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Abstract

Maraging steels are a class of low-carbon ultra-high-strength martensitic steels. Due to their excellent weldability, these
steels have been widely applied for laser-based additive manufacturing (AM). MAR-60HRC is a newly developed maraging
grade for AM with a nominal chemical composition of 13.0Ni-15.0Co-10.0Mo-0.2Ti, Fe bal. (wt%), capable of achieving
hardness levels of ~740 HV. Alternatively, 18Ni300 is a commercialized maraging steel with an excellent combination
of strength and toughness at the peak aged hardness (i.e.,~590 HV). This work aims to investigate the properties and
microstructure of MAR-60HRC fabricated by Laser Directed Energy Deposition (L-DED). Further, the manufacturability
of bimetallic parts comprising a tough 18Ni300 core and a hard MAR-60HRC on the surface was evaluated. After proper
aging, the multi-layered material showed a surface hardness of ~720 HV1 and apparent fracture toughness of 71 MPa m'2,
higher than that of MAR-60HRC (i.e., 60 MPa m'’?), and lower than 18Ni300 (i.e., 90 MPa m'?). The excellent combina-
tion of surface hardness and fracture toughness was discussed, considering the crack arrest at the interface and the flawless
interface between the two steels.
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1 Introduction

Additive manufacturing (AM) technologies are receiving
ever-increasing attention in recent years due to their unique
characteristics in the production of complex geometries in
a short time and sustainable way for a variety of materi-
als [1]-3. Laser-directed energy deposition (L-DED) is
one of the most practiced AM technologies for manufac-
turing metallic components due to its distinctive capacities
in developing functionally graded materials and cladding.
Moreover, compared to traditional repair technologies, such
as arc welding, TIG welding, and plasma welding, L-DED
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shows several advantages such as relatively lower heat input,
less distortion, lower dilution rate, and relatively higher geo-
metrical accuracy that makes it a suitable option for repair
and restoration as well [4]. L-DED has found its application
mainly in the fields of wear protection, repair, and mainte-
nance of high-value parts, such as tools, molds, and aero-
space components made from Fe-, Ti-, and Ni-based alloys
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Maraging steels are a class of high-performance, low-
carbon martensitic steels that combine ultra-high strength
(UTS > =~1800 MPa) and high toughness [6]. The relatively
soft and tough Fe—-Ni martensite can be age-hardened by the
precipitation of nano-sized intermetallic particles containing
substitutional alloying elements (e.g., Mo, Ti, Al) through
a simple heat treatment. The addition of Co in this alloy
system raises the martensite start (M) temperature, ena-
bling the addition of more substitutional alloying elements
(e.g., Mo) without the risk of stabilizing retained austenite
[7]. Moreover, Co increases the supersaturation of Mo in
the matrix, providing an increased amount of this element
taking part in precipitation. The combination of Co with a
specific weight percentage of Mo, as in the Mo-containing
quaternary alloys (Fe-18Ni-Co-Mo), increases the strength
by up to 500 MPa [7, 8]. Ti is the other alloying element
contributing to age hardening at low weight percentages
(i.e., 0.2 to~2.0 wt%) [9]. Depending on the alloying ele-
ments, the main intermetallic strengthening compounds in
these systems are orthorhombic Ni;(Mo), hexagonal Ni;(Ti,
Al), rhombohedral Fe;Mo, p phase, hexagonal Fe,Mo
Laves phase, hexagonal o phase, TisSi;Ni;¢ G phase, and
AgB hexagonal "S phase" [9]-13. In recent years, several
Fe-18Ni-Co-Mo alloys have been developed on an indus-
trial and research scale [14]-15, and Ni-Co-Mo compositions
with lower Ni content, as well as Co-free classes, have been
assessed [16]-21. Due to the high Ni content and the absence
of C (less than 0.03wt%), hardenability is not an issue in
these alloys, and hence cooling rate after solution anneal-
ing treatments is not critical [8]. In the solution annealed
condition, the alloys, depending on the type and content of
alloying elements, show hardness of the order of 30 HRC.
Parts can be thus readily machined. Additional hardening
can be achieved by aging at the recommended temperatures
and times [22]. Dimensional changes after aging treatments
are generally negligible, thus enabling finishing operations
to be carried out on the parts before age hardening. They
also show good polishability [8, 14]. More importantly, their
excellent toughness at high strength levels makes this steel
class an ideal candidate for use in applications requiring
high strength-to-weight ratios [14, 23]. Maraging steels are
therefore considered viable materials for tooling applications
such as injection molds, extrusion tools, die-casting dies,
core pins, and cores, as well as for structural applications
[14]. The fracture toughness versus hardness for some of
the maraging steel available in the literature is presented in
Fig. 1. As expected, by increasing the hardness, a drop in
fracture toughness is evident.

