
stresses observed in the Concentric sample are much lower in
magnitude compared to the compressive stress in this sample. This
is due to the fact that this high compressive stress occurs in a rela-
tively small columnar volume in the centre of the Concentric sam-
ple, whereas more moderate tensile stresses are distributed over a
larger volume. Furthermore, the maximum tensile residual stresses
in as-built LPBF parts will occur at the free surfaces of the build
[25,26] so it follows that the maximum tensile stresses in these
samples did not occur at the measured sites, but extrapolating the
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trends in residual stresses allows the visualisation of these maxi-
mum tensile stresses at the surface. If the parts had warped after
fabrication, it could be easily surmised that the maximum tensile
stress, occurring at the free surface, is equal to the yield stress of
the as-built material [25] (750-900 MPa, as shown by the tensile
testing data in Table 4). However, no warping of the parts was ob-
served in this study, so the maximum tensile residual stresses at
the surface must be lower than the yield stress in all cases.

5. Conclusions

The microstructure and mechanical properties of LPBF fabri-
cated 17-4 PH stainless steel have been investigated systematically
both before and following heat treatments. The as-built resultant
residual stress distributions from different printing strategies have
been measured using neutron diffraction and quantified. The key
findings from this study are as follows:

(1) The increase in laser power from 127.5 to 161.5 W led to a ~6 %
decrease in the yield strength of the as-built LPBF fabricated 17-
4 PH stainless steel samples when loaded normal to the build
direction. When tested along the build direction, a greater laser
power promoted better interlayer cohesion resulting in a duc-
tility increase by a factor of ~3.3.

(2) Solution annealing and quenching results in austenite formation
in the matrix of the samples investigated in this study, presum-
ably due to the low Creq/Nieq ratio.

(3) The presence of a large volume fraction of austenite in the
heat-treated samples had the effect of reducing the yield stress
but increasing the work hardening capacity of the builds due to
the transformation of austenite to martensite by the TRIP effect.

(4) The absence of any Cu clustering or precipitation behaviour was
observed in the heat-treated samples resulting from the high
volume fraction of austenite within the microstructure.

(5) Scanning strategy was observed to have a more significant ef-
fect on the 3D residual stress distribution within the builds
than laser power. Our study reveals that large concentric scans
are to be avoided in order to minimise the build-up of residual
stress.

(6) This work has demonstrated the interconnected impact of scan-
ning strategy, laser power, and heat treatments on the mi-
crostructure and mechanical properties, and in turn the suit-
ability of LPBF 17-4 PH parts for engineering applications. This
coupling of the properties and the fabrication process drives to-
wards the AM production of materials with optimised proper-
ties.
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