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Abstract

Even though the buildup rate of laser powder bed fusion processes (LPBF) has steadily increased in recent years by using more
and more powerful laser systems, the production of large-volume parts is still extremely cost-intensive. Joining of an additively
manufactured complex part to a high-volume part made of conventional material is a promising technology to enhance econom-
ics. Today, constructors have to select the most economical joining process with respect to the individual field of application. The
aim of this research was to investigate the hybrid joint properties of LBPF and conventionally casted 18MAR300 nickel
maraging steel depending on the manufacturing process and the heat treatment condition. Therefore, the microstructure and
the strength of the hybrid joints manufactured by LPBF or vacuum brazing were examined and compared to solid material and
joints of similar material. It was found that the vacuum-brazed hybrid joints using a 50.8-um-thick AuNil8 foil provide a high
tensile strength of 904 MPa which is sufficient for a broad field of application. Furthermore, the additively manufactured hybrid
samples offered with 1998 MPa a tensile strength more than twice as high but showed a considerable impact of buildup failures to
the strength in general.

Keywords Economical manufacturing - Joining - Nickel maraging steel - Laser powder bed fusion (LPBF) - Vacuum brazing -
Joint strength

1 Introduction

Nickel maraging steels are low-carbon tool steels containing
18% of nickel and high amounts of cobalt and molybdenum
beside smaller amounts of titanium and aluminum. Common
tool steels like AISI H11 are hardened by austenizing and
quenching so that there will be a martensitic microstructure
due to a limited diffusion ability of carbon. In contrast to that,
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the hardening mechanism of nickel maraging steels is based
on precipitation hardening by the formation of Ni;Mo and
Ni;Ti phases during an annealing process which is also called
martensitic ageing [1]. The different grades of nickel
maraging steels are primarily characterized with regard to
the yield strength which is improved by increasing contents
of cobalt, molybdenum, and titanium. In detail, cobalt reduces
the solubility of molybdenum so that the amount of Ni;sMo
precipitations is increased just as significantly as the hardness
and the strength. Nickel maraging steels offer with a tensile
strength of up to 2400 MPa as well as a remarkable low tem-
perature toughness uniquely good mechanical properties so
that this material is used for example for highly stressed struc-
tural components like wind tunnel models, for hydraulic
chucks, or for injection and die casting molds [2]. LPBF pro-
cesses using nickel maraging material are very well researched
and established in industry [1, 3-5].

Today, cost efficiency is a main point of a manufacturing
process and the costs of a conventionally casted nickel
maraging steel can be estimated to be about ten times higher
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than the common tool steel AISI H11. In order to point out the
economical factor clearly, the costs of the nickel maraging
LPBF powder used in the present research was about twice
as the conventionally casted material of the same grade. If one
also considers the fact that powder bed fusion is a fairly slow
layer by layer process, it becomes evident that the total
manufacturing costs are much more dependent of the LPBF
process time than of the material costs itself [6—8]. Even the
development of more powerful lasers and the advancement to
multiple laser systems were still not able to fundamentally
change this fact in the last years [8, 9]. Nevertheless, the free-
dom of design is very high and the production of near-net
shaped parts with multidimensional surfaces and the integra-
tion of precise and complex cooling channels have changed
impressively the market of tooling [10-12]. As a direct con-
sequence of these explanations, even today large-volume parts
cannot be produced economically by LPBF [6, 13]. If there is
an unavoidable need to do so, there will be extremely high
machine hour rates or the hull-and-core strategy is applied as a
compromise [ 14]. In that case, the outline of the part is buildup
detailed with a small laser focus and thin layers to achieve a
precise dimensional accuracy, whereas a large laser focus as
well as thick layers are used for the core with acceptance of a
substantially lower quality [15, 16]. Hence, it is obvious to use
a conventionally casted part wherever it is possible [17]. If a
complex shaped segment of a tool is manufacturable by LPBF
more economically compared to classic machining, the vol-
ume of this segment should be minimized by the design of
hybrid components [18].