Due to their excellent weldability even without preheat-
ing and negligible dimensional changes after age hardening,
maraging steels have been exploited commercially in near
net-shape AM processes such as laser powder bed fusion
(L-PBF) and directed energy deposition (DED) [28]. On an
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Fig. 1 Fracture toughness vs. Hardness for different maraging steels.
Half-filled symbols belong to AM samples [19, 24].—[27]

industrial scale, parts in 18Ni300 (18.0Ni-9.0Co-4.5Mo-
0.7Ti-0.1Al, Fe bal. (wt%)) with complex geometries and
enhanced mechanical properties have already been commer-
cialized [29]. This steel shows a peak hardness of ~600HYV,
and tensile strength of ~2000 MPa, with good ductility
and toughness. However, in certain applications, a further
increase in hardness aimed at increasing the wear resistance
of 18Ni300 has been considered a crucial requirement. This
led to the development of Osprey® MAR-60HRC (hereafter,
MAR-60HRC), showing a maximum achievable hardness
of ~61HRC and ultimate tensile strength of ~2600 MPa [30].
The higher Co and Mo content in this alloy gives rise to
higher vol% and enhanced Ni;Mo and u phase precipitation
kinetics leading to higher hardness after aging.

Other than alloy modification, the hardness can be
increased by the addition of hard ceramic particles to fabricate
AM 18Ni300 metal matrix composites. However, it is reported
that substantial additions of reinforcing particles result in col-
lision and agglomeration of un-melted/un-dissolved ceramic
particles with much higher melting points than that of the
matrix to the sides of the melt pools [31, 32]. The stabilization
of retained austenite using carbon-containing ceramic parti-
cles such as TiC and WC is also documented, and interfacial
reactions between the matrix and the reinforcement leading
to the embrittlement of the interface are witnessed in some
research works [31, 33, 34]. More importantly, mixing the
ceramic particles with steel powders introduces an additional
step to the process chain with the risk of powder contamina-
tion. In other studies, plasma nitriding has been applied to
increase the surface hardness of 18Ni300 [35]-37. The process
is assessed to increase the surface hardness of AM-18Ni300
both in the direct aging and after solution annealing aging. The
surface hardness is reported to reach up to 1000 HV,;, and
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it declined to~700 HV,, ;; within 30 um from the surface and
gradually dropped to the value of the base material at a depth
of ~ 100 um. The presence of some connected pores and cracks
in the compound layer of the nitrided zone and the formation
of discrete TiN particles are reported for the nitriding of AM-
18Ni300 [37]. An alternative approach for realizing parts with
different properties on the surface and at the core is producing
bimetals. To date, few studies have investigated the fabrication
of bimetals of maraging steels [38, 39], and these studies are
limited to selective laser melting (SLM) of maraging steels on
a tool steel baseplate. The different heat treatment responses of
these materials might be a limiting factor in some applications.

Nearly all engineering structural materials must meet both
strength and toughness requirements, however, most materials
cannot exhibit both of these qualities simultaneously [40]. A
solution to promote toughness in hard materials is to exploit
extrinsic toughening mechanisms, e.g. crack deflection, zone
shielding (transformation toughening, crack tip dislocation
shielding, residual stress fields), or contact shielding (bridg-
ing, wedging, sliding) [41]. The peculiar micro/mesostruc-
ture of additively manufactured parts can be exploited in this
regard. Suryawanshi et. al[42] demonstrated that heterogene-
ous microstructure in Al-12Si parts produced by SLM resulted
in higher fracture toughness due to crack deflection (tortuous
crack path). Huang et.al [43] exhibited that in in-situ alloyed
Ti41Nb, alternating Nb-poor regions (NPRs) at melt-pool
boundaries resulted in a layered composite mesostructure
that favored extrinsic toughening through crack deflection.
In their pioneer work, Kiirnsteiner et. al. utilized the intrinsic
heat treatment (IHT) by tuning the thermal history through
the application of proper interlayer dwell times, to obtain an
alternating mesostructure of hard and soft layers for a Fe19N-
i5Ti steel produced by L-DED and demonstrated a marginal
improvement of impact toughness for this steel at cryogenic
and room temperatures at a higher tensile strength compared
with the uniform microstructure, and a notable improvement
at 200 °C [44].

In the current work, we studied the heat treatment and
microstructure of MAR-60HRC fabricated by L-DED; fur-
ther, we report the surface engineering of an L-DED 18Ni300
substrate by deposition of MAR-60HRC using L-DED. The
fully compatible chemical compositions of these two alloys
(i-e., both comprise Ni, Co, Mo, and Ti, as alloying elements)

should benefit both from the high hardness of MAR-60HRC
on the surface and the excellent toughness of the core 18Ni300,
leading to a damage-tolerant material with an extremely high
surface hardness which can be specifically beneficial for tool-
ing applications by improving wear resistance.

2 Materials and Methods

Gas atomized OSPREY® MAR-60HRC, and 18Ni300
maraging steel powders with a particle size distribution
(—105 pm + 50 pm) were used for depositions. The nominal
composition of the powders is presented in Table 1.

Deposition of samples was carried out using a
LASERTEC 65 3D hybrid machine (DMG MORI AG) with
a 2500W diode laser (A=1020 nm) and a Coax 14 nozzle.
The laser has a top-hat beam profile with a spot diameter of
3 mm at a focal length of 13 mm. After undertaking a series
of process optimization tests to obtain the optimum process-
ing parameters, samples were deposited with the processing
parameters listed in Table 2. A meander scanning strategy
with 90 ° rotation between successive layers was applied.
Argon was used as the carrier and shielding gas with a flow
rate of 5 and 5.5 1/min, respectively. Samples with a relative
density of 99.5%, measured using the Archimedes method,
were obtained.

