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Direct aging heat treatment recipes were developed for additively manufactured (AM) PH13
—8Mo stainless steel by studying the kinetics of precipitation phase transformation in the
as-built material. The samples were printed using two AM processes; i.e., arc-directed
energy deposition (arc-DED) and laser-powder bed fusion (L-PBF) techniques. The as-built
samples were characterized using differential scanning calorimetry (DSC) to determine
the characteristics of precipitation phase transformation. Due to different thermal his-
tories during the arc-DED and L-PBF processes, the resulting microstructures and physical
properties were different; therefore, the precipitation kinetics were different. The kinetics
results were used to design a direct aging heat treatment to promote the formation of -
NiAl precipitates. Two different heat treatment recipes were designed considering the
differences between the two materials. Direct aging of arc-DED-PH13-8Mo resulted in a
concurrent improvement in strength and ductility, while direct aging of L-PBF-PH13-8Mo
resulted in a significant increase in strength and retention of ductility. The microstructure
was then correlated to the physical (i.e., the kinetics of precipitation) and mechanical (i.e.,
strength and ductility) properties. Concurrent strength and ductility improvement in the
arc-DED-PH13-8Mo was controlled by the evolution of nano-scaled B-NiAl clusters. In the L-
PBF-PH13-8Mo, the strength enhancement was governed by the evolution of nano-scaled -
NiAl precipitates, while the ductility retention was dictated by preserving the pre-existing
dislocation networks.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclatures and abbreviations

Ao Strength increment due to coherency
strengthening

Adgp Strength increment due to sub-boundary
hardening

Aoy, Strength increment due to modulus mismatch
hardening

Ad, Strength increment due to order strengthening

Ady Strength increment due to precipitation
hardening

Y APB Anti-phase boundary energy

- Martensite lath size

Pd Dislocation density

AG Shear modulus mismatch

AM Additive manufacturing

APB Anti-phase boundary

ASTM  American Society for Testing and Material
BF Bright filed
DED Directed energy deposition
DSC Differential scanning calorimetry
EBSD  Electron backscatter diffraction
ER Elastic recovery
EDS Energy-dispersive X-ray spectroscopy
g, Reduced modulus
f Volume fraction
FIB Focused ion beam
HRC Rockwell C hardness
IPF Inverse pole figure
ISO International Organization for Standardization
L-PBF  Laser-powder bed fusion
oM Optical microscope
PI Plasticity index
SAED  Selected area electron diffraction
SEM Scanning electron microscope
STEM  Scanning transmission electron microscope
TEM Transmission electron microscope
TS Tensile strength
YS Yield strength
G Shear modulus
M Taylor factor
b Burgers vector
T Precipitate radius
€ Lattice mismatch parameter
1. Introduction

Martensitic precipitation hardenable (PH) stainless steels
exhibit a broad range of attractive properties, such as ultra-
high strength, good ductility, and adequate corrosion resis-
tance, which make them suitable for various applications,
including structural parts for aircraft, nuclear power plants,
marine vessels, and petrochemical plants [1]. The micro-
structure of these steels consists of a low-carbon and ductile
martensitic matrix and nano-scale intermetallics that
contribute to the strengthening of the alloys [2]. The typical

precipitates in the maraging stainless steels include Cu-rich,
B-NiAl, NisTi, and NisAl intermetallics [3], depending on the
chemistry of the material. PH stainless steels are availablein a
variety of commercial grades, such as 17—4 PH, 15-5 PH,
17—7 PH, and PH13—-8Mo [4,5]. They vary significantly with
regard to their microstructural characteristics, mechanical
properties, resistance to corrosion, applications, and produc-
tion costs [5,6]. Among these steels, PH13—8Mo has superior
mechanical characteristics compared to other types of PH
steels [7]. PH13—8Mo stainless steel is hardened by the evo-
lution of ordered intermetallic NiAl precipitates that have a
structure similar to that of CsCl [8], developed during an aging
heat treatment [9].

Despite the attractive mechanical characteristics of PH
stainless steels, they suffer from poor machinability and
formability, leading to their costly and time-consuming pro-
duction through traditional fabrication techniques [10]. Ad-
ditive manufacturing (AM) is a potential alternative route for
the fabrication of PH stainless steel parts due to its capability
to fabricate on-demand and custom parts. Due to the
emerging developments in the AM sector and its widespread
adoption in various industries [11—13], it is essential to study
the additive manufacturing of PH stainless steels. Among the
available AM processes, laser-powder bed fusion (L-PBF) and
arc-directed energy deposition (arc-DED) technologies have
been widely used to fabricate PH stainless steels [6,14—16]. In
the L-PBF process, successive layers of powder feedstock
material are melted and joined on top of each other using a
laser beam as the heat source to create the components. This
technique allows the manufacturing of complex and near-
net-shaped geometries with superior mechanical properties
[11]. On the other hand, in the arc-DED process, an electric arc
is used as the heat source to melt and join successive layers of
feedstock wire [17]. Due to its higher material deposition rates
compared to other AM techniques, arc-DED can manufacture
large-scale parts [16]. In general, L-PBF is suitable for fabri-
cating relatively small and complex components with fine
microstructures and surface finishes, while arc-DED is a more
cost-effective manufacturing technique for the production of
large-scale components with relatively simple designs.