There are three main manufacturing methods to realize
such highly stress-resistant hybrid components consisting of
a complex-shaped functional part and of an easy workable full
body part like it is conceivable in example for clamping sur-
faces [19, 20]. First, laser powder bed fusion can be directly
processed on top of the conventional bulk surface leading to
an additively manufactured joint [11, 13, 18]. In this context, a
post-weld heat treatment is advisable to set the material prop-
erties in a defined way, to reduce residual stresses, and to
adjust the microstructure and the properties of the two seg-
ments as far as possible [21-24]. In contrast to conventionally
casted materials, the microstructure of parts produced by
LPBF is very fine cellular and non-equiaxial in the as-build
condition [1]. Secondly, vacuum brazing of preprocessed
LPBF parts is particularly attractive, if there will be more
joining surfaces at the same time or the joint geometry is not
processable exclusively by additive manufacturing [25].
Furthermore, a sustainable advantage might be achievable
with respect to the total manufacturing time if the heat treat-
ment, which consists of solution annealing and precipitation
hardening, is combined with the joining by brazing in a single
furnace run [2, 26, 27]. A third production method for hybrid
parts is characterized by diffusion bonding, but in this case,
the usability is highly limited by the challenge of load
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application on complex shaped surfaces. In addition to this,
there should be a separate precipitation hardening process due
to usually high operating costs of the furnace [11]. The objec-
tive of this research is to evaluate the attainable strength prop-
erties of hybrid joints produced by LBPF or vacuum brazing.
This is of high interest for engineers and constructors in order
to select a cost-efficient and suitable manufacturing technolo-
gy for individual tools depending on the geometry, quantity,
and load conditions [28].

2 Materials

AISI 18MAR300 was used as gas atomized powder with a
particle size of +45—15 pm provided by Carpenter Additive
for laser powder bed fusion. As shown in Table 1, the LPBF
powder contains slightly higher amounts of cobalt, nickel, and
molybdenum, as well as more impurities of carbon, oxygen,
and aluminum, compared to chemical composition of the con-
ventional casted rod material. For the vacuum brazing, a
50.8-um-thick AuNil8 foil was utilized which has a eutectic
melting temperature of 955 °C.

3 Experimental procedures

In the following, the experimental procedure and the analysis
methods used are explained in detail.

3.1 Experimental design

In this contribution, LPBF was processed on top of conven-
tionally casted as well as on top of prefabricated LPBF parts in
the as-build condition. The latter were used to examine the
joint area of two-step processed samples which may occur if
the process interrupts overnight or one part have to be

Table1 Comparison of the chemical composition of the conventionally
casted material and the LPBF powder of AISI ISMAR300

[wt.-%] Conventional casted LPBF powder
C 0.002 0.030
(0} - 0.02

Al 0.04 0.10

Ti 1.02 1.00

Cr 0.06 0.01
Mn 0.02 0.02

Fe Balance Balance
Co 8.79 9.80

Ni 17.19 18.90
Mo 4.73 5.20
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designed in addition to an already existing component for
example to repair locally worn areas of a tool. Furthermore,
the effect of a vacuum furnace heat treatment by solution
annealing and precipitation hardening was investigated for
these samples and compared to single-processed ones as well
as to the heat-treated conventional material. In addition, a
vacuum-brazing process was designed to produce
LPBF/LPBF, LPBF/Conv. and Conv./Conv. joints for which
the heat treatment and the brazing were conducted in a single
furnace run. As stated in the literature and also proven by
proper preliminary investigations, the brazing temperature
should not exceed 975 °C; otherwise, a significant growth of
the austenitic grains will highly affect the low temperature
toughness [29]. In this regard, the eutectic brazing alloy
AuNil8 was selected in foresight to obtain higher strength
properties of the joints than it is accomplishable with cheaper
silver-based brazing alloys like the eutectic AgCu28 or
AgCuPd alloys [2, 27, 30]. All the previously explained sam-
ples were characterized by means of microstructure analysis
and hardness indentation as well as by tensile testing and
increasing load fatigue testing.

In Table 2, an overview of the conducted experiments is
illustrated for the multifarious of joined components from
LPBF and conventional material, which were examined com-
paratively as well as in dependence on the process of
manufacturing and on the state of the heat treatment.

