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Abstract

Precipitation hardened stainless steel, like 17-4PH SS, had received significant interest in various industries due to its high
strength and corrosion resistance properties. This material may be produced with either traditional or modern manufactur-
ing techniques. However, each carries its benefits and challenges. In this study, 17-4 PH parts produced by laser powder
bed fusion (L-PBF) and traditional manufacturing (wrought) techniques are characterized by different method like a tensile
test, microhardness, and nanoindentation. The primary aim of this research is to examine the impact of heat treatment on
the properties of 17-4PH, comparing specimens manufactured through L-PBF and conventional manufacturing methods.
The investigation seeks to determine whether the heat treatment induces similar magnitude changes in both sets of parts,
with an emphasis on utilizing a diverse range of characterization techniques for comprehensive analysis. Solution annealing
followed by an aging process was employed to investigate post-heat treatment’s impact on the performance of 17-4 PH SS
parts in both manufactured parts. Results showed that modulus and hardness of L-PBF additive manufacturing parts were
lower than those of conventionally manufactured counterparts. Solution annealing and aging increased these properties
significantly in both cases; however, both ductility and ultimate strength of 17-4 PH stainless steel parts produced via the
additive manufacturing are still inferior compared to their wrought parts.

Keywords 17-4 PH precipitation hardened stainless steel - Nanoindentation - Laser powder bed fusion (L-PBF) - Solution
annealing - Aging treatment - Martensitic steel

1 Introduction beam, to selectively melt and fuse metallic powders with

diameters ranging from 10 to 60 pm in a layer-by-layer man-

Powder Bed Fusion (PBF) represents a prominent technique
in additive manufacturing (AM), aimed at fabricating intri-
cate and lightweight components directly from computer-
aided design (CAD) data. This sophisticated technology
employs a heat source with focused density, such as a laser
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ner [1]. Nevertheless, challenges persist in achieving opti-
mized properties, including microstructural and mechanical
attributes, in PBF-manufactured parts comparable to those
produced using conventional manufacturing techniques
[2—4]. These challenges stem from the significant thermal
gradients formed within the parts during the rapid melt-
ing and solidification processes of PBF [5]. The utiliza-
tion of intense heating and cooling cycles during the AM
process leads to various defects within the parts [6]. These
defects encompass porosity, entrapped vapor voids, residual
stresses, unidirectional grain growth, micro-segregation of
solute elements, as well as the presence of non-equilibrium
phases. These defects subsequently exert a detrimental influ-
ence on critical mechanical properties like Young’s modulus
and hardness [7].

The complex microstructural development in AM is gov-
erned by a multitude of factors, including scanning patterns,
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laser beam parameters, build chamber conditions, and many
machine related variables [8§—10]. Understanding and opti-
mizing these factors hold significant potential for advancing
AM technology and its applications in diverse industries. For
instance, experimental studies by Chery et al. and Burkhardt
et al. have demonstrated that lowering the laser energy inten-
sity below its optimal threshold may result in a larger amount
of porosity and reduced hardness of AM 304/316 stainless
steel components[11, 12]. In contrast, excessively high-laser
energy density can induce balling defects, leading to the
formation of unmelted regions [13]. The microstructure of
AM parts can be significantly affected by the beam scan
strategy. For example, an island scan strategy, which results
in the powder being melted in isolated islands, can produce
a bi-modal grain structure, with a mixture of fine and coarse
grains [9]. In contrast, a back-and-forth scan strategy, which
results in the powder being melted in a continuous line, can
produce a columnar grain structure, with elongated grains
that are oriented in the build direction. The reduction of
porosity and unmelted powder in AM components can be
achieved by selecting appropriate powder and adjusting
machine settings [14, 15]. However, despite these efforts, the
inherent rapid heating, melting, solidification, and recrystal-
lization processes in AM still lead to microstructural hetero-
geneities and anisotropy in nearly all instances. Currently,
these effects are mitigated to some extent by post-processing
operations [16]. Heat treatments, one of these operations, are
utilized to relieve residual stresses and promote microstruc-
ture uniformity. Thereby, they yield microstructural char-
acteristics comparable to those typically obtained through
conventional manufacturing, such as forging and casting.
Over the past decade, the laser assisted PBF (L-PBT)
method has enabled the production of various steel types,
with increasing attention being directed toward precipitation
hardened (PH) stainless steel due to its unique martensitic/
austenitic microstructure [17-19]. Notably, 17-4PH, one
of these alloys, has found widespread utility across diverse
fields, owing to its highly desirable mechanical properties
encompassing strength, corrosion resistance, and hardness.
Generally, the strength improvement observed in the 17-4PH
alloy arises from the precipitation of finely dispersed
nanoscale particles rich in copper (Cu) [20-22]. Conse-
quently, post-processing heat treatments become imperative.
The requirement for post-processing emerges as a result of
the non-equilibrium microstructure found in as-built 17-4PH
parts, exhibiting a distinct texture aligned parallel to the
build direction [23]. These microstructural characteristics
significantly influence the mechanical properties of AM
parts when compared to their conventionally manufactured
counterparts [24-28]. For instance, the non-equilibrium
solidification and build chamber conditions used in AM can
result in incomplete transformation from austenite to mar-
tensite, resulting in a larger fraction of retained austenite in
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the final product [21, 25]. This is because nitrogen, which
is a common atmosphere provided in the build chamber,
stabilizes the austenite phase. In a research conducted by
Rafi et al. [21], it was observed that the amount of austenite
in 17-4PH AM parts fabricated with an argon atmosphere
was approximately 8 vol.%. In contrast, for 17-4PH parts
produced under a nitrogen atmosphere, the volume fraction
of austenite was found to be around 65 vol.%. The presence
of retained austenite is a critical factor influencing the prop-
erties of 17-4PH, impacting characteristics such as strength
and toughness [29]. A study by Kudzal et al. has reported
that L-PBF parts made of 17-4PH may exhibit reduced duc-
tility attributable to the amount of retained austenite and
other imperfections arising from additive layering strategies
[30]. It is noteworthy that wrought 17-4PH materials, in con-
trast to AM parts, typically demonstrate microstructures pre-
dominantly composed of martensite, along with the presence
of finely dispersed precipitates rich in Cu.