Understanding the evolution of hierarchical micro and
nano-scale features during the L-PBF and arc-DED processes is
essential to developing comprehensive processing-
microstructure-property relationships for AM-PH13-8Mo. In
particular, the evolution of hardening precipitates is crucial
since they act as the main strengthening mechanism. In the
case of L-PBF-PH13-8Mo, the recommended heat treatment
procedure consists of a solutionizing treatment step (typically
850—-1010 °C for 0.5—1 h) followed by aging at 525-530 °C for
2—4 h [18]. This heat treatment recipe is recommended by EOS
GmbH for the as-printed CX stainless steel (compositionally
equivalent to PH13—8Mo) processed through L-PBF [19]. It ap-
pears from the literature (as summarized in [18]) that all re-
searchers have been using the same recipe regardless of their
adopted process parameters, sample geometry, orientation,
etc. On the other hand, during the aging of arc-DED-PH13-8Mo
at elevated temperatures (600 °C), B-NiAl precipitates were
observed along with the carbides in the martensitic laths [14].
In addition, Ghaffari et al. [6] reported that d-ferrite and
retained austenite were seen in the as-built arc-DED-PH13-
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8Mo sample. In a later study, they reported that solutionizing
at 1050 °C followed by 4 h of isothermal aging at 500 °C
resulted in an increase in strength (from 1117 MPa to
~1510 MPa) and a drop in elongation (from 11.5% to 9.5%). They
also found B-NiAl precipitates in the heat-treated sample of
arc-DED-PH13-8Mo [6,20].

Considering the available literature, it appears that the
heat treatment of L-PBF and arc-DED PH13—8Mo steel has
been developed by adopting either the recommended recipes
or a trial-and-error method. On the other hand, the majority of
adopted heat treatments include a high-temperature solutio-
nizing step. It is well understood that the microstructure of
AM steels consists of hierarchical features spanning orders of
magnitude [21]. These features contribute to the strength and
ductility of the alloy through distinct mechanisms. Therefore,
it is beneficial to preserve them during heat treatment. Low-
temperature direct aging could potentially retain the formed
microstructural features in the as-printed condition. In this
study, PH13—8Mo stainless steel samples were fabricated
using L-PBF and arc-DED processes. Since the samples expe-
rienced different thermal histories and cooling conditions,
substantially different microstructural features were attained.
Therefore, the physical properties and specifically the kinetics
of precipitation were expected to be different. To elaborate on
these differences, the precipitation kinetics were studied
using differential scanning calorimetry (DSC). Using the ki-
netics models, direct aging heat treatments were designed for
the targeted alloy processed through both AM methods. The
microstructure was then correlated to the mechanical prop-
erties. It should be noted that the purpose of the heat treat-
ment design in the current study was to evaluate the quasi-
static tensile properties. While small defects like porosities
are inherent to the fusion-based AM processes [22,23] that can
affect fatigue behavior, we did not evaluate the effect of our
heat treatment on the defect-fatigue relationship.

2. Materials and methods
2.1. AM processes

The arc-DED walls of PH13—8Mo with dimensions of 110 mm
(width) x 90 mm (height) x 6.5 mm (thickness) were printed
using a 6-axis Fanuc robot equipped with a GMA torch and
Lincoln Electric's S-350 Power Wave power source. The feed-
stock used to build the walls was PH13—8Mo wire with a
diameter of 1.143 mm and a nominal chemical composition
shown in Table 1 [24]. The process parameters included a
scanning speed of 4 mm/s, an arc current of 135 A, an arc
voltage of 28 V, and a wire feeding speed of 67 mm/s. Each
deposited layer had an approximate height of 5 mm and to
maintain consistency a back-and-forth scanning approach
was employed.

An EOS M290 machine was employed to print cylindrical
rods of PH13—8Mo using the L-PBF technique. The nominal
composition of the PH13—8Mo powder is shown in Table 1 [25].
The average particle size was 37.5 um + 16 um. The rods had a
diameter of 12 mm and a length of 120 mm and were printed
using the process parameters recommended by the EOS. The
key process parameters included laser power (P = 258.7 W),

Table 1 — Nominal composition of the feedstock wire and
powder.

Composition (wt.%)
Ct Ni Al Mo C Fe

Wire feedstock (arc-DED) 12.75 8.0 1.13 225 0.05 Bal
Powder feedstock (L-PBF) 12 9.2 16 1.4 005 Bal

scan speed (v = 1067 mm/s), hatch distance (h = 100 um), and
layer thickness (I = 30 um). The laser spot size was 100 um. The
printing was completed using a stripe scanning strategy
where the laser beam rotated 67° between the successive
layers.

To conduct further thermal, mechanical, and microstruc-
tural analyses, the samples were extracted from the middle of
the DED wall and PBF rods, away from the bottom and top to
ensure microstructural and chemical consistency and homo-
geneity. In specific, the first and last two layers in the DED and
the first and last 33 layers in the PBF parts were excluded from
these analyses.

2.2. DSC analysis and heat treatment

To conduct DSC analysis, the samples were machined into
small disks with a diameter of 4 mm and a height of 2 mm to
maintain consistency throughout all analyses. The disks
were machined from different height positions (excluding
the first and last layers as mentioned previously) to achieve a
representative material behavior. SDT 650-TA (Delaware,
USA) instrument was used to measure the thermal profiles of
the samples during continuous heating from room temper-
ature to 1000 °C. The samples were heated at heating rates of
20—50 °C/min. To avoid oxidation, DSC tests were carried out
with an argon shielding gas flowing continuously at a rate of
100 mL/min. The heat flow data were measured and used to
determine the kinetics of precipitation phase trans-
formations. The kinetics of phase transformation results
were employed to determine the temperature and time
required for the direct aging of each set of samples. The heat
treatments were conducted in a Lindberg Blue M tube
furnace by Thermo Scientific.