The number of samples was set to one for microstructural
analysis, to three for tensile testing, and to five for increasing
load fatigue testing. A cylindrical geometry with a diameter of
22 mm and a height of 110 mm was used for the solid samples.
In case of the LPBF/LPBF joints, a prefabricated LPBF cyl-
inder of diameter 22 mm and height 55 mm was used in the as-
built condition to process the top part with the same geometry.
It is vital to know that at least 2 mm of the top of the
preprocessed LPBF cylinder was finally removed by grinding
to get rid of the outer layer which contains usually high resid-
ual stresses and oxidization. In case of the LPBF/Conv. joints,
the diameter of the LPBF part was reduced to 20 mm in order

to match the alignment of the machine. In regard to saving
material costs, the height of the samples for the microstructur-
al analysis was set to 15 mm for each part. Prior to brazing, the
LPBF samples used for this were machined to cylinders of
diameter 18 mm and height 50 mm, which was the same
geometry for the conventional part. A cylinder of diameter
16 mm and height 15 mm was brazed on top of a cylinder of
diameter 18 mm and height 15 mm for metallographic
inspection.

3.2 Manufacturing of the LPBF samples

Laser powder bed fusion was carried out by the direct
manufacturing research center (DMRC) on a DMG Mori
LT30 machine with a preheat temperature of 200 °C, a laser
power of 275 W, and a spot size of 75 pum. Furthermore, a
strip exposure of 6 mm and a hatch distance of 115 um were
used with rotation of 67° for each layer with a thickness of 50
um. During the process, argon was used as a shielding gas
with a residual share of oxygen of around 0.1 vol-%. In case
that the process was started on top of an existing part, there
was indeed no support structure printed. The heat treatment of
solution annealing and precipitation hardening was complete-
ly the same for the LPBF samples as described for the brazed
samples in the following, except of the additional heating to
the brazing temperature after solution annealing.

3.3 Manufacturing of the vacuum-brazed samples

Brazing was carried out in a horizontal vacuum furnace type
EU 80/1H (Schmetz Inc.). The samples were arranged in a
fixture to assure the axial alignment but no additional weight
was used. After evacuating the recipient to a vacuum better
than 3.4%10 ° kPa, the samples were heated to 650 °C with 10
°C/min which was set as a standard heating rate in this pro-
cess. Following a dwell time of 15 min to heat through the
batch, the samples were solution annealed for 1 h at 830 °C.
After brazing at 975 °C for 15 min, the batch was cooled down

Table 2 Experimental design of

solid material and joined Sample type

Heat treatment condition

compounds considering the heat

treatment condition Solid material

Additively manufactured (AM) joints

Vacuum-brazed joints

LPBF As-built

LPBF Solution annealed and precipitation
Conv. hardened

LPBF/LPBF As-built

LPBF/Conv.

LPBF/LPBF Solution annealed and precipitation
LPBF/Conv. hardened

LPBF/LPBF Brazing included in the solution
LPBF/Conv. annealing and precipitation
Conv./Conv.

hardening process
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to 75 °C with a convective nitrogen cooling gas flow of
200 kPa in order to save a significant amount of operating
time compared to vacuum cooling which is also possible for
maraging steels. Then, the samples were instantaneously
precipitation-hardened for 3 h at 510 °C, cooled down slowly
by just 2 °C/min to 300 °C, and then again fast by a nitrogen
overpressure of 200 kPa again. In detail, the process step of
slow cooling was conducted to fulfill the recommendations
for a post-weld heat treatment of powder bed—fused
18MAR300 parts in regard to limiting the cooling stresses
within the hardened microstructure.

3.4 Tensile testing and increased load fatigue testing

The samples for strength characterization shown in Fig. 1
were machined according to the specification DIN EN ISO
6892-1:2009-12 to type B10x50 by hard turning with a
GS200MSY (Hardinge Inc.). Water cooling was used in order
to limit the heat input into the samples. In case of the joined
samples, the fusion zone was located in the center.

