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Abstract

In this work, the microstructure property relationship of D2 (X153CrMoV12; 1.2379) ledeburitic cold work steel processed
by filament extrusion is investigated. Contrary to the conventional process, which involves a multi-step process of printing,
debinding, and solid-state sintering, the specimens in this study were densified using Supersolidus Liquid-Phase Sintering
(SLPS). SLPS occurs after thermal debinding in the interval between the solidus and liquidus temperatures. Optimized
liquid-phase volume fraction was evaluated by means of thermodynamic calculations using the CALPHAD method and
their experimental validation. The microstructure formation process during debinding, solid state, and SLPS sintering
was investigated by X-ray diffraction and electron microscopy. Tomography studies confirm a relative density of 99.92%
by volume during SLPS sintering at 1280 °C and provide a deep insight into local densification behavior during SLPS
processing. In addition, surface roughness, as determined by confocal laser scanning microscopy, could be reduced. The
reduction in porosity and surface roughness can be attributed to the presence of a liquid phase during SLPS. Using adapted
heat treatment parameters determined by hardness-tempering curves, higher hardness values were achieved for SLPS-post-
compacted specimens compared to conventionally processed specimens and the same material in the cast and heat-treated
reference state.

Keywords Supersolidus Liquid-Phase Sintering - Filament extrusion - Surface roughness - Cold work tool steel - Additive
manufacturing

1 Introduction

Additive manufacturing (AM) offers great potential, espe-
cially for manufacturing complex-shaped tools with inter-
nal cavities (cooling channels, adding cooling lubrication)
directly from geometric data. Although AM methods have a
low build-up speed, time-consuming and costly production
of preforms in tool manufacture can be avoided, so the term
“rapid tooling” is often used in this context [1]. According
to the review paper by Cheah et al., rapid tooling in AM can
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be subdivided into indirect (IRT =indirect rapid tooling) and
direct methods (DRT =direct rapid tooling) [2]. The indirect
processes aim to manufacture a mold using AM. In the case
of DRT, the component is directly processed and can sub-
sequently be used as a tool for material forming or cutting,
for example. In particular, in the manufacture of tools that
require optimal temperature control (e.g., press-hardening
tools [4, 5]) or the addition of local lubricants (machining
and forming tools [6-8]), AM makes it possible to introduce
inner cavities, which is hardly achievable by subtractive or
formative processes. The current state of knowledge on AM
of tools is provided by the work of Holker-Jager [9] and
Levy et al. [10].