2.3.  Mechanical testing

A Wilson Rockwell hardness tester with a diamond indenter
under 150 kg. fload was used to measure the macro-hardness
of the as-built and heat-treated specimens. The arc-DED-
PH13-8Mo hardness test specimens were 6.5 mm by 6.5 mm
by 3 mm in size whereas the L-PBF-PH13-8Mo samples were
12 mm in diameter and 3 mm in height.

Depth-sensing nanoindentation tests were conducted on
all samples employing a self-similar pyramidal diamond
Berkovich indenter with a tip radius of 100 nm. Standard ISO
14577 constant loading rate indentation method was utilized
with 200 mN peak load, 10 mN/s loading rate, and 5 s of dwell
time (holding time at peak load). A 5 x 5 array of indents was
performed on each sample to make sure the repeatability of
the results. The indentation hardness (H;,4) of the samples
was determined using Eq. (1) [26].
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d-ferrite

Fig. 1 — OM images of as-built (a) and (b) arc-DED-PH13-8Mo, and (c) L-PBF-PH13-8Mo.

P

:24 5 2 (1)
.5(h + 0.06R)

Hina
where P is the indentation load (mN), h is the indentation
depth (nm), and R is the indenter tip radius (100 nm for the
current study).

Using the indentation results, some in-service perfor-
mance indicators (indexes) of the material could be evaluated,
including the indentation hardness (H or Hj,3) and reduced
modulus (E;). One of these indicators is the hardness-to-

reduced modulus ratio (g), which represents the wear resis-
.

tance of the material [27]. While hardness has always been
thought of as the major attribute of a material that defines
wear resistance, there is compelling evidence that the elastic

modulus can also have a significant impact on wear behavior.
Multiple authors [28—30] have demonstrated that the ability to
resist elastic strain to failure, which is related to the hardness/
elastic modulus (or reduced modulus from nanoindentation)

ratio (g), is a better measure for predicting wear resistance

than hardness alone. With a high Eﬁ, ratio, the material will
have a longer “elastic strain to failure” which will allow the
applied load to be distributed over a larger area, and as such,
delay the onset of plastic deformation or wear-related failure
[29]. Another indicator is the yield pressure (%) in MPa, rep-

resenting the resistance to plastic deformation [27]. The
indentation results were also analyzed toward understanding
the mechanical behavior of the materials in terms of the
plasticity index (PI) and elastic recovery (ER) during the

3

7 Melt paol:
beuhdaryiy

Fig. 2 — (a) SEM micrograph and (b) EBSD-IPF maps of as-built arc-DED-PH13-8Mo, and (c) SEM image and (d) EBSD-IPF of as-

built L-PBF-PH13-8Mo.
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Fig. 3 — (a) The representative DSC curves and (b) volume fraction of transformed precipitates in arc-DED-PH13-8Mo and L-
PBF-PH13-8Mo at 20 °C/min. The black arrows show the exothermic precipitation peak.

deformation process. The PI and ER values represent the
plastic and elastic portion of the total work done by the

indenter. PI and ER are unique functions of (Eﬂ) and the rela-

tion is given by (PI: 1-ER= 5(;)) [31]. While the plasticity
index relates to the intrinsic plasticity or formability of an
alloy, the elastic recovery measures the amount of energy
released from an alloy after being loaded and demonstrates its
resilience to impact loading [30].

In addition, tensile tests were carried out using the Shi-
madzu AGS-X series, a universal tabletop testing machine.
The load and displacement data were recorded by the TRA-
PEZIUMX software. A digital extensometer was employed to
observe the change in the gauge length of the samples. The
dog-bone-shaped samples were cut from the arc-DED-PH13-
8Mo wall and L-PBF-PH13-8Mo rods following the ASTM E&/
E8M-21. The gauge diameter was 2.5 mm, and its height was
10 mm. For the samples with higher strength, a TestResources
tensile machine with a load capacity of 50 kN was used. The
displacement was measured using a clip-on miniature trans-
versal diametral extensometer.

2.4. Microstructural characterization

OM, SEM, EBSD, and TEM analyses were performed to examine
the microstructures of arc-DED-PH13-8Mo and L-PBF-PH13-
8Mo specimens in the as-built and heat-treated conditions.
The sample preparation for the OM, SEM, and EBSD charac-
terizations included a standard metallography procedure. OM
and SEM samples were etched with Fry's reagent. A Leica
DM2700 M microscope was used for taking OM images, while
an FEI-Nova NanoSEM (FE-SEM) was used for SEM imaging.
The EBSD analysis was performed using a Tescan MIRA3
scanning electron microscope (SEM) at an accelerating voltage
of 20 kV.

With a Thermo Scientific Helios 5 UC DualBeam, thin films
for TEM were prepared using the focused ion beam (FIB) lift-
out approach. With an extreme field emission gun (X-FEG)
source and a high tension adjustable from 80 to 200 kV, TEM

studies were carried out using the Thermo Scientific Talos
200X. This system was configured with four in-column SDD
Super-X detectors for energy-dispersive X-ray spectroscopy
(EDS) signal detection and compositional mapping of the
samples.

3. Results
3.1. As-built microstructure

OM micrographs of arc-DED and L-PBF-PH13-8Mo samples in
the as-built condition are shown in Fig. 1. The arc-DED-PH13-
8Mo exhibits a coarse columnar structure featured by residual
d-ferrite. Unidirectional heat flow during the solidification of
the melt pools resulted in the epitaxial growth and evolution
of columnar grains [32]. The mechanism of 3-ferrite formation
has been previously discussed by Nemani et al. [14] and
Ghaffari et al. [6]; the solidification started with the formation
of d-ferrite, followed by the subsequent solid-state phase
transformations in steels. Due to the non-equilibrium cooling
conditions, all 3-ferrite did not transform to austenite and part
of that remained as a residual phase in the microstructure. On
the other hand, the OM micrograph of the L-PBF-PH13-8Mo
does not provide much information due to the ultrafine
structure of the material. Such an ultrafine microstructure is
inherent to the L-PBF process due to the ultrahigh cooling
rates associated with the nature of the L-PBF [33].

Fig. 2 shows the SEM images and EBSD-inverse pole figure
(IPF) maps of as-built arc-DED-PH13-8Mo and L-PBF-PH13-8Mo
specimens. While 3-ferrite is seen in the SEM image of the arc-
DED specimen, the SEM image of the L-PBF sample does not
exhibit such a phase, which is consistent with the previous
studies [34]. The reason that 3-ferrite did not evolve in the L-
PBF sample is the slight difference between the chemical
composition of the feedstock powder and wire used in this
study, referring to Table 1. With a higher Ni content and lower
Mo, the chromium-to-nickel equivalent ratio (Creq /Nieq) in the

powder feedstock changes, which will then affect the
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Fig. 4 — Modeled transformed volume fraction of precipitates in arc-DED-PH13-8Mo and L-PBF-PH13-8Mo at (a) 495 °C and

(b) 550 °C.

solidification mode of the L-PBF-PH13-8Mo [35,36]. Due to
substantial differences between the size of the melt pools in
the two processes, while the melt pool boundaries are visible
for the L-PBF sample, the SEM image of the arc-DED sample
represents the microstructure of the material within a single
pool. Some details of the columnar and cellular dendrites
along with the martensite packets are seen in the micrograph
of the L-PBF sample. Referring to the EBSD-IPF maps, it can be
seen that the as-built arc-DED-PH13-8Mo exhibits an
extremely coarse and columnar grain morphology whereas
the as-built L-PBF-PH13-8Mo possesses a much finer grain
structure. Both arc-DED and L-PBF-PH13-8Mo samples are
composed of lath martensitic structures, where the
martensite lath size (1) is substantially different between the
two materials. A, is 10.5 um in the arc-DED and 1.9 pm in the L-
PBF sample, representing almost an order of magnitude dif-
ference. The lath martensite was determined as the grain
minor axis from the EBSD results.

3.2 Kinetics of precipitation phase transformations

Fig. 3 shows the representative DSC curves of the arc-DED and
L-PBF-PH13-8Mo samples at a heating rate of 20 °C/min.
Various exothermic and endothermic peaks are observed,
each representing a specific solid-state phase transformation
[37]. The peak of interest in this study is the exothermic peak
(marked by an arrow) that is associated with precipitation.
The DSC curves were processed and the fraction of trans-
formed precipitates was determined using the method

Table 2 — The desired set of aging temperatures and

times for AM-PH13-8Mo, determined by the kinetics
models.

Acronym  Fabrication Aging temperature Aging
Method (°C) time (min)

DA-495-45 Arc-DED 495 45

DA-550-115 L-PBF 550 115

reported by Guo et al. [37]. Fig. 3 (b) shows the volume fraction
of precipitation for non-isothermal heating with a heating rate
of 20 °C/min for arc-DED and L-PBF-PH13-8Mo. It is observed
that the precipitation onset temperature for arc-DED-PH13-
8Mo is higher than that of the L-PBF-PH13-8Mo during non-
isothermal heating, plausibly attributed to the processing-
induced microstructural and physical properties variations
between the materials. The precipitation onset temperature of
arc-DED-PH13-8Mo is about 502 °C whereas, in the L-PBF-
PH13-8Mo sample, the onset temperature is about 438 °C.
However, the temperature range (438—560 °C; AT = 122 °C) of
precipitation process completion of L-PBF fabricated alloy is
higher than that of its arc-DED counterpart (502—573 °C;
AT = 71°C).

The volume fractions of transformed precipitates at
different heating rates were employed to determine the acti-
vation energy for precipitation and kinetics of precipitation
under both non-isothermal and isothermal heating

55

Hardness (HRC)
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(2] [—] wn <>
]
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I I
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Fig. 5 — Comparison of the macro-hardness value of (I) as-
built and (II) heat-treated arc-DED-PH13-8Mo, (III) as-built
and (IV) heat-treated L-PBF-PH13-8Mo.
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conditions [37]. The activation energy for precipitation in the
arc-DED and L-PBF-PH13-8Mo was evaluated as 194 kJ/mol and
139 kJ/mol, respectively. The isothermal kinetics models were
then used to determine the volume fraction of precipitates as
a function of holding time under different isothermal heat-
ings. Such modeling depicts direct aging; therefore, it was
conducted for the range of onset to end temperatures of the
precipitation peaks that appeared in the DSC curves (i.e.,
438-573 °C). Fig. 4 shows precipitation kinetics in the arc-DED
and L-PBF-PH13-8Mo samples for isothermal aging at 495 °C
and 550 °C. The difference in the kinetics of precipitation in
the two samples stems from the substantial differences in the
microstructures of the samples. Therefore, each sample
should be heat treated using a distinct heat treatment recipe.
3.3. Heat treatment and mechanical properties

Using the precipitation kinetics models, the desired direct
aging conditions for the arc-DED-PH13-8Mo were found to be
at 495 °C with a hold time of 45 min (denoted by DA-495-45)
whereas, for the L-PBF-PH13-8Mo, the desired direct aging

0 500 1000
u Tensile Strength (MPa)

(@

1500
® Yeild Strength (MPa)

2000

Percent Elongation (%)

temperature is 550 °C with a hold time of 115 min (denoted by
DA-550-115), as observed in Table 2. The process of deter-
mining these conditions included direct aging of the samples
at various temperatures with the holding times determined
from the kinetics models. The hardness of the samples was
then measured and used as a screening factor to determine
the desired aging conditions. The conditions shown in Table 2
resulted in the maximum hardness of each material. The
macro-hardness (HRC) values of the heat-treated samples
using the recommended conditions in Table 2 are shown in
Fig. 5. For the arc-DED-PH13-8Mo, the as-built specimen had
an average macro-hardness of 33.6 + 1.2 HRC, whereas the
heat-treated specimen reached a hardness of 46.4 + 0.5 HRC.
On the other hand, the macro-hardness value of the as-built L-
PBF sample has improved from 34.9 + 2.9 HRC to 51.2 + 0.4 HRC
after aging treatment. The achieved hardness value of the
heat-treated L-PBF-PH13-8Mo is higher than those reported
previously, ascribed to the applied higher aging temperature
in this study (i.e. 550 °C) as compared to that used by other
researchers (typically in the range of 530 °C). Sun et al. [1]
showed in their study that PH stainless steels are very sensi-
tive to the aging temperature where a 20 °C deviation in the
aging temperature can significantly affect the hardness and
strength.

To further evaluate the effect of the recommended direct
aging recipes on the mechanical performance of the AM-
PH13-8Mo, uniaxial tensile tests were conducted on the as-
built and heat-treated samples. The results are shown in
Figs. 6 and 7. Interestingly, both tensile strength (TS) and
ductility enhanced after the aging treatment of arc-DED-PH13-
8Mo. Ductility improved from 14.0% to 16.3% with a slight rise
in yield strength (YS) (from 860 MPa to 911 MPa) and a
considerable increase in TS (from 1046 MPa to 1363 MPa). This
differs from the available heat treatment procedures in liter-
ature which are commonly reported to improve the strength
of arc-DED-PH13-8Mo at the expense of a reduction in ductility
[6,14,20]. Therefore, the strength-ductility
enhancement in this alloy is a unique finding of this study.
Meanwhile, there are significant enhancements in YS and TS
accompanied by a negligible ductility loss for L-PBF-PH13-
8Mo. For this sample, the TS improved from 1032 MPa to
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treated L-PBF-PH13-8Mo, (a) YS and TS, and (b) percent elongation.
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Fig. 8 — (a) Representative load-depth curves and (b)
indentation hardness of (I) as-built and (II) heat-treated
arc-DED-PH13-8Mo, (III) as-built and (IV) heat-treated L-
PBF-PH13-8Mo.

1738 MPa, YS increased from 929 MPa to 1659 MPa, and
ductility slightly decreased from 15.3% to 14.7% after applying
the heat treatment parameters generated from the kinetics
model. It should be noted that both the mechanical strength
and ductility obtained by this study are superior to those of
the manufacturer-suggested heat treatments [19].

In addition to the bulk-scale mechanical properties of the
as-built and heat-treated AM-PH13-8Mo, the associated
micro-mechanical response of the materials was also
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Fig. 9 — Indentation-derived properties of AM-PH13-8Mo: (a) Eﬂr

evaluated by employing a depth-sensing indentation testing
technique (Figs. 8 and 9). Fig. 8 (a) shows the indentation-
derived representative load-depth (P — h) curves of the sam-
ples. The indentation depth was measured for a constant load
of 200 mN for all samples. Both as-built arc-DED and L-PBF-
PH13-8Mo exhibit similar indentation depths, while the direct
aging heat treatments significantly reduced the indentation
depth, corresponding to the strengthening of the samples.

Fig. 8 (b) shows the indentation hardness (Hj,4) of the
samples. Similar to the trend observed in Fig. 5 for the
microhardness of the samples, the as-built arc-DED and L-
PBF-PH13-8Mo samples possess a close indentation hardness
of 3.00 + 0.06 GPa and 3.18 + 0.11 GPa, respectively. The slightly
higher hardness (both macro and micro) of the as-built L-PBF-
PH13-8Mo is due to the finer microstructure of the material.
Direct aging of the materials resulted in an indentation
hardness of 3.85 + 0.16 GPa in the arc-DED and 4.63 + 0.17 GPa
in the L-PBF sample.

The (g) and (%) ratios are ploted in Fig. 9 (a), displaying
that the resistance to wear for the studied materials is in the
same order as the hardness and strength. Large variations in
the elastic property (e.g., elastic modulus or reduced modulus)
may affect wear resistance more than hardness and strength
and therefore, the order of wear resistance might not always
be the same as the order of hardness and strength.

Fig. 9 (b) reports the PI and ER values. The findings
demonstrate that L-PBF materials with higher hardness have
lower PI values than the softer arc-DED materials, and anal-
ogously, the harder heat-treated materials have lower PI
values than the softer as-built materials. Higher PI means a
lower elastic energy release potential and easier formability of
the materials. The ER values, on the other hand, show that the
studied materials are resistant to shock or impact loading in
the order of their hardness. Since ER value reflects how much
energy is released elastically from the material after being
loaded, this parameter is particularly relevant in applications
like impact loading.

3.4.  Microstructural evolution after heat treatment

To investigate the effects of direct aging treatment on arc-
DED-PH13-8Mo and L-PBF-PH13-8Mo microstructures, the
DA-495-45 and DA-550-115 specimens were analyzed using
OM, SEM, EBSD, and TEM.
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Fig. 10 — OM images of (a) and (b) arc-DED-PH13-8Mo: DA-495-45, and (c) L-PBF-PH13-8Mo: DA-550-115.

In the OM images of both DA-495-45 and DA-550-115
samples, no changes are observed as seen in Fig. 10. For the
DA-495-45 specimen, columnar grains are visible at low
magnification and 3-ferrite still exists in the microstructure.
The low temperature of direct aging was not sufficient to
eliminate the residual d-ferrite, as it requires solutionizing at
much higher temperatures (~1050 °C). On the other hand,
similar grain morphology has been observed in DA-550-115
compared to the as-built condition (see Fig. 1(c) and Fig. 10 (c)).

The SEM results in Fig. 2 (as-built) and Fig. 11 (aged con-
dition) do not reveal any significant differences. The
morphology of the 3-ferrite, melt pool boundaries, columnar
and cellular dendrites, and martensite packets remained
almost the same as the as-built samples. The EBSD-IPF maps
also seem very similar; however, to reveal the details of the
characteristics, some important features were quantified.
These features include the amount of austenite and
martensite lath size (4y), as observed in Figs. 12 and 13. The
austenite phase is either the one that did not transform to

\

o-ferrite

N

martensite during the solidification process or the one that
evolved as a result of martensite decomposition during the
heat treatment process. The former is known as retained
austenite and the latter is known as reverted austenite [15].
The amount of retained austenite in the as-built arc-DED and
L-PBF samples is 0.6% and 0.3%, respectively. After direct
aging, no reverted austenite developed in the arc-DED sample
while about 0.2% reverted austenite formed in the L-PBF
sample. Nevertheless, the total retained/reverted austenite in
both heat-treated samples is less than 1%, which has a
negligible effect on the mechanical properties. On the other
hand, direct aging heat treatment of AM-PH13-8Mo alloy
resulted in the coarsening of martensite laths; A, increased
from 10.5 um to 19.9 uym in the arc-DED and from 1.9 pm to
2.1 pm in the L-PBF sample. Despite the lower aging temper-
ature and time in the arc-DED sample, the rate of martensite
coarsening was higher.

Fig. 14 and Fig. 15 show the FIB preparation along with
bright field (BF) STEM images and diffraction patterns for the

111

001 101

Fig. 11 — (a) SEM image and (b) EBSD-IPF map of DA-495-45, (c) SEM image, and (d) EBSD-IPF map of DA-550-115.
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aged AM-PH13-8Mo samples. In both samples, the BF STEM
images show a lath martensitic microstructure featured by
entangled dislocation networks and small retained/reverted
austenite phases. The existence of dislocations in the
martensite matrix is a common phenomenon in both
conventionally fabricated and AM martensitic steels [1,15].
These dislocations form during solidification under rapid
cooling. Dislocation networks play an important role in both
the strengthening and toughening of steels, so their preser-
vation is crucial. Low-temperature heat treatments are more
inclined to preserve dislocations rather than their annihila-
tion. The dislocation density in the L-PBF sample is higher
than that in the arc-DED sample, due to the substantially
higher cooling rate in the former process [11].

The BF STEM image does not exhibit any observable p-NiAl
precipitate, which is a common challenge in PH stainless
steels [1]. To detect the B-NiAl precipitate structure, a
diffraction pattern was obtained from the area indicated in
the TEM-BF image of the sample, as shown in Fig. 14 (d) and
Fig. 15(d), where weak superlattice reflections of nano-scale p-
NiAl along with the matrix diffraction spots are visible.
Comparing the arc-DED and L-PBF samples, it appears that the
superlattice spots are weaker in the former material.

To reveal the nano-scale B-NiAl precipitates, STEM-EDS
(energy dispersive X-Ray spectroscopy) was employed, and
the results are shown in Fig. 16 for the arc-DED sample and
Fig. 17 for the L-PBF sample. In the case of arc-DED-PH13-8Mo,
the B-NiAl is in the form of nano-scale clusters rather than
nano-scale precipitates. This could be a reason for the
appearance of weaker superlattice spots in the SAED patterns
of the arc-DED compared to the L-PBF sample. It appears that

(a) (b
100 pm

(d)
15p

15 pm m

I Martensite
I Austenite

Fig. 12 — EBSD-phase maps of (a) as-built and (b) heat-
treated arc-DED-PH13-8Mo, (c) as-built and (d) heat-treated
L-PBF-PH13-8Mo.

the absence of a solutionizing step is the main reason for such
a phenomenon. Meanwhile, it appears that the evolution of
the nano-scale clusters had a beneficial role in the concurrent
enhancement of strength and ductility in the arc-DED sample.
On the other hand, direct aging of L-PBF-PH13-8Mo resulted in
the evolution of nano-scale precipitates, referring to Fig. 17.
These precipitates are the main reason for the significant
enhancement of strength in the material.

4, Discussion

The fabrication of AM-PH13-8Mo stainless steel through two
different AM techniques with substantial differences resulted
in the evolution of two different microstructures. In specific,
the cooling rate in the arc-DED process is in the order of
10°-10° K/s [11,38] while in the L-PBF process is in the order of
10°-108 K/s [33]. Therefore, a finer microstructure was evolved
in the L-PBF-PH13-8Mo, where the martensite lath was an
order of magnitude smaller than that in the arc-DED sample
(1.9 pm vs. 10.5 um). In addition, the dislocation density is
higher in the L-PBF alloys due to the higher cooling rates [39].
Therefore, the strength of the as-built L-PBF-PH13-8Mo is
higher than the arc-DED-PH13-8Mo; YS = 929 MPa vs. 860 MPa
and TS = 1659 MPa vs. 911 MPa. The main strengthening
mechanisms in the PH martensitic steels include sub-
boundary hardening (Acg), dislocation hardening (Acg), and
precipitation hardening (As,) mechanisms [40]. In the as-built
sample (in the absence of the precipitates), the governing
mechanisms are sub-boundary hardening and dislocation
hardening. The sub-boundary hardening is associated with
the martensite laths, where the laths boundaries impede the
dislocation motion similar to the Hall-Petch effect. The
strength increment due to the sub-boundary hardening is
expressed as [40],

Acg, =10Gb /Ay, 2

where G is the shear modulus of the matrix and b is the Bur-
gers vector. Considering the martensite lath size in the
samples (An), the sub-boundary strength increment in the
L-PBF-PH13-8Mo is 5.5 times than that in the arc-DED-PH13-
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Fig. 13 — Austenite amount and martensite lath size

in (I) as-built and (II) heat-treated arc-DED-PH13-8Mo, (III)
as-built and (IV) heat-treated L-PBF-PH13-8Mo, evaluated
from the EBSD results.


https://doi.org/10.1016/j.jmrt.2023.04.023
https://doi.org/10.1016/j.jmrt.2023.04.023

3782

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3772-3787

8Mo alloy. The strength increment due to the dislocation
hardening is expressed as [40],

Aoy =0.5MGb,/p; 3)

where M is the Taylor factor and p, is the dislocation density.
The dislocation density in the L-PBF alloys could be 5 times
higher than that in the arc-DED alloys [41,42]; the resulting
dislocation hardening strength increment is 2.2 times higher
in the L-PBF-PH13-8Mo. Considering these facts, the strength
of the as-built L-PBF-PH13-8Mo is higher than the arc-DED
counterpart.

The microstructural differences between the two alloys
affected the physical properties as well. Both precipitation
temperature range and precipitation activation energy were
different in the two alloys. The lower precipitation activation
energy in the L-PBF-PH13-8Mo (139 kJ/mol vs. 194 kJ/mol)
could be due to the presence of the entangled dislocation
networks (Fig. 15 (b)). The dislocations reduce the free energy

barrier to nucleation by decreasing the total strain energy of
the embryo [43]. However, unlike the previous studies where
dislocations accelerated the precipitation kinetics in different
alloying systems [43—46], the kinetics of precipitation in the L-
PBF alloys is lower than that in the arc-DED alloy (Fig. 4),
despite a higher dislocation density in the L-PBF alloy
(compare Fig. 14 (b) and Fig. 15 (b)). Therefore, other micro-
structural differences, such as the residual 3-ferrite, different
laths size, possible microsegregation, etc., are plausibly the
determining factors in the kinetics of precipitation.

Direct aging of the AM-PH13-8Mo using the results of pre-
cipitation kinetics modeling (i.e. well-controlled aging condi-
tions) resulted in breaking the strength-ductility trade-off in
both alloys. However, it appears that the mechanism of such
an achievement is different in the two alloys. Recalling the
third strengthening mechanism in the PH stainless steels, i.e.
precipitation hardening (Acp), it is seen that the clusters in the
arc-DED alloy and precipitates in the L-PBF alloy are playing a

Fig. 14 — TEM study of DA-495-45: (a) Ion-milled trenches around a TEM sample prepared using the FIB method, (b) BF-STEM
image showing dislocations and retained/reverted austenite, and (c) BF-TEM micrograph, and (d) SAED patterns of

highlighted area in (c).
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d

Fig. 15 — TEM study of DA-550-115: (a) Ion-milled trenches around a TEM sample prepared using the FIB method, (b) BF-
STEM image with dislocations and retained/reverted austenite, and (c) BF-TEM micrograph, and (d) SAED patterns of

highlighted area in (c).

major role in strength enhancement (Fig. 6). In the case of the
evolution of B-NiAl, the precipitation hardeningis governed by
the particle cutting (shearing) mechanism [1,15,47]. Under the
shearing mechanism, three factors contribute to the strength
increment; order strengthening (Aoc,), coherency strength-
ening (Aosc), and modulus mismatch strengthening (Aop)
[15,48]; ie. Aoy = Ao, + Aoc + Agy. As such, the strength
increment due to the precipitation hardening in PH13—8Mo
can be expressed as [1,15,48],

1/2 1/2
AGy = Ads + Ade + Agy, =0.4M 1428 (?) +2.6M(G)*? (zif>

b Gb
% 2f % T 37”"1
+0.0055M(AG) < sz) b(B)

(4)

where vy4pp is the anti-phase boundary (APB) energy of the B-
NiAl, f is the volume fraction of B-NiAl, r is the mean radius

of B-NiAl, ¢ is the lattice mismatch parameter, AG is the
shear modulus mismatch between B-NiAl and matrix, and m
is a constant. The evolution of clusters in the arc-DED alloy
and precipitates in the L-PBF alloy resulted in different
characteristics, which then altered some of the critical pa-
rameters in eq. (4), including vyapg, f, 7, €, and AG. Therefore,
the clusters in the arc-DED alloy and the precipitates in the
L-PBF alloy are strengthening the material through distinct
factors.

In addition to strength, the ductility improvement in the
case of arc-DED and ductility retention in the case of L-PBF
was controlled through two different mechanisms. Referring
to Fig. 13, the austenite amount did not change during the heat
treatment of the arc-DED alloy and negligibly changed during
the heat treatment of the L-PBF alloy. Therefore, austenite is
not playing a role in ductility level. It appears that the evolu-
tion of clusters in the arc-DED-PH13-8Mo is the responsible
mechanism for the ductility improvement. As seen in Fig. 6,


https://doi.org/10.1016/j.jmrt.2023.04.023
https://doi.org/10.1016/j.jmrt.2023.04.023

3784

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3772-3787

Al

o
pe

- B-N Al Clusters

Fig. 16 — BF-STEM image along with the EDS elemental maps taken from DA-495-45 sample showing B-NiAl clusters.

the strain-hardening capability of arc-DED-PH13-8Mo (be-
tween YS and TS) significantly improved after the heat treat-
ment, while such behavior is not observed in the L-PBF-PH13-
8Mo. Such an improvement in the strain-hardening capability
was a result of the evolution of the clusters. According to Kim
et al. [49], the non-shearable nature of nano-scale precipitates
accounts for high strain-hardening capability and ultrahigh
strength achievement in steels. It appears that the shear-
ability of the clusters is different than that of the precipitates,
and therefore the ductility improved in the heat-treated arc-
DED-PH13-8Mo. On the other hand, an ultrahigh level of
strength was achieved in the heat-treated L-PBF-PH13-8Mo
without any improvement in the strain-hardening capability.

Therefore, the ductility retention mechanism in this material
should be related to the entangled dislocations. As seen in
Fig. 15 (b), the pre-existing dislocation networks were pre-
served during the aging heat treatment. These dislocation
networks retain the ductility of the L-PBF-PH13-8Mo steel [21]
since they increase the dislocation storage capability of the
material [50]. The conventional heat treatment recipes include
a high-temperature austenitization step (at 900—1010 °C),
which is expected to annihilate the dislocation networks [15],
consequently leading to ductility loss in the material. Never-
theless, it should be mentioned that the discussion of the
current study is limited to the quasi-static properties. The
fatigue properties need to be studied separately.
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Fig. 17 — BF-STEM image along with the EDS elemental maps taken from DA-550-115 specimen showing B-NiAl precipitates.

5. Conclusions

In this study, the kinetics of precipitation phase trans-
formation in AM-PH13-8Mo stainless steel fabricated through
two different AM methods were investigated using DSC. The
AM processes were arc-DED and L-PBF and the kinetics
models were employed to design direct aging heat treatment
recipes for each sample. The samples were then aged using
the recommended recipes and their mechanical properties
were evaluated. The mechanical properties were then corre-
lated to the microstructural features at different length scales.
The principal conclusions include.

e The microstructure of as-built samples exhibited sub-
stantial differences in terms of martensite lath size due to
variations in their experienced cooling rates inherent to
the nature of arc-DED and L-PBF processes. The arc-DED
sample consisted of large columnar dendrites developed
along the building direction, featured by residual 3-ferrite.
In the L-PBF sample, ultrafine martensite laths developed

in the material due to the rapid cooling conditions. The
martensite lath size in the arc-DED-PH13-8Mo was an order
of magnitude larger than that in the L-PBF counterpart.
The DSC studies revealed that the kinetics of precipitation
phase transformations are different in the two samples
due to their different microstructures. Therefore, the rec-
ommended heat treatment recipes were different. In the
case of arc-DED-PH13-8Mo, the recommended aging tem-
perature and time were 495 °C and 45 min whereas for the
L-PBF-PH13-8Mo the recommended temperature and time
were 550 °C and 115 min.

By employing the recommended heat treatment recipes,
the strength and ductility improved concurrently in the
arc-DED-PH13-8Mo sample as a result of the evolution of
nano-scale B-NiAl clusters. The strain-hardening capability
of the material was also enhanced significantly. It appears
that the evolution of the clusters can evade the strength-
ductility trade-off.

In the case of L-PBF-PH13-8Mo, the recommended heat
treatment recipe resulted in the evolution of nano-scale §-
NiAl precipitates and enhancement of strength. The
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ductility retention was a result of preserving the entangled
pre-existing dislocation networks.

e This study provides important insight into the crucial role
of processing history on the microstructure evolution and
the resulting physical properties. The physical properties
determine the kinetics of phase transformations, which
have a great impact on the design of heat treatment and
the resulting properties.
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