The strength characterization was carried out with a 250-kN
servohydraulic pulse testing machine type 8802MTM1021
(Instron Inc.) with a testing speed of 0.025 mm/s. Three sam-
ples was used to determine the average tensile strength where in
addition the half of this value was set as initial load for the
increasing load fatigue testing on five samples each. In every
load increment, 10* cycles with a frequency of 10 Hz and an
amplitude of £10 MPa were applied after which a load
increasement of 50 MPa was imposed for the subsequent load
increment. The intent of increased load fatigue testing was pri-
marily based on the suspicion that the LPBF microstructure
contains failures by interlayer defects, unmolten particles and
oxide inclusions as well as gas inclusions which may highly
affect the lifetime endurance.

3.5 Microstructural analysis and hardness indentation

Prior to the examination, the samples were cut, embedded in
epoxy resin, and finally polished with a diamond suspension
of 1 um. After that, the sample microstructure was revealed

)
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Fig. 1 Geometry of the samples for strength characterization - type
B10%50 according to DIN EN ISO 6892-1:2009-12
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with a 2.5% Nital-etchant and analyzed using a digital light
microscope type DMV6 (Leica Inc.) and a field emission
scanning electron microscope type JSM 7001F (Jeol Inc.)
with an integrated EDS detector (Oxford Inc.). In order to
exclude the influence of a sputtered gold thin film for the
EDS analysis of the brazed samples (AuNil8), conductive
silver was always used instead in order to prevent electrical
charging of the surface. Vickers hardness indentation was car-
ried out on type 412A (Nexus Inc.) hardness tester with a test
load of HV 5.

4 Results and discussions

4.1 Microstructure of the joints in the as-built
condition

All LPBF joints can be described in accordance with the
literature as regular, and as illustrated in Fig. 2, almost no
failures were detected in the fusion area. The microstruc-
ture of the LPBF parts was substantially columnar and very
fine cellular. A welding depth of around 50 um into the
lower part was observed which was approximately the
thickness of the applied layer height during building. The
elongated areas in the light microscopic images of Fig. 2a—
b result by the layer rotation of 67° and the randomly cho-
sen cut level for the cross sections. For the LPBF/LPBF
joints, the fusion area was just identifiable by the height of
the existing and then remolten columnar microstructure as
well as by a small overprint in diameter at the outline. In
contrast to this, the fusion area of the LPBF/Conv. joints
was easily detectable because the microstructure of the
conventional part was not noticeable affected by the etch-
ant. As shown in the SEM image in Fig. 2c, the etchant
preferentially highlights the martensitic structures of the
LPBF part which here appear whitish, so that according
to Kucerova et al. an epitaxial growth of these martensitic
structures was observed into the following solidification
cell [1]. This was not visible at the interface to the conven-
tional part which was of course expected because the un-
fused material was naturally still in the solution annealed
condition.

4.2 Microstructure of the joints after heat treatment

In Fig. 3, the microstructure of the heat-treated LPBF/Conv.
joints manufactured by LPBF as well as by vacuum brazing is
shown.

After the solution annealing and precipitation hardening, it
was not possible to detect the joint area of the LPBF/LPBF
joints. In contrast to this, the additively manufactured part of
the LPBF/Conv. joints was more affected by the etchant and
much more inhomogeneous as the microstructure of the
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Fig. 2 Microstructure of the additively manufactured joints (AM) in the
as-built condition, etched with 2.5% Nital. a, b Light microscopic over-
view. ¢ SEM image of the LPBF/Conv. joint area

conventional part (Fig. 3a). In the joint area, a smooth transi-
tion was observed between both martensitic microstructures.
For the vacuum-brazed LPBF/Conv. joint, these microstruc-
tures were clearly separated by the braze metal for which not
any failures were noticeable (Fig. 3b). In detail, the SEM/EDS
analysis of such hybrid-brazed joints verifies the excellent
suitability of the eutectic AuNil8 brazing filler metal for this

a) AM LPBF/Conv.-joint

Joint area

b) Vacuum brazed LPBF/Conv.-joint

Braze metal

¢) Vacuum brazed LPBF/Conv.-joint

Braze metal

Fig. 3 Microstructure of the additively manufactured (AM) and vacuum-
brazed joints after heat treatment, etched with 2.5% Nital