For the tools that should feature a long service life, their
material properties must be adapted to the tribomechani-
cal and chemical stresses that are acting during operation.
Depending on the processing temperature and the required
material properties, carbon-martensitic hardenable tool
steels are commonly used. Due to the high tendency to
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cold cracking in Powder Bed Fusion (PBF) and Direct
Energy Deposition (DED) processing of carbon-marten-
sitic hardening tool steels, these material classes can only
be processed with special measures such as preheating
[11-15] or with a correspondingly adapted alloy design
[16]. As an alternative to carbon-martensitic hardening
tool steels with a high tendency to cold cracking, the
literature often refers to soft-martensitic (18Ni300) or
precipitation-hardened grades (17-4PH, 15-5PH) being
easy to process by AM. For many applications, however,
these steels in the PBF-LB and heat-treated condition offer
an insufficient hardness of 310 HV10 (18Ni300 [17]) to
500HV (15-5PH [18]). In the case of press-hardening
tools or forming tools for cold work, in particular, car-
bon-martensitic hardenable steels with a higher hardness
are mandatory. While the literature contains many works
on the additive processing of maraging steels [17, 19-24]
and carbon-martensitic hardenable hot- and high-speed
tool steels [16, 25-29], only a few works on cold work
steels, particularly on hard-phase-containing ledeburitic
cold work steels, can be found in the literature. Botero
et al. [30] investigated the processing of a Cr—Mo-V-
alloyed ledeburitic cold work steel with a carbon content
of 1.4 mass%, using Powder Bed Fusion/Electron Beam/
Metal (PBF-EB/M). Here, the powder bed has to be pre-
heated to approx. 850 °C with a defocused electron beam
to counteract crack formation. The as-built microstructure
consists of a metal matrix with finely dispersed Mo- and
V-rich carbides with a hardness of 48 to 60 HRC. Fur-
ther, hardening and tempering increase the hardness to
62—-64 HRC. Hentschel et al. investigated the processing
of 60CrMo18-5 cold work tool steel on X37CrMoV5-1
substrate using DED-L in Ref. [12], where preheating of
400 °C was mandatory for achieving dense microstructures
free of defects. Sander et al. investigated PBF-LB/M pro-
cessing of Fe85CrdMo8V2Cl1 tool steel using a building
board form heating of 500 °C to produce low-defect speci-
mens [31]. In the as-built condition, the specimens had a
hardness of 67 HRC and a compressive strength of 3800
MPa with an elongation at fracture of 15%. The develop-
ment of residual stress and the associated damage caused
by crack formation and propagation during powder bed
fusion of cold work steel was analyzed using synchrotron
investigations and atom-probe studies by Platl et al. [32].
They determined that crack formation and propagation
primarily originate from the network-like eutectic carbide
structures. These findings were confirmed by the work of
Lim et al. in [33], who demonstrate that crack propagation
in D2 (X153CrMoV12; 1.2379) tool steel occurs along
eutectic Cr-rich carbides of M;C; type. Contrary to other
work, they attribute crack formation to hot crack formation
along the low-melting eutectics in the interdendritic areas,
with the length of the cracks increasing with an increased
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number of layers, i.e., renewed heat input. Similar findings
are reported by Yadav et al. in Ref. [34].

What all of the previously mentioned methods of rapid
tooling have in common is that the microstructure and, thus,
the defects are formed directly during the build-up process,
thus limiting the PBF or DED processing of a wide range
of different materials. To avoid defect formation during the
build-up process, AM methods are available, in which the
build-up process and the microstructure formation process
for setting the material properties are decoupled from each
other. One such method is the so-called Atomic Diffusion
Additive Manufacturing (ADAM), which is a multi-step
process of Fused Filament Fabrication (FFF) followed by
sintering compaction. The work by Galati et al. [35] provides
an overview of the ADAM process, the materials that can be
processed, and the process sequence. The starting material
is a filament consisting of approx. 60 vol.% of metal powder
and a polymer binder mixture. During processing, the
binder is melted in an extruder, and the liquid binder-metal
powder mass is applied on a baseplate or further applied
material. In a further process step, the binder is removed,
and the metallic powder particles are sintered at a higher
temperature so that the complex-shaped component retains
its mechanical properties. Achievable properties of ADAM-
processed maraging steel 17-4 PH [36-38], corrosion-
resistant austenite AISI 316L [39, 40], or Cu-base materials
[41] can be gathered from the literature. However, the
mechanical properties of ADAM-processed components
are inferior compared to the cast state of the same material;
this is attributed to the relatively high residual porosity of
approximately 3-6 vol.% [37]. The pores are internal cavities
with a continuous connection to the sample surface and are
essential for removing the binder constituents during the
debinding process. Several works on ADAM-processed
metals confirm that solid-state sintering following debinding
provides insufficient sintering activity to fully reduce this
open porosity [35-38, 42].