Aging heat treatments were performed using an L75
Platinum LINSEIS dilatometer in an Argon atmosphere.
Samples were age hardened at different temperatures and
times to obtain the aging curves. All aging treatments were
carried out by direct aging of the as-built specimens.

Cuboid samples (45 mm X 10 mm X 35 mm) were
deposited using the parameters described above (Table 2).
Three single-edge notched bend (SENB) specimens
(6 mm X 3 mm X 30 mm) were cut out of cuboids for each
material using wire electro-discharge machining (EDM)
(Fig. 2). Finally, a notch (a/w=0.5, p=90 pm) was
introduced in the samples by EDM. Following the results
obtained from aging curves, samples were heat-treated

Table 2 L-DED processing parameters

Parameter Laser power (W) Scanning speed Powder feed
should give the advantage of forming a clean interface with (mm/min) rate (g/min)
strong metallurgical bonding. The thickness of the harder
MAR-60HRC can be freely increased to increase the load- MAF'6OHRC 1700 1300 12
bearing capability of the component. The proposed design 18Ni300 1800 1200 12
Table 1 ‘The nominal Element Ni Co Mo Ti Al C Fe
composition of the MAR-
60HRC and 18Ni300 powders MAR-60HRC 13.0 15.0 10.0 <0.2 <0.1 <0.03 Bal.
in wit 18Ni300 18.0 95 47 0.7 <0.1 <0.03 Bal.
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Fig.2 Schematic of the samples
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directly from the as-built condition at 480 °C for 6 h prior
to experiments. Plane strain fracture toughness testing was
performed using 3-point bending tests under stroke control
at a rate of 0.5 mm-min~! using a 1343 Instron machine
equipped with a 5 kN load cell. In the plane strain testing
conditions, the stress concentration factor decreases with
increasing the root radii [45], and higher applied stress is
thus needed to reach the "critical stress intensity." This
leads to slightly higher apparent fracture toughness (K,,,)
compared with that of the plane strain fracture tough-
ness (K;c) obtained with fatigue pre-cracked specimen
(i.e., p—0). It should be noted that fracture toughness
data obtained in this study should not be used directly
in the design of structural elements, and are intended
only for comparison between different specimens within
this study, which have all undergone identical EDM pro-
cesses. Despite the large notch radius, the Kapp values
do not appear to vary significantly below a critical radius
(p =100 pm) [45], therefore the Kapp values are still use-
ful for comparative analysis.

In bimetallic samples, the notch was realized in the
harder material (i.e., MAR-60HRC), as shown in Fig. 2.
A distance (I) of ~800 pm between the interface and notch
root was considered. In this condition, the plastic zone
radius (ry) [46] ahead of the notch, conservatively cal-
culated through Eq. 1 considering the critical value of
stress intensity (K,,,) for MAR-60HRC (i.e., 60 MPa m'?
obtained using a crack tip radius of 90 um), and the yield
strength of the softer material (6, 18Ni300 ~ 1950 MPa
[47]), is 500 pm, thus smaller than /. It is important to
remark that the K,,, numbers in this work cannot be used
as a measure for the K¢ of the material. However, by using
the apparent fracture toughness obtained with the current
test method, which is larger than that of standard K¢ (i.e.,
30 MPa m'?) reported for the wrought counterparts with
almost similar chemical composition, and aged hardness
[19, 48], the calculated plastic zone radius will be overesti-
mated by around four times. This overestimation plausibly
satisfies the condition after which, the plastic zone near
the notch tip (~500 pum) is still within the MAR60HRC
region, far enough from the interface (i.e., 800 um) [46].
As a result of reducing the complexity in the plastic zone
by excluding the effect of 18Ni300, interpretation of the
fracture toughness of the bimetal, in particular, the direct
influence of the interface and its interaction with the

MARG60HRC

6mm

MAR60HRC 18Ni300

¥3mm

unstable crack propagation from MAR-60HRC towards
18Ni300 can be analyzed.

rzi(ﬁf 1
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Metallographic cross-sections were prepared by grinding
up to 1200 grit, subsequent polishing with 3 pm and 1 pm
diamond pastes, followed by a final oxide polishing. Micro-
structural characterizations were done on metallographic
cross-sections chemically etched by Villella's reagent, using
both light optical microscope (LOM) (Zeiss Axiophot) and
scanning electron microscopy (SEM) (Jeol JSM-IT300LV).
SEM was also employed to characterize the fracture sur-
faces. Electron backscattered diffraction (EBSD) combined
with electron dispersive x-ray spectroscopy (EDS) elemental
mapping was carried out using a Symmetry EBSD detec-
tor on a Field Emission Gun Scanning Electron Microscopy
(FE-SEM, Zeiss Sigma, Germany) on oxide-polished cross-
sections to investigate the phase constitutions and semi-
quantitative elemental analysis, respectively. XRD analysis
on age-hardened samples was carried out using an Italstruc-
tures (IPD3000/CPS120) instrument equipped with a Co Ka
source of 2000 W (A=0.17889 nm). The angular step size
and integration time were 0.03° and 4 s, respectively. XRD
spectra were then analyzed using MAUD software [49] to

quantify the phases. Hardness (HV1) measurements were
performed according to ASTM E92-17.