joining task. As one can see in Fig. 3c, there was a similar
microstructure and shaping of the diffusion area which is
highly non-uniform at both interfaces of the braze metal to
the base material. A very good metallurgical bond can be
assumed by the qualitative EDS line scan and by the fact that
the light gray—colored phase in the diffusion area was heavily
enriched with nickel and gold, each up to 25 wt.-%. This was
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expected since there is a high solubility in the ternary Fe-Ni-
Au-phase diagram at 975 °C. The braze metal was a compo-
sition of the eutectic phase and a gold solid solution phase
which was hardly identifiable by EDS due to its small size.
However, this phase contained up to 7 wt.-% iron and up to
1.5 wt.-% molybdenum whereas almost no cobalt was detect-
ed. The fact that there was no significant difference for the
LPBF/LPBF, LPBF/Conv., and Conv./Conv. joints supports
this vacuum-brazing technology from the metallurgical view
as a promising alternative manufacturing process for hybrid
components of nickel maraging steels. Obviously, the addi-
tively manufactured joints showed an almost perfect joint

quality.
4.3 Hardness of the joints

Extensive hardness measurements were carried out for the
metallographic samples in the center line for which the inden-
tation started close to the bottom and ended up close to the top
of the sample. Therefore, an indent was set approximately
every millimeter over the sample’s height in order to investi-
gate the effect of an increasing cooling time at longer buildup
times on the hardness.

The result of this hardness trend over the sample height is
illustrated in Fig. 4 for the additively manufactured LPBF/
LPBF and LPBF/Conv. joints and for the as-built as well as
for the solution annealed and precipitation-hardened condi-
tion. As one can see, the conventional part showed an almost
constant hardness with an average of 328 HV 5. It was clearly

Top level A

31 A
LPBF/LPBF as-build ‘S‘
26 -e- LPBF/Conv. as-build }
LPBF/LPBF +HT K
2‘ -+ LPBF/Conv. +HT
- 21
=
%]
=
R
2 16
%)
<
E
11
6

Bottom level e

300 350 400 450 500 550 600 [HV,;] 700
Vickers Hardness

1

Fig. 4 Vickers hardness measurement from the bottom of additively
manufactured LPBF/LPBF and LPBF/Conv. samples in the as-built as
well as in the heat-treated condition (HT)
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visible that the hardness directly above the joint was the max-
imum hardness of 382 HV,; and decreased approximately
steadily with the buildup height to a minimum of 331 HV 3.
A similar behavior was investigated for the LPBF/LPBF joints
for both parts. Hence, it was proven that the hardness of the
LPBF part decreases with an increasing buildup height. The
vacuum heat treatment process of solution annealing and pre-
cipitation hardening was approved to achieve a uniform hard-
ness level, even for the hybrid LPBF/Conv. joint with an av-
erage hardness of 632 HV 5.

4.4 Strength characterization

The results of tensile strength (R,,,) and increased load fatigue
strength (R ) are summarized in Fig. 5. In the as-built con-
dition, the single-processed LPBF samples achieved a tensile
strength (R,,,) of 1073 MPa with a standard deviation (s) of 68.
In regard to this, the increased load fatigue strength was even
slightly higher (Ryg: 1150 MPa, s: 2). After the heat treat-
ment, a significantly higher tensile strength was detected
(Rp: 1618 MPa, s: 59) but there was a much lower increased
load fatigue strength as well as an extraordinary high standard
deviation (Ry g: 1360 MPa, s: 488). In contrast to this, there
was a proper tensile strength of 2154 MPa (s: 6) for the heat-

2200

[MPa] —I_ —+

—
(e}
(=3
(=}

1600 I

1400

1200

1000

Oy

800

600

Tensile strength R,, Increased load fatigue strength Ry, »