The need for research can be derived based on the
current state of knowledge. On the one hand, this
work will fundamentally describe the microstructure
formation process of the ledeburitic cold work steel D2
(X153CrMoV12; 1.2379) during ADAM processing.
The resulting material properties should be compared to
the same materials in casting 4+ heat treatment condition.
On this basis, a statement can be made as to whether the
ADAM process is, in principle, suitable for producing
appropriate tools for cold work in the context of rapid
tooling. On the other hand, there is a need to develop an
adapted sintering strategy to reduce the residual porosity
of ADAM-manufactured components. Supersolidus
Liquid-Phase Sintering (SLPS) is considered as a
solution, which is generally suitable for processing hard-
phase-containing cold work tool steels and high-speed
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steels. Furthermore, the question arises as to what extent
a SLPS sintering enables the reduction of the surface
roughness of ADAM-processed samples. Thus, expensive
post-processing machining processes can be reduced,
especially for hard phase containing and thus hard
materials like ledeburitic cold work tool steels or high-
speed steels. Thereby, it should be investigated whether
SLPS densification can promote complete compaction of
filament extruded D2 cold work tool steel. In addition to
designing optimal sinter windows using the CALPHAD
method and its experimental validation, the aim is to
describe the microstructure formation process during
filament extrusion and SLPS using computer tomography,
electron microscopy, and X-ray diffraction. Finally, the
hardness of SLPS-densified material in the heat-treated
condition is compared to the cast and conventional
produced reference state.

Table 1 Chemical composition of D2 (X153CrMoV12; 1.2379) lede-
buritic cold work tool steel, measured via optical emission spectrom-
etry (OES)

Elements Nominal As sintered [mass%] As cast [mass%]
composition
[mass%]
Cr 11.00-13.00 12.13+0.08 11.64+0.02
Ni+Cu  0.00-0.75 0.26+0.00 0.20+0.00
Mo 0.70-1.20 1.04+0.04 0.72+0.00
Si 0.10-0.60 0.43+0.02 0.27+0.00
Mn 0.10-0.60 0.54+0.01 0.42+0.00
\" 0.50-1.10 0.74+0.01 0.81+0.00
C 1.40-1.60 1.57+0.05 1.64+0.01
Fe Bal Bal Bal

Fig. 1 Schematic representa-
tion of a specimen generation,
b sample, and c filling strategy
with wall layer and 45° infill
layer

extrudate
sample
N base-
plate
Z
YL—VX

a) structure

2 Material and methods
2.1 Material

This work used filament D2 (X153CrMoV12; 1.2379)
from Markforged. The filament has a diameter of d=1.75
mm and is composed of gas-atomized steel powder of D2
(X153CrMoV12: 1.2379) steel and a polymeric binder
system (e.g., paraffin wax and polyethylene). The steel
powder content in the filament is approx. 60 vol.%. The
chemical composition of the specimens was measured
by optical emission spectrometry (OES) and is listed in
Table 1 [35]. The D2 (X153CrMoV12; 1.2379) ledeburitic
cold work tool steel with the chemical composition listed
in Table 1 was taken as a reference state in as-cast and hot
worked conditions.

2.2 Samples manufacture, printing, debinding,
sintering, and heat treatment

The metal X system by Markforged was used to process
green compacts (in the as-built state). Figure 1 illustrates
the schematic structure of the specimen and the deposition
strategy. Concerning the later application (tools), cubic sam-
ples instead of cylindrical ones were manufactured to show
how the material shrinkage on these edges behaved during
the subsequent sinter compaction. Cubic specimens with a
dimension of 12X 12x12 mm were manufactured with an
infill of 100% using a 45° filling strategy and a layer thick-
ness of 0.125 mm in the z-direction. An outer contour with
a width of four layers is applied to ensure low surface topog-
raphy of the samples.

Cubic-shaped specimens were built on a support structure
(dimensions: length, width, height =30 %30 X3 mm) made
from the same material within 1 h and 57 min. The system’s
printing parameters included a post-sintered layer height of
0.125 mm and the process options “sinter stability” and “use
raft.” In addition, a solid fill as a fill pattern, a surrounding
wall thickness of 1 mm (post-sintered), the material “D2

measurement
surface
wall-
layer
~a 45°
layer
—
\
measurement
sideace .

b) sample ¢) filing strategy
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Tool Steel (v1),” and the use of the option "cloud slicing"
were chosen.