3 Results and Discussion

3.1 Microstructure and Hardness of L-DED
MAR-60HRC

The microstructure of the deposited as-built samples com-
prises fine cellular/dendritic features (Fig. 3a). EBSD band
contrast and phase maps revealed the presence of retained
austenite (RA) located in the intercellular regions (yellow
arrows in Fig. 3b and c). Corresponding EDS maps evi-
denced a higher concentration of Mo and Ni and a lower
Fe content in the intercellular areas (Fig. 3d-f). The driving
force for dendrite/cell nucleation and growth is provided
by thermal undercooling. The microsegregation of alloying
elements to the cell/dendrite boundaries occurs due to solute

@ Springer



2944

Metals and Materials International (2023) 29:2940-2954

Fig.3 a LOM micrograph
showing the overall microstruc-
ture of the L-DED MAR-
60HRC (Vilella's reagent), b
EBSD band contrast image, ¢
Corresponding phase map over-
laid by band contrast image, and
corresponding EDS elemental
map for d Mo, e Ni, f Fe, g IPF
maps of martensite, and h IPF
maps RA with respect to build-
direction

B - 20 1m; M2p3; Step=0.15 um; Grid772x580

partitioning in liquid and limited solid-state diffusion during
fast solidification, characteristic of laser-based AM processes
such as L-DED [50]. The micro-segregation of alloying ele-
ments at cell boundaries leads to the chemical stabilization
of RA in those areas [1]. Inverse pole figure (IPF) maps
of martensite (formed inside the prior austenite grains) and
retained austenite along the build direction are presented
in Fig. 3g and h. It can be clearly noted that the crystal ori-
entation of the RA is related to the prior austenite grain

@ Springer

orientation. The RA in the bottom grain is oriented closer
to< 111> while in the top grain is along < 110 > direction.
The fine and mostly round particles (black arrows in
Fig. 3b and c), having a size from a hundred nm to a few
micrometers, are rich in Ti (26 at%), Al (11 at%), and O
(61 at%) are plausibly Ti- Al-rich oxides, close to (Ti,
Al),0;5 stoichiometry. Due to the high affinity of Ti and Al
for O, the oxides can precipitate from the liquid during the
L-DED processing. Because of the fast cooling rates, and
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Fig.4 Aging curves of a MAR-60HRC and b 18Ni300 maraging steel

the constraint by primary austenite crystals, these oxides
remain fine in size [51].

The aging curves (Fig. 4a) of as-built MAR-60HRC with
370 HV1 starting hardness shows that the steel (dilatomet-
ric samples) can be age-hardened in~ 10 min to around
575 HV1 by aging at 480 °C. Holding for longer times
(~480 min) leads to a maximum hardness of ~730 HV1.
After the peak hardness is achieved (~480 min), a slight
drop in hardness by longer holding is evident. By aging
at 525 °C, the hardness increases to 625 HV1 in merely
2 min. Continuation of aging for 30 min results in maximum
achievable hardness (680 HV1) at this aging temperature.
Longer times cause softening due to over-aging. At 600 °C,
the maximum hardness is obtained by 2 min holding (i.e.,
650 HV1), and a longer holding time leads to overaging.
For comparison, the aging curves of 18Ni300 are reported
(Fig. 4b). The as-built hardness is around 330HV 1, slightly
lower than that of MAR-60HRC. The aging response is very
similar to the MAR-60HRC, while the achievable hardness
is almost 180 HV1 lower than that of the MAR-60HRC
undergoing identical heat treatment schedules.

The yield strength (6,) and hardness of maraging steel in
the as-built condition can be modeled by Eq. 2 [52]

Oy ~3HV Oy + O martensite + Oy (2)

where o, is the lattice friction Stress, 6, ensite 15 the contri-
bution of martensite sub-structure (e.g., block and lath size
and dislocation density), while o represents the contribu-
tion of solid solution hardening (Eq. 3).
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The critical resolved—shear stress due to the presence
of substitutional solute atoms, o, is a function of the
atomic fraction of each substitutional element (x; ;) and its
strengthening constant (B;) given the lattice and modulus
misfit compared with Fe. It is assumed that softer intercel-
lular RA does not negatively influence the overall strength
of the as-built material.

In aged conditions, intermetallic particle strengthening
(0,) emerges, which can be modeled by Orowan strength-
ening (Eq. 4). This term can be added linearly to Eq. 2

s
6p=0.lubi—ln<;p> 4)
P

where p is the shear modulus, b is the Burgers vector, fp is
the volume fraction of each intermetallic precipitate, and r,,
is their average radius. It should be noted that after aging,
the solid solution hardening effect of the elements contrib-
uting to the formation of the precipitates (i.e., Ni, Ti, and
Mo) decreases by increasing the volume fraction of the
precipitates.

Given the above description, especially the Orowan
strengthening mechanism, up to the peak aging condi-
tion, strength increases by an increase in the number den-
sity of nano-sized precipitates, which is correlated to the
vol% and size of precipitates. Over-aging leads to a drop
in hardness and strength because of precipitate coarsen-
ing (i.e., lowered number density) and the formation of
reverted austenite. Higher temperature aging and longer
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times contribute to enhanced coarsening and a larger vol-
ume fraction of reverted austenite due to the enhanced
diffusivity.

This is clearly reported that the increase in Ni content
from 11 to 23 wt% does not dramatically change the dislo-
cation density and strength of Fe—Ni lath martensite [53].
Therefore, from the strength point of view, the key differ-
ence between MAR-60HRC and 18Ni300 chemistry is their
Co, Mo, and Ti content. Given the high supersaturation
of alloying elements within the Fe—Ni martensite in AM-
processed maraging steels, the higher as-built hardness of
MAR-60HRC should be discussed in view of a larger sub-
stitutional solution hardening effect. According to Fleischer
[54], the strengthening results from elastic interactions of
solute atoms with screw dislocations, governed by the dif-
ference in effective modulus and size of the substituted atom.
Ti and Mo show the highest solid solution strengthening
effect [52], while Co (having a nearly similar atomic size to

iron) has the lowest contribution. The substantial increase
in Mo causes more extensive solid solution strengthening
in MAR-60HRC, leading to increased as-built hardness.
Consequently, in aged condition, higher Mo wt%, and its
combination with high Co gives rise to a higher vol% of
Ni;Mo and possibly p-phase precipitates, thus resulting in
higher maximum post-age hardness (61HRC) compared with
18Ni300 (55HRC), as discussed in the previous works of
authors [30].

Figure 5a and b present the microstructure of samples
after aging for 5 h at 480 and 525°C, respectively. The inset
in Fig. 5a shows the uniform distribution of nano-sized
intermetallic particles within the martensitic matrix, which
are responsible for the increase in hardness and strength.
It can be clearly observed that the thickness of the cell
boundaries, which appear brighter in electron backscatter
mode (BED) micrographs, is increased in the sample aged
at a higher temperature. This is an indication of increased

o' (110)

——480°C
] —— As-built -
3 " -
8 i -
3: a'(211)
@ [ M Y2000 @'00) y20) A ]
et :
=
U

40 50 60 70
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Fig.5 SEM micrographs L-DED MAR-60HRC aged for 5 h at a 480 °C (the inset highlights nano-sized precipitates within the martensitic
matrix) and b 525 °C; note the increased thickness of the intercellular austenite appear brighter in BED-SEM micrograph; ¢ XRD results
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reverted austenite content upon aging at higher temperatures.
In agreement with previous works [6, 55], RA at the cell
boundaries can serve as a preferential site for the austen-
ite reversion during aging. This is because, from an ener-
getic and crystallographic point of view, it is favorable for
reverted austenite to form Ni-enriched shells around existing
retained austenite. In general, since austenite is an equilib-
rium phase in the aging temperature interval for most of
the Fe-Ni maraging alloys, austenite reversion by diffusion
during aging is expected. Austenite reversion is accelerated
by increasing the aging temperature due to the enhanced
diffusivity, leading to the local enrichment of Ni within the
martensitic matrix upon dissolution of Ni-rich intermetallic
precipitates and formation of Fe-Mo rich precipitates [23].
The XRD results (Fig. 5c) for the as-built samples and those
aged at 480°C and 525°C show ~5, 8, and 20 vol% austenite,
respectively. The austenite reversion kinetics at lower aging
temperature for a holding time of 5 h was not significant,
and the austenite content did not change drastically com-
pared with the as-built material. Aging at higher tempera-
tures gave rise to the reversion of a significant amount of
austenite, in line with the microstructural analysis (5 a, and
b) and the hardness results (Fig. 4a). The peaks pertaining
to austenite in XRD measurements, especially for the sam-
ple aged at 480 °C (see (200) peak intensity), 525 °C (see
(111) peak intensity), indicate the existence of a texture.
The texture in RA in laser-processed steels is a result of
the epitaxial growth of parent austenite at high temperature

along the build direction during the deposition (see Fig. 3).
The reverted austenite preferentially grows on the existing
RA and therefore preserves the same texture [56].

3.2 MAR-60HRC-18Ni300 Bimetal
3.2.1 Interface Characteristics

An epitaxial dendrite growth can be observed in the first
layer of MAR-60HRC deposited on the 18Ni300, implying a
defect-free and compatible interface between the two materi-
als due to their similar composition (Fig. 6a).

The change in the chemical composition, starting from
the 18Ni300 core and passing through the interface towards
MAR-60HRC at the top surface is plotted by using EDS
analysis (see Fig. 6b and Table 3). The plot shows a drop

Table 3 Composition of different layers near the interface of the
bimetal, wt%

Zone/ Elements Ni Co Mo Ti Fe

18Ni300 18.2 9.7 4.6 0.8 bal.
Al 15.5 11.8 6.4 0.6 bal.
A2 14.0 13.4 73 0.5 bal.
A3 13.3 14.0 8.3 04 bal.
MAR-60HRC 12.7 15.0 9.0 0.3 bal.

50%-50% nominal mix 15.5 12.2 73 0.5 bal.
(b) BD =——p
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Fig.6 a LOM micrograph showing the interface in as-deposited bimetal, b EDS analysis results for Ti, Co, Ni, and Mo along the height and the
corresponding SEM micrograph of the interface between the two materials
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in Ni and Ti wt% to~15.5 and 0.6 respectively in the first
deposited layer of MAR-60HRC at the interface, while Mo
and Co increase significantly to around 6.4 and 12.0 wt%
respectively (zone Al, Fig. 6b and Table 3). By approach-
ing the second layer of MAR-60HRC, Ni content further
decreases to~ 14.0 wt%, and Ti to ~0.5 wt%, while Mo and
Co increase to 7.3 and 14.0 wt%, respectively (zone A2,
Fig. 6b and Table 3). Within the third layer of the depos-
ited MAR-60HRC, the concentration profiles become rela-
tively flat, and the chemical composition detected by EDS
approaches the nominal MAR-60HRC composition (zone
A3, Fig. 6b and Table 3). For comparison, the theoretical
chemical composition in the case of mixing the two pow-
ders at equal wt% (i.e., 50/50) is shown in Table 3. The
results indicate that a mixture of 18Ni300 and MAR-
60HRC characterizes the vicinity of the interface, showing
an equivalent chemical composition in between the starting
materials, which can be roughly said to comprise ~50 wt%
18Ni300, MAR-60HRC bal. By increasing the distance from
the interface, the material gradually is diluted in 18Ni300
and approaches the pure MAR-60HRC composition. This
is achieved roughly at the top surface of the third deposited
layer of MAR-60HRC onwards.

With reference to a previous work of the authors on the
simulation of the thermal histories of the deposited layers
using current processing parameters [30], it is plausible that
by the deposition of the first layer of MAR-60HRC, the last

()

18Ni300 MARGOHRC
750 . — . . 5
e Bimetal-AB| | 3 a_

7004 ¢ Bimetal-HT| ! g o ==§=— =31
6501 D& |
> ]

L 600 - ! 1
2 &
* * 1

e s50{% ¢ : |
e ;
® i

T 5004 : 1

) ' g—F 35—t 7

..

350 - | i

L . . ° . :
300 T — r . i
0 1 2 3 4 5 6

Position (mm)

deposited layer of 18Ni300 partially remelts and mixing of
these materials takes places in the liquid state due to Maran-
goni effect. This should probably lead to a composition
that roughly contains 50 wt% 18Ni300, and 50 wt% MAR-
60HRC at the vicinity of the interface (i.e., mixed layer 1,
corresponding to regions in the 1st deposited layer of MAR-
60HRC). By depositing the second layer of MAR-60HRC,
the solidified layer (mixed layer 1) is partially remelted and
mixed with the MAR-60HRC, and the equivalent solidified
composition may become roughly 25wt% 18Ni300, and
75wt% MAR-60HRC (i.e., mixed layer 2). The successive
depositions probably result in a highly diluted composition
in 18Ni300, which can be considered pure MAR-60HRC.
Moreover, due to the heat transfer from the solidifying lay-
ers to the solidified layers, the concentration gradients might
lead to interdiffusion at high temperatures in the solid state.
This discussion is essential as it will be used later in this
manuscript to describe the hardness profile of the bimetal.
Given the compatible chemical compositions of the two
alloys, the smooth concentration profiles of the alloying
elements near the interface, and the SEM micrographs, no
parasitic reaction phases at the interface are expected.

The hardness profiles (Fig. 7a) before and after the age
hardening of the bimetal confirm that the as-built hard-
ness of the 18Ni300 is around 325 HV. By approaching the
interface, the hardness increases to about 340 HV and rises
gradually to around 370 HV in the MAR-60HRC region, in

(b)
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Fig.7 a Hardness profile across the height for the bimetal samples in the as-built and aged states, b Hardness profile of the CG sample experi-

mental and ROM
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line with the aging curves of the two base materials (Fig. 4).
In the aged condition, a similar trend is observed. Hardness
in 18Ni300 is around 560 HV and increases to 650 HV at
the interface, followed by a gradual increase to~720 HV.
The hardness gradient at the interface covers around 2 mm,
roughly representative of three deposited layers (layer thick-
ness ~0.7 mm), which is in agreement with the chemical
composition gradient near the interface, where mixing of the
softer 18Ni300 with MAR-60HRC was evident. In order to
further investigate the dilution influence on the hardness, a
compositionally graded (CG) sample was produced through
an in-situ mixture of powders and by increasing the amount
of MAR-60HRC by 10 vol% in each successive layer. The
experimental hardness profile and the calculated hardness
profile based on the rule of mixture (ROM) are depicted
in Fig. 7b. The microhardness at point 1 in Fig. 8a is equal
to the microhardness of the layer with 40 vol% of MAR-
60HRC in Fig. 8b. In the second layer, covering points 2, and
3 in Fig. 8a, the microhardness in bimetal lies in between of
the hardness levels of 60 to 70 vol% of MAR-60HRC (see
Fig. 7b). At the top of the third deposited layer (point 4 in
Fig. 8a), the microhardness approaches that of 100% MAR-
60HRC (see Fig. 7b). The microhardness does not change
further from point 4 towards the top layers of the bimetal,
therefore, still corresponding to the hardness of pure MAR-
60HRC. Together with the EDS analysis, these results can
appropriately explain the interface characteristics. The dis-
crepancy between the ROM and experimental results can be
due to the change in precipitation kinetics by changing Mo,
Ti, and Co content in the mixtures. In 18Ni300 with 0.6-0.8
wt% Ti, Ni;Ti is one of the main precipitates to form at
400 °C to 500 °C aging interval; this is accompanied by the

-~
)
-’

precipitation of Mo-rich intermetallic particles (e.g., Ni;Mo)
[57]. By increasing Mo and decreasing Ti in the mixtures,
which comprise higher vol% of MAR-60HRC, the activity
of Mo increases; moreover, the increase in Co wt% decreases
the solubility of Mo in the matrix. The combination of these
two factors enhances the precipitation of the Ni;Mo, while
Ni,Ti will still be present as a result of the higher Ti content
in the mixtures compared with the pure MAR-60HRC. The
morphology and size of these two precipitates at the aging
temperature differ from each other [12], leading to different
contributions to strength according to the Orowan relation.
This can lead to an increased experimental hardness com-
pared with the theoretical ROM results. Interestingly, when
the vol% of MAR-60HRC in the mixture is either low (i.e.,
up to 20%) or high ( i.e., 90%), the experimental hardness
is identical to that of ROM; therefore, there exists a thresh-
old above which, the precipitation kinetics will be affected
by the introduction of the second material. This needs to
be further analyzed in the future work of the authors using
thermal analysis.

3.2.2 Fracture Toughness

The K, of the 18Ni300 at 565+ 6HV is 90 +2 MPam'?,
and this value drops to 60 +3 MPa m"? for MAR-60HRC
at 725 + 8 HV. The Bimetal specimen shows a fracture
toughness of 71 +2 MPa m'? at a similar surface hardness
level of MAR-60HRC (Fig. 8a). It can be clearly observed
that the K, , values are systematically higher than the K¢
for the wrought samples, which can be attributed both to
the microstructure of AM samples as well as the effect
of the blunt notch on the stress field at notch tip for the
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Fig.8 Apparent fracture toughness values for the samples versus surface hardness (blue points), as well as K, for wrought 18Ni300[59, 60] and
13Ni400[ 19, 48] (gray points), and b Kapp versus hardness under the notch for L-DED specimens
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samples in the current study. The higher toughness of
bimetal compared with MAR-60HRC can be attributed to
the influence of concentration and hardness gradient near
the interface. The notch tip was located in an area show-
ing a hardness of ~670HV (Fig. 8b), which is equal to
the hardness of a mixture of 50% MAR-60HRC, 18Ni300
bal. (see Figs. 6 and 7). The lower hardness below the
notch leads to higher K, in bimetal. In order to con-
firm this hypothesis, fracture toughness tests were car-
ried out on samples processed by the 50%-50% mixtures
of MAR-60HRC and 18Ni300. The fracture toughness of
the 50%-50% samples, showing a hardness level of 660
HYV, perfectly lies in between 18Ni300 and MAR-60HRC
(Fig. 8a) and matches with that of bimetal if hardness
under notch is taken into account for the latter (Fig. 8b).
It is evident that the bimetal with a very high surface hard-
ness shows an excellent fracture toughness as well, shift-
ing its position to the right side of the hardness-toughness
linear trend. This is mainly due to a defect-free interface

100 um
—

and the concentration and hardness gradients below the
notch. The fracture toughness obtained in this work for
18Ni300 and MAR-60HRC are systematically higher than
those of conventionally manufactured maraging counter-
parts at the same hardness level (see Fig. 1). As discussed
earlier in the experimental section, this is a consequence
of the larger notch tip radius in the current study compared
with the fatigue pre-cracked notch. This systematic dif-
ference was also documented in other works [58], where
the fracture toughness of the tool steels by using a fatigue
pre-cracked notch (i.e., p— 0) was lower than those per-
formed on the EDM notched samples with a notch radius
of 50 um.

The fracture surface of 18Ni300 shows ductile trans-
granular fracture with the presence of dimples (Fig. 9a
and b). This can be considered a completely transgranular
fracture. The fracture surface of the MAR-60HRC, on the
other hand, shows a quasi-cleavage fracture behavior, a
preferential crack propagation along the columnar grains
and dendritic substructure can be observed, but it is hard

S50pum

Fig. 9 SEM images of the fracture surfaces for a&b18Ni300 and c&d MAR-60HRC
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to be concluded as an intergranular fracture (Fig. 9c, and
d). The crack interaction with the interface in the bimetal
sample will be discussed in the next section.

3.2.3 Crack Interaction with Interface in Bimetal

The load—displacement curves in 18Ni300 show that after
reaching the maximum force (i.e., the onset of crack ini-
tiation), the load drops instantaneously due to the unstable
crack propagation until complete fracture (Fig. 10a). Signs
of limited plastic deformation before reaching the maxi-
mum load were evident in the load—displacement records.
However, drawing the 5% secant line following the ASTM
E399 recommendation did not result in a significant change
in the fracture toughness calculations. The records for the
MAR-60HRC is also showing a similar sudden load drop
after reaching the maximum load, and the load—displace-
ment curve obeys a perfect linear elastic behavior (Fig. 10a).

The load—displacement record in bimetal is different, and
it shows a maximum, followed by a sudden drop to around
0.4 kN, representing the unstable crack propagation up to
that point (Fig. 10a) and not reaching zero without show-
ing a complete fracture. At this point, to further understand
the crack propagation behavior, the test was conducted for
one sample with sustained loading until complete frac-
ture (Fig. 10b). Looking at the load—displacement curve,
the appearance of a pop-in is obvious (inset in Fig. 10b),
where the force slightly increases after the sudden drop and
again starts to decrease gradually until complete fracture.
This behavior can be related to a decline in the driving force
for crack propagation and crack arrest in the microstruc-
ture. Thus a larger driving force was needed for the crack
propagation.
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18Ni300
2.0- ——— MARGOHRCH
— Bimetal
151 / :
=z
X
[0}
© 1.0+ i
(o]
L
0.5- | .
0.0 4 . L 4 .

Load line displacement (mm)

Interestingly, the metallographic cross-section prepared
after stopping the test before the occurrence of the pop-
in shows that the propagating crack in the MAR-60HRC
region is arrested at the interface due to the shielding
effect of the tougher 18Ni300 (Fig. 11a) in agreement with
the load—displacement curve. The crack propagation path
in bi-material layered structures is governed by a compe-
tition between the direction of the "maximum" driving
force and the "weakest" microstructural path [59]. This
experiment shows that the original crack, "perpendicu-
lar" to the interface, does not deflect towards the interface
when approaching it. Therefore, the interface was not the
"weakest" path. This can be another indication of a strong
and defect-free interface, thanks to the very compatible
chemical composition of the two materials which implies
a good bonding between the hard surface and the tough
core that can preclude delamination or spalling specifically
in tooling application. Moreover, by continuing the load-
ing, the crack propagates in the 18Ni300, and the fracture
surface at the interface shows a transition from a quasi-
cleavage fracture in MAR-60HRC to a transgranular duc-
tile fracture in 18Ni300 with no traces of decohesion or
transversal cracking at the interface (Fig. 11b). This is also
backed by the EDS analysis on Area 1 (The first deposited
layer of MAR-60HRC) and Area 2 (18Ni300) in the vicin-
ity of the interface (Table 4). Apart from the improved
Kapp of bimetal compared with MAR-60HRC, the crack
arrest at the interface (i.e., extrinsic toughening effect)
can account for an increased damage tolerance factor in
industrial applications. It is noteworthy that the scope of
the current study was mainly to demonstrate the feasibility
of improving fracture toughness through the fabrication of
bimetal parts and to verify the possibility of stopping crack

02
022 024 026 028 030

0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Load line displacement (mm)

Fig. 10 a Load displacement curves for the fracture toughness tests and b load pop-in for the bimetal
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18Ni300

400um

Fig. 11 a DF-LOM image highlighting the crack propagation path in the bimetal samples, and b SEM image of the fracture at the interface of

the two materials, demonstrating the transition of fracture mode

Table 4 Chemical composition of two areas at the fracture interface
of the bimetal, in wt%

Element Fe Ni Co Mo Ti
Area 1 64.7 13.7 13.5 7.8 0.4
Area 2 64.1 18.1 9.9 5.3 0.9

propagation thanks to the softer substrate and the effect
of notch configuration, notch length and thickness of the
hard layer on the fracture toughness is subject of another
ongoing study.

4 Conclusion

A modified ultrahigh strength maraging steel (MAR-
60HRC) was fabricated using laser metal deposition, and
subsequently, the possibility of producing bimetals with a
hard surface (MAR-60HRC) and a tougher core (18Ni300)
was evaluated. From the experimental work carried out in
this work, the following conclusions can be drawn:

e As-built microstructure of MAR-60HRC comprised
martensite and a small vol% of intercellular retained
austenite because of heavy micro-segregation of alloy-
ing elements to the cellular boundaries.

e Direct aging at 480 °C for 6 h resulted in a high hard-
ness (~720 HV) for the MAR-60HRC, about 180 HV
higher than reference 18Ni300. Aging at higher temper-
atures resulted in earlier hardness drop due to austenite
reversion and precipitate coarsening.

@ Springer

e The fracture toughness (Kypp) of MAR-60HRC at the
peak aged condition was lower than that of 18Ni300
(i.e., 60 MPa m'? vs. 90 MPa m'’?).

e Bimetal samples composed of a high-toughness core
of 18Ni300 and a hard surface of MAR-60HRC were
deposited successfully. A smooth microstructural and
hardness transition could be observed without evident
interface defects. The fracture toughness (K,,,) of
the bimetal (i.e., 71 MPa m'?) was higher than that
of MAR-60HRC and lower than 18Ni300. While the
surface hardness of the bimetal was equal to that of
MAR-60HRC (~720 HV).

e The fracture toughness results in the current work are
systematically higher than the K¢ reported in literature
for the wrought counterparts, which is mainly due to the
effect of the blunt notch on the stress field at notch tip for
the samples in the current study.

e In addition to the enhanced fracture toughness, the
bimetal with a hard surface and a softer core exhibited
crack arrest at the interface. This extrinsic toughening
effect can be of high interest when designing a high wear
resistant, and damage-tolerant material.
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