400

200

R,, LPBF/Conv. incl. HT
R,, Conv./Conv. incl. HT

Ry r LPBF as-built + HT
R,, LPBF/LPBF incl. HT

R,, LPBF as-built

Ry LPBF as-built

R,, LPBF as-built + HT
R,, Conv. + HT

R, LPBF/LPBF + HT
Ry LPBF/LPBF + HT
R,, LPBF/Conv. + HT
Ry r LPBF/Conv. + HT

Brazed

Solid material AM-joints e
joints

Fig. 5 Tensile strength (R,,,) and increase load fatigue strength (R ) of
solid material, additively manufactured joints (AM), or vacuum-brazed

joints depending on the heat treatment condition (HT)
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treated conventional material. Furthermore, there was a sig-
nificant higher tensile strength for the additively manufactured
LPBF/LPBF joints (R,,: 2011 MPa, s: 116) as well as for the
LPBF/Conv. joints (R,,: 1998 MPa, s: 63) after heat treatment
compared to the single processed LPBF samples. As expected,
the increased load fatigue strength of these samples was just
slightly lower (Ry g: 1851 MPa, s: 113, Ry r: 1945 MPa, s:
73). In a holistic view of these considerations, there were an
unusually high number of macroscale failures within the
LPBF microstructure which was clearly visible in the cross
sections as interlayer defects and, thus, the strength was sub-
stantially affected. As a consequence of this, the given results
must be evaluated with caution as the frequency of the inter-
layer defects differed quite a lot from sample to sample.
However, it could be proven that the strength of additively
manufactured joints was significantly higher compared to
the single-processed LBPF samples in the heat-treated condi-
tion. Because of this, it is likely that the strength is decreased if
there is a prolonged cooling time and that it is just not crucial if
the sample cools down if the process interrupts overnight. Of
course, in this case, the material should be preheated before
continuing.

For the vacuum-brazed samples, there was no significant
difference in tensile strength which was in average 972 MPa
(s: 20) for the LPBF/LPBF joints, 904 MPa (s: 38) for the
LPBF/Conv. joints, and 931 MPa (s: 8) for the Conv./Conv.
joints which were used as a reference.

4.5 Fracture analyses

As already expected by the explained results of the strength
characterization, all additively manufactured samples frac-
tured primarily due to a considerable volume of interlayer
defects. This was clearly visible at the fractured surfaces by
a locally shiny and golden-colored microstructure as well as
by the cross sections as illustrated in Fig. 6a, b. In detail, there
was a distinct constriction in diameter examined for the LPBF
part of the samples so that it can be assumed that the plastic
deformation in the mainly martensitic microstructure led to
locally excessive stresses at the interlayer defects which act
as a consequence of this as crack initiators. None of the sam-
ples fractured at the joint. In contrast to this, all the vacuum-
brazed samples fractured completely within the braze metal
(Fig. 6¢). There was no significant difference in the fracture
behavior between the LPBF/LPBF, LPBF/Conv., and Conv./
Conv. joints which finally proves a very good suitability for
vacuum brazing.

5 Conclusion

The main conclusions are summarized below. It could be
proven that vacuum brazing can be stated as a qualified

a) AM LPBF/Conv.-joint
T

|

e,

Fig. 6 a, b Cross section fracture image of a additively manufactured
(AM) and heat-treated LPBF/Conv. joint, etched with 2.5% Nital. ¢
Cross section fracture image of a vacuum-brazed 18MAR300/AuNil8-
joint

manufacturing method for hybrid joints of nickel maraging
steel. The main advantage is given by the fact that the heat
treatment of solution annealing and precipitation hardening
can be easily united with the brazing in a single furnace run.
This ended up in high strength joints with a tensile strength of
more than 900 MPa which should be sufficient for many tech-
nical applications. In general, vacuum brazing is carried out as
a batch process so that several joints can be manufactured
simultaneously. However, in a holistic view, the substitution
of high-volume component parts with conventional material
can possibly enable more economical production costs com-
pared to an exclusive manufacturing by laser powder bed fu-
sion. Nevertheless, it was also shown that hybrid joints of
nickel maraging steel 18MAR300 are also well processable
by LPBF. The tensile strength of the joints can be given ap-
proximately by 2000 MPa in the heat-treated condition which
is more than double than the vacuum-brazed ones.
Furthermore, the results of increased load fatigue testing prove
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that even several interlayer defects assure a very high strength
of more than 1800 MPa. Finally, the given results facilitate
engineers and designers to select the vacuum brazing or the
LPBF process individually for an economical production of
hybrid tools with respect to the particular stresses in the tech-
nical field of application.
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