Several investigations have been conducted on post-pro-
cessing techniques aimed at altering the fractions of micro-
structure phases, and particularly addressing heterogeneous
grain morphology in 17-4PH AM parts [26]. For example,
LeBrun et al. [31] explored the influence of varying tem-
perature and time during heat treatment on the mechanical
properties. Cheruvathur et al. [32] also studied the applica-
tion of heat treatments to achieve uniform microstructures
in AM 17-4PH materials. They discovered that subjecting
the material to solution annealing above 1100 °C resulted in
the effective elimination of the dendritic-solidification struc-
ture. Furthermore, in the heat-treated condition, it induced
a significant reduction in the proportion of retained austen-
ite, decreasing from 50% observed in the as-built condition
to 10%. Despite these improvements, the heat-treated parts
yet displayed heterogenous microstructures. Bai’s study [33]
indicated that the utilization of solution annealing or a com-
bination of solution annealing and aging treatments after
the build process has potential to mitigate the concentration
of undesirable microstructures, such as solute segregation.
The investigation further revealed that the application of the
solution treatment resulted in a decrease in microhardness
and tensile strength, accompanied by an increase in elon-
gation. Conversely, after aging treatment, both microhard-
ness and tensile strength exhibited significant enhancement,
while elongation experienced a reduction.

Despite growing attention in use of 17-4 PH steel via
L-PBT, comparative macro, micro, and nano-scale prop-
erties between AM and conventional manufactured parts
remains limited in the existing literature. The recent study
by Roberts et al. [28], for instance, initiated a preliminary
investigation on microstructural characteristics, microhard-
ness, and high-temperature mechanical property data of 15-5
PH SS in comparison to the traditionally manufactured. As
such, addressing this research gap is valuable for advancing
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the field of AM 17-4 PH steel and elucidating the potential
benefits and limitations of utilizing L-BPT for producing
components with comparable mechanical properties to their
conventionally manufactured counterparts. Nano-scale prop-
erties of AM parts can directly be achieved through nanoin-
dentation which is a non-destructive technique. This method
provides in-situ indentation measurements at the micro-/
nanoscale on a small area for various materials. Thus, it
has been widely utilized to probe the mechanical behav-
ior of AM alloys [34-38]. The comparison studies between
conventional and additively manufactured 17-4 PH stainless
steels have been done in the past [39—41]. However, none of
the published work, compared reduced modulus, nanohard-
ness, and load—displacement curves of AM-processed 17-4
PH with their counterparts manufactured through conven-
tional technologies like casting and forging processes. The
primary objective is to comprehend whether solution anneal-
ing + aging treatment can modify the properties of 17-4PH
to the same extent whether it is made by L-PBT or wrought
using various characterization tools. As such, an investiga-
tion on the comparison of microstructure, nanoindentation
results, micro hardness, and tensile strength of AM and
conventional manufactured parts with and without solution
annealing + aging treatment was carried out in this study.
This research provides an additional understanding of the
17-4 PH stainless steel parts fabricated via L-PBF process.

2 Materials and methods

The 17-4 PH stainless steel powder used in the study was
obtained from EOS GmbH [42]. This powder exhibited a
particle size distribution with a D50 value ranging from 36
to 44 um. The powder was produced through the gas-atom-
ization technique, resulting in a spherical morphology as
shown in the SEM image in Fig. 1. Larger particles display a
more distinct and well-defined arrangement, with increased
separation between them. Conversely, finer particles tend to
aggregate together in clusters due to the stronger adhesive
forces acting between them, which become more significant
compared to the gravitational forces (their weight). The plat-
form temperature was set to 100 °C. Chemical composition
of the 17-4 PH stainless steel powder is provided in Table 1.

Tensile testing coupons were fabricated horizontally (XY
orientation) using an ORLAS Creator machine. The speci-
mens were laid out level on the build plate and parallel to
the powder spreading direction. The coupons had a gage sec-
tion, width, and thickness of 32 mm, 6 mm, and 3.175 mm,
respectively (see Fig. 2). Tensile tests were performed at
a strain rate of 1 mm/min according to the ASTM E466
standard.

The PBF process parameters like the speed of scanning,
hatch distance, power, and thickness of layers are provided

Particle Size
Variation

Cracks and
Fissures

Irregularities

Fig.1 SEM image depicting the as-received 17-4 PH stainless steel
powder along with various observed defects

in Table 2. These are the optimized processing setting for
the printing 17-4PH that were recommended by the ORLAS
Creator machine manufacturer. The choice of hatch strat-
egy has a significant impact on the microstructure and mor-
phology of grains in L-PBF parts. In this study, a simple
back-and-forth hatch strategy with a shifting angle of 45°
was employed, in accordance with the manufacturer’s rec-
ommendations for building tensile test parts. However, no
support structures were used, as the manufacturer does not
recommend their use for this application. These variables
can be studied in future studies.

2.1 Heat treatment parameters

Generally, the mechanical properties of as-built’s L-PBF
parts do not meet the ASM standard for in-service perfor-
mance unless post-heat treatment is carried out to enhance
the microstructure of AM 17-4 PH SS parts [43, 44]. This is
mainly because these SLM parts do not form entirely mar-
tensite microstructure in as-built condition. This is typically
due to the high-thermal gradient and solidification rate dur-
ing the SLM process that facilitate production of metasta-
ble austenite microstructure and prevent formation of mar-
tensite phase. Higher fraction of retained austenite phase
affect the tensile strength of material, hardening, and elon-
gation before failure [25, 45]. In this study, both wrought
and L-PBT parts underwent post-process heat treatment,
which involved three steps: solution annealing, air cooling,
and aging. Direct aging of as-built 17-4 PH parts does not
result in age-hardening due to the dual-phase microstruc-
ture of martensite and austenite [25, 46]. Therefore, both
solution annealing and aging were utilized in this study to
investigate the effects of these heat treatments on the micro-
structure of L-PBT and wrought parts. Six wrought and as-
built SLM parts underwent solution annealing by heating

@ Springer



Progress in Additive Manufacturing

Table 1 Chemical composition Fe Cr Ni Cu Si Mn C P S Nb+Ta

of the 17-4 PH stainless steel

powder (wt-%), wrought, and Powder  Bal 162 42 3.8 038 046 0-0.07 0-0.02 0-0.03 035

SLM Wrought Bal 143 356 286 036 044 0-007 0.028  0.02 0.22
SLM Bal 153 3.7 3.3 081 048 0-007 0017 0027 025
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Fig.2 Dimension of tensile test specimen according to ASTM E466 standard

Table 2 SLM processing settings for 17-4 PH samples

Machine Type of laser Power, Watt Thickness of Hatch spacing, Speed of scan-  Spot size, um Overlap, % Hatch strategy
layers, pm pm ning, mm/s
ORLAS Crea-  Yb Fiber 107.3 25 50 1200 50 80 Back and
tor forth with a

shifting angle
of 45

to approximately 1040 °C for 30 min, followed by slow air
cooling. Subsequently, the samples were precipitation hard-
ened at 460 °C for 1 h, and finally, they were air-cooled to
room temperature.

2.2 Tensile test

Tensile tests were conducted in accordance with ASTM
E466 using a strain rate of 1 mm/min on the MTS Land-
mark Servo-hydraulic Test System. Three replications were
performed to ensure the reliability of the results. The dimen-
sions of the specimens are shown in Fig. 2.

2.3 Microstructure

The specimens for microstructure examination and micro-
hardness study were prepared using standard metallo-
graphic procedures. The specimens were sectioned into
smaller pieces using a high-speed cutting machine. Sub-
sequently, these pieces were mounted in epoxy to expose
their cross-sections for grinding and polishing. Surface
grinding was executed using SiC papers of various grit
sizes, ranging from 80 to 320, followed by surface polish-
ing with grit sizes from 400 to 1200. The attainment of
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a mirror-finish surface was achieved through the use of
alumina suspension with grit sizes of 1, 0.5, and 0.3 pm.
Finally, the samples were polished using a vibratory pol-
isher with 50 nm colloidal silica. Microstructure and phase
constituents studies were performed using scanning elec-
tron microscope (SEM), electron backscatter diffraction
(EBSD), and X-ray diffraction (XRD). An Electron Back-
scattered Diffraction (EBSD) Oxford Instruments C-Nano
equipped in JEOL JSM 7900F SEM along with an Oxford
Instruments Aztec Ultim Max 65 mm? EDS detector was
used to analyze the sample’s microstructure, chemical
composition, phase content, grain size, and orientation.
EBSD was operated at 20 kV, with a step size of 0.018 um,
and analyzed using Oxford Instruments Aztec and Aztec
Crystal software packages and database. A Malvern X'Pert
Pro MRD X-Ray Diffractometer in the Bragg—Brentano
geometry using Cu-Ko X-ray was operated at 40 mA and
45 kV scanning from 260 =30-100° at a step size of 0.02°
for phase analysis. Microhardness assessment was con-
ducted utilizing a Vickers hardness indenter with a 500
gf load and a 10-s dwell time. The individual specimen’s
microhardness was determined by considering the aver-
age value obtained from five tests conducted at distinct
locations.
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2.4 Nanoindentation

Nanoindentation mapping was carried out using the Triboin-
denter 950, a nanoindentation instrument (Bruker Co., Bill-
erica, MA, USA), on the polished surfaces of the samples
to acquire comprehensive data on local mechanical proper-
ties, including hardness and elastic modulus. In this study, a
standard diamond Berkovich tip with a three-faceted pyra-
mid, featuring total and half angles of 142.3 © and 65.35 °,
respectively, along with a curvature radius of 150 nm, was
utilized (as shown in Fig. 3). Indentations were performed
using a standard, quasi-static trapezoidal loading function,
employing a load-controlled series of indents in which the
tip was brought into contact with the specimen in a direction
perpendicular to the build plane. The load-controlled mod-
ule applied a peak load of 7000 pN, with each indent being
held for 2 s. To mitigate influence of surface roughness on
nanoindentation measurements, samples were polished to a
surface roughness of approximately 50 nm. This process uti-
lized dry and wet polishing. Coarse grit-like 300 grit papers
to 50 nm colloidal silica on a vibratory polisher were used to
create a mirrored finish on the sample surface. In addition,
by defining at least 10 microns of space between the indents
in the indent location grid, it was assured that the indents
did not interface with each other.

Oliver-Pharr method uses the load—displacement data to
the hardness (H) and reduced or nanoindentation modulus
(E,). Stiffness values from 95 to 20 % of the initial unloading
curves were determined by fitting this information to contact
mechanical theory for an isotropic, elastic half-space for
each individual curve. The reduced modulus d was

Fig.3 A SEM image of diamond Berkovich tip used in this study

determined from the composite modulus given by:
=2 1= 7

[ T Eil

Young’s modulus of the indenter tip, which are 0.07, 1140
GPa, respectively for a diamond Berkovich indenter. The
hardness (H), expressed as H = P""‘“, is the ratio of the maxi-
mum force to the contact area A, which is determined from

a calibrated tip area.

] where v; and E, are the Poisson’s ratio and

3 Results and discussion
3.1 Tensile performance

Figure 4 presents the outcomes of tensile tests conducted
on both heat-treated and as-built L-PBF and wrought
specimens. The results indicated that the tensile strength
of the as-built L-PBF parts (731 MPa) was significantly
lower than that of all other specimens, thereby revealing
insufficient mechanical properties for their application as
functional parts for end-users with as-built condition. The
as-built L-PBF part usually exhibit lower tensile strength
compared to those of the wrought sample, which is accord-
ance to ASTM A693 due to heterogeneous microstructure
and residual stresses.

Table 3 shows that both L-PBF and wrought specimens
experienced increased ultimate tensile strength after solu-
tion annealing + aging by reducing the retained austenite
(discussed further in the microstructure section). Notably,
the yield strength of as-built L-PBF parts was the lowest,
while its heat-treated parts became comparable to those of
heat-treated wrought specimens.

Table 3 also illustrates that the elongation reduced
significantly for the L-PBF sample after solution anneal-
ing +aging. Elongations to failure for the as-built specimen
is 10.9%, which is much higher than that of the heat-treated
specimen 7.6%. This inverse relation between yield strength
and elongation or ductility was observed by prior studies
[22, 47]. Previous research, such as that by Nezhadfar et al.
[47] demonstrated a similar effect of precipitation harden-
ing heat treatment (e.g., H900) on both wrought and L-PBF
17-4PH stainless steel, increasing yield and tensile strength
while decreasing ductility due to Cu-rich precipitates.

In the heat treatment process (solution annealing + aging)
of 17-4 PH steel, austenite formation is minimized or elimi-
nated. However, by increasing the aging temperature or
aging time, ductility can be improved, with a significant loss
of tensile strength. This is because longer aging times and
higher temperatures cause precipitates to coarsen and reduce
their coherency with the matrix. Coherent precipitates are
essential for maintaining strength, so when they coarsen, the
strength of the material decreases [6].
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Fig.4 Strain—stress curves 1400
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Ta!)le 3 fSummary of tensile test Materials Preparation method Yield stress, MPa  Ultimate tensile stress,  Elongation
results of wrought and L-PBF (STDEV) MPa (STDEV) to failure, %
specimens with/without heat (STDEV)
treatments
Wrought As received 1093 (15) 1124 (10) 13.7(2)
Heat treated 1166 (67) 1244 (21) 12.7 2.2)
L-PBF As built 687 (74) 731 (38) 10.9 (0.8)
Heat treated 1124 (17) 1198 (8) 7.6 (1.5)

The high ductility of L-PBF parts under as-built condi-
tion may be due to various AM imperfections like unmelted
powder and porosity. Porosity is the presence of voids or
holes in the material, resulting from entrapped gas and lack
of fusion in AM process. Generally, it increases the ductil-
ity of L-PBF parts, while reducing their strength [48]. In
addition, the as-built microstructure of 17-4PH produced
by L-PBF is typically a mixture of martensite and austenite.
Although martensite is a hard and brittle phase, austenite is
a soft and ductile phase and its presence gives L-PBT part
greater ductility [49].

3.2 Microstructure characterization

Figure 5 shows the XRD patterns of the wrought and
L-PBF 17-4 PH steel including the heat-treated samples.
As seen from the figure, the alloy forms predominantly
martensite phase in the microstructure along with minor
amount of austenite phase. The combination of martensite
and austenite phase has been noted and studied in various
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other wrought and L-PBF 17-4 PH steel along with their
heat-treated counterpart [25, 36, 50-52]. The phase com-
position of 17-4 PH steel cannot be unequivocally guar-
anteed based on the spectra analysis of XRD. The unique
nature of martensite in 17-4 steel exhibits crystal structure
very similar to the body centric cubic structure (BCC) of
ferrites. The challenges and complicated process of cor-
rectly identifying the phase constituents in the 17-4 PH
steel has resulted in various studies looking into the com-
prehensive examination of the microstructure images on
distinctively identifying martensite and austenite phases
in the alloy [36, 50, 51, 53]. The chemical composition of
Ni/Cr in the alloy has been noted to affect the martensite-
formation tendency in the 17-4 PH steel [50-52]. For the
composition of high Cr/Ni ratio, the rapid rates of heating
and cooling hinder the formation of austenite, preventing
the transformation of initial delta ferrite. Conversely, a
low-Cr/Ni ratio permits the transformation of delta fer-
rite to austenite, and during the subsequent cooling phase,
the formed austenite evolves into martensite[50-52].
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Fig.5 XRD spectra of wrought and L-PBF 17-4 PH steel along with heat-treated samples
Furthermore, the gasses present during the additive manu- Figure 6 shows the microstructure of the wrought and
facturing process has been shown to encourage the forma-  L-PBF 17-4 PH steel along with the microstructure of the
tion of austenite which is then transformed into martensite ~ heat-treated wrought and L-PBF samples. The presence of
during the rapid solidification cooling [36, 51, 53]. martensite, austenite, and precipitates are highlighted in
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Martensite

Austenite

Precipitates

100nm

Fig.6 Microstructure of the samples: (a) Wrought, (b) Wrought treated, (¢) L-PBF, (d) L-PBF treated, (e) inset showing cluster of austenite and

precipitates

the figure. Furthermore, Fig. 6(e) shows the cluster of the
austenite and precipitates present in the microstructure.
The martensite present in the alloy as identified in the
XRD spectra is indicative of a-Fe (BCC, a=0.286 nm)
while the austenite is indicative of y-austenite (FCC,
a=0.385 nm). In addition, trace amount of NbCr, was
identified in the XRD spectra. The composition of NbCr,
as a precipitates formed in the 17-4 PH steel has been
noted in various studies [51, 52]. Finally, the confirma-
tion of martensite being the dominant phase in room
temperature was confirmed by the subsequent hardness
measurements.

EBSD analysis was employed to examine the crystallog-
raphy of the samples. The texture of the grains, grain ori-
entation and grain-size distribution of wrought and L-PBF
17-4 PH steels has been studied. Also, the influence of
heat treatment on the microstructural characteristics inher-
ent to both wrought and AM parts has also been studied.
Cross-sectional slices were meticulously obtained from the
specimens, aligning perpendicular with the build direction.
Grain-orientation maps were constructed, with visual rep-
resentations provided in Figs. 7, 8, 9, 10.
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EBSD analysis confirms that the fully martensitic
structure as observed in Fig. 6(a) of the wrought parts
are indeed fully martensitic while the heat-treated parts
as observed in Fig. 6(b) has austenite grains. The average
grain size is 5.4 pm in as-built condition and it reduces
to 3.69 um after heat treatment while the percentage of
austenite phase after heat treatment is seen to be slightly
higher at 0.2%. L-PBF parts under as-built condition
reveals similar transformation sequence as wrought parts.
The grain size of the L-PBF samples reduced to an aver-
age of 34.37 pm from 48.63 um after heat treatment and
the percentage of austenite showed minor increase of
just 0.1%. Initially, very small amount of austenite are
observed in the L-PBF as-built sample which is observed
to the nature of L-PBF process which could result in trace
amount of austenite trapped in the microstructure which
are affected by the laser scanning paths [25, 36, 51, 52].
During heat treatment process, the reversion of austen-
ite takes place due to the diffusion between the elements
present in the alloy causing chemical stabilization. Subse-
quently, the austenite is reversed into martensite during the
post treatment cooling phase, the result of the treatment
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Fig.8 EBSD orientation maps obtained from L-PBF parts along perpendicular to build direction: (a) as-received, (b) heat-treated part
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8.68

FCC

0.00 0.00

Fig. 10 Pole figure obtained from L-PBF parts: (a) as-received, (b) heat-treated part, displaying martensite (BCC) in {100}

itself can be seen from the slight increase in the austen-  which reduces the overall grain-size distribution in the
ite phase and formation of finer grain distribution [51, microstructure. In addition, the increase in the number
54, 55]. Though, the volume fraction of retained austen-  of precipitates as observed in Fig. 6 while comparing the

ite in wrought and L-PBF parts are observed to be less  microstructure of as-built and heat-treated samples is usu-
than 1%, the resulting austenite grains are really small  ally accompanied after heat treatments [54, 55].
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3.3 Fracture analysis

Figures 11-12 show SEM images of the fracture surface
morphology for the heat-treated and non-heat-treated speci-
mens. A lot of small size dimples in wrought specimens, see
Fig. 11, with and without annealed + aging, indicate a plastic
deformation occurred during the tensile test. The presence
of equiaxed microvoids indicates that the fracture mode is
predominantly ductile in nature. In contrast to the wrought
specimens, which exhibited a relatively homogeneous

microstructure with few imperfections, the L-PBF sam-
ples displayed a heterogeneous microstructure with a large
number of imperfections of varying sizes, due to defects
related to AM process like pores and unmelted powders (see
Fig. 12a).

To determine porosity in L-PBF part, its relative density
was determined using the Archimedes method in accordance
with ASTM B962-14 [56]. The results were compared to the
relative density of wrought parts. The density of L-PBF and
wrought parts was determined experimentally by measuring

" Equiaxed
Microvoid

=

Fig. 11 SEM images illustrating fracture morphologies of (a) wrought specimen without heat treatment, (b) wrought specimen with heat treat-
ment, (¢) SLM specimen without heat treatment, d. SLM specimen with heat treatment
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Fig. 12 SEM images showing a lot of unmelted powder (a) and pores (b), within L-PBF parts produced by ORLAS Creator machine. Solution
annealing + aging treatment does not affect unmelted powder in L-PBF part

their mass and volume. The mass of a part was determined
by weighing it in air, and the volume was determined by
immersing the part in water and measuring the volume of
water displaced. The density of the L-PBF parts was 7.57 g/
cm?, while the density of the wrought parts was 7.80 g/cm®.
The relative density of the L-PBF parts was calculated by
dividing the density of L-PBF parts over that of wrought
parts, which was found to be 97%. This indicates that the
L-PBF parts have a lower density than the wrought parts
due to the presence of porosity, that can be caused by lack of
fusion and entrapped gas. These defects are inherent to the
layering process used in AM. The L-PBF machine’s scan-
ning precision and powder size distribution may also con-
tribute to part imperfections. The big dimple and unmelted
powder shown in Fig. 12b, reveals that the crack may be
propagated from the defect areas.

3.4 Micro vickers hardness

The microhardness analysis was conducted employing a
Vickers hardness indenter (manufactured by Buehler Inc.).
A consistent load of 500 gf, accompanied by a dwell dura-
tion of 10 s, was applied at five distinct sites. The result-
ant microhardness values were subsequently averaged to
derive the representative microhardness measurement.
The result of the comparative investigation is shown in
Fig. 13. The plot shows that the microhardness of wrought
and L-PBF specimens increased from 366 to 381 HV and
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from 280 to 340 HV, respectively, after heat treatment. A
higher hardness after heat treatment is attributed to the
finer microstructure with smaller grain-size distribution
and the presence of the precipitates such as NbCr, rich
phases or possibility of Cu-rich precipitates, which were
confirmed by previous studies [6, 25, 33, 50-52]. The pre-
cipitated particles and their associated strain fields act as
obstacles to the movement of dislocations which creates
additional resistance, thereby increasing the strength and
hardness of the alloys. Furthermore, the results of finer
microstructure after heat treatment and subsequent reduc-
tion of grain-size distribution also acts as obstacles for
the dislocations which results in the increase in hardness
and strength of the alloy. According to the Hall-Petch
relationship, as the grain size decreases the strength and
hardness of the material increases. With smaller grain size
and finer distribution, the grain boundaries in the refined
microstructure further hinders the movement of the dislo-
cation and plastic deformation becomes more challenging
which correlates with increase in strength and hardness of
a material [51, 54, 55]. It is noteworthy that the increase
in microhardness for heat-treated L-PBF specimens was
greater than that of wrought specimens. This increase is
attributed to grain-size reduction, as the L-PBF parts in
the heat-treated condition experienced overall greater aver-
age grain-size reduction than the wrought specimens, see
Figs. 7 and 8 [57, 58].
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Fig. 13 A comparative inves-
tigation of micro hardness
between parts in as-built and
heat-treated conditions
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3.5 Nanoindentation tests

The nanoindentation test results, which were used to
investigate the nanoscale mechanical properties of both
wrought and L-PBF samples, are presented in Figs. 14,
15, 16, 17 and 18. Force—displacement (F-D) profiles were
acquired through the implementation of 100 indentations,
carried out within a 10 x 10 grid arrangement, with inter-
indentation intervals of 10 pm for every individual speci-
men. The comparative investigation of these curves reveals
that much smaller displacement variations are observed in
wrought specimens compared with L-PBF specimens, see
Fig. 14. The average indentation depths for L-PBF samples

Heat Treated Wrought SLM Heat Treated SLM

were 250 nm and 180 nm, while those for wrought samples
were 240 nm and 220 nm, respectively.

Figures 15, 16 show distribution of nanohardness and
reduced modulus elasticity in wrought and L-PBF speci-
mens, respectively. Figures 17, 18 show average nanohard-
ness and reduced elastic of modulus, respectively. Subse-
quent to heat treatment, both the hardness and modulus of
the wrought and L-PBF specimens exhibited an increase,
attributed to the presence of precipitates and finer micro-
structure with smaller grain-size distribution. [20, 51,
54, 55, 59, 60]. Figure 15(a) shows that the as-received
wrought parts contain a uniform hardness distribution
centered around 5 GPa. Following heat treatment, specific
regions within this uniform distribution are distinguished

Fig. 14 Representative force— 8000
displacement curves for L-PBF
and wrought specimens before 7000 - — Wrought _
and after heat treatment - - -Heat Treated Wrought o5
6000 - —L-PBF 'y 4
- - -Heat treated L-PBF
~5000 -
pd
2
S 4000
®©
o
— 3000 -

-

150 200

Depth (nm)
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Fig. 15 Surface hardness mapping of wrought and L-PBF specimens, (a) as-received wrought, (b) heat-treated wrought, (¢) as-built L-PBF, (d)
heat-treated L-PBF. The indentation for ¢ and d were parallel to the printing direction

by elevated hardness values, measuring approximately 6.5
GPa, see Fig. 15(b).

When evaluating reduced modulus of parts, see Fig. 16,
it was observed that wrought specimens in heat-treated
condition experienced highest values, varying between 188
and 220 GPa. The reduced modulus and nanohardness of
parts are correlated, but the level of responsiveness to heat
treatment is different. For example, the nanohardness of
L-PBF parts increased by 37% after heat treatment, but the
reduced modulus only increased by 9%. This difference in
responsiveness to heat treatment is likely due to the differ-
ent mechanisms by which the two properties are affected by
heat treatment. In general, hardness is more responsive to
changes in microstructure than reduced modulus because it
is a more direct measure of the resistance of a material to
dislocation motion [61-64]. When a material is deformed,
dislocations move through the crystal lattice. The more diffi-
cult it is for dislocations to move, the harder the material will
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be. Reduced modulus, on the other hand, is not as directly
affected by dislocation motion. Modulus is a measure of
the elastic properties of a material, which are the properties
that govern how a material deforms when it is subjected to
a load. The elastic properties of a material are determined
by the interatomic forces between the atoms in the mate-
rial [65]. These forces are not as sensitive to changes in
microstructure as the resistance of a material to dislocation
motion.

4 Conclusion

In this study, 17-4 PH steel was fabricated by both conven-
tional and additive manufacturing techniques. A compre-
hensive comparative analysis of the macro, micro, and nano-
scale properties between laser powder bed fusion (L-PBF)
and wrought parts was conducted. Furthermore, heat
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Fig. 16 Surface-reduced modulus mapping of wrought and L-PBF specimens. (a) as-received wrought, (b) heat-treated wrought, (¢) as-built
L-PBF, (d) heat-treated L-PBF. The indentation for ¢ and d were parallel to the printing direction

Fig. 17 Average hardness of 7.0
wrought and L-PBF specimens 5.5:0.61 6.2+0.31

6.0 5.0£0.17

4.5:0.15

As received Heat treated As built L-PBF Heat treated L-PBF
wrought wrought
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Fig. 18 Average reduced 250
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treatment process was employed to understand its impact
on the performance of both L-PBF and wrought samples.
The main outcomes are summarized as follows:

1) The microstructure of the 17-4 PH steel showed the
presence of martensite and austenite along with a trace
amount of NbCr2 precipitates. Both wrought and L-PBF
samples present predominantly martensitic microstruc-
tures with minimal austenite and resulting in a slight
increase in austenite concentration after heat treatment.
However, the grain-size distribution exhibited an inverse
trend with heat treatment, with an approximate 32%
decrease in average grain size for wrought samples and
a29% decrease for L-PBF samples.

2) Heat treatment, through solution annealing + aging,
led to increase in yield stress and tensile stress for both
L-PBF and wrought specimens, attributed to finer grains
and the presence of precipitates in the microstructure.
However, ductility decreased for both samples, with the
reduction becoming more apparent for the L-PBF sam-
ple following the aging step.

3) Both ductility and ultimate strength of L-PBF 17-4 parts
were found to be inferior to their wrought parts. This is
due to the anisotropy caused by the additive layering
approach and the presence of pores, unmelted powder,
and precipitates in the microstructure.

4) The increase in microhardness after heat treatment is
attributed to a finer microstructure with a reduced-grain-
size distribution and the presence of precipitates like
NbCr2 rich. These precipitated particles act as obsta-
cles to dislocation movement, enhancing resistance and
thereby improving the alloy’s strength and hardness.

5) The nano hardness and reduced modulus for both L-PBF
and the wrought sample showed a similar tendency to

@ Springer

increase after heat treatment. Nanohardness increased by
approx. 10% and 38% after treatment for wrought and
L-PBF samples, respectively, while reduced modulus
rose by approx. 4% and 9%, respectively. This diver-
gence is attributed to dissimilar mechanisms influenc-
ing properties response to heat treatment, with hardness
more sensitive to microstructural changes. The highest
value of hardness was recorded for the treated L-PBF
sample with 6.2+0.31 GPa and the lowest being for a
cast wrought specimen with 5.0 +0.17 GPa.
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