Before sintering, the samples were debound in a two-
stage process. In the first step, samples were washed in
3M™ Novec™ 7100 (methoxynonafluorobutane) solvent
at 50 °C for 14 h, followed by air drying for 4 h. According
to the manufacturer’s instructions, a weight loss of 4 mass%
indicates a successful solvent debinding process. Therefore,
the sample’s weight was measured (accuracy of precision
balance =0.01 g) prior to (green compacts) and after (brown
compacts) solvent debinding. Solvent debinding, which was
the same for all specimens, is followed by thermal debinding
(second dependent step) and a sintering process to adjust the
microstructure and the associated material properties.

The specimens’ nomenclature is given in Table 2. All
samples were manufactured while varying the thermal
debinding and sintering temperatures. In the conventional
approach of the Margforged company, the samples
(hereinafter referred to as S-conv) are fed into a sintering
furnace (device Sinter-1) using a specific temperature—time
control. The exact process parameters are a trade secret
of the manufacturer and not traceable during the process
because of the closed system. To determine the sintering
temperatures in the used sintering furnace of company
Markforged, indirect temperature measurement was carried
out using Bullers rings (TempTAB 600 JSI), which enable
precise temperature measurement (accuracy 1 °C) in the
temperature range of 1100-1300 °C. After sintering, the
temperature was determined indirectly by measuring the
sintering shrinkage of the ceramic ring diameter with a um
micrometer (accuracy 1/100 mm). With the knowledge of the
ring diameter of d=25.79 mm (measurement position close
to furnace wall) and d =25.46 mm (measurement position
close to the middle of the furnace), a sintering temperature of
1169 °C to 1186 °C (average temperature=1177.5+ 12 °C)
was maintained. The sintering temperature corresponds to
approximately 85% of the calculated liquidus temperature
(T)jq=1388 °C). The total processing time for the
conventionally manufactured samples is 27.5 h.

Besides the conventional route, thermal debinding and
SLPS sintering were performed in a vacuum tube furnace
(Heraeus ROF7/75). During SLPS compaction, sinter com-
paction took place in the temperature range between solidus

and liquidus temperatures. A liquid phase is specifically cre-
ated, with the volume content of the liquid phases increas-
ing from the solidus temperature (0 vol.%) to the liquidus
temperature (100 vol.%). With the help of thermodynamic
calculations, the liquid-phase volume content was calculated
as a function of the sintering temperature in thermodynamic
equilibrium (see Sect. 2.3). The calculations were used to
determine sintering temperatures at which a liquid-phase
volume content of 6.5 vol.% (1260 °C), 28.5% by volume
(1280 °C), and 35 vol.% should be present. In addition, a
sintering temperature below the solidus temperature (i.e.,
solid-state sintering without liquid-phase volume content) of
1240 °C was considered. The aim was to check whether the
carbon from the binder system during post-processing led to
the carburization of the steel powder and, thus, to a reduc-
tion in the solidus temperature. Before SLPS, the solvent-
debonded specimens were heated to 450 °C (10 °C/min)
and further to 650 °C (3.3 °C/min) in a vacuum atmosphere
to remove the long-chain polymeric binder. Subsequently,
the samples were heated to the appropriate sintering tem-
peratures at a heating rate of 10 °C/min and sintered for
30 min in a vacuum atmosphere. The samples were then
cooled to room temperature at a cooling rate of 10 °C/min.
The numerical values used in the terminology of the SLPS
samples in Table 2 correspond to the sintering temperature
selected in each case.

The material under consideration is a secondary-harden-
ing cold work tool steel, which is hardened and tempered to
its maximum secondary hardness to set its functional prop-
erties. The sintering and austenitizing temperatures influ-
ence the formation of tempering carbides and, thus the sec-
ondary hardness maximum. Hardness-tempering diagrams
were recorded for all states considered to determine opti-
mal tempering parameters. All samples were austenitized at
1050 °C (30 min) in an inert gas furnace (argon atmosphere),
oil quenched, and then double tempered for 2 h in a tempera-
ture regime of RT to 600 °C (air cooled). The hardness of
the heat-treated specimens was measured according to DIN
EN ISO 6507 using a hardness tester (ATM Carat 930), and
aload of 98.07 N. Average hardness and the standard mean
were calculated from ten measurements. The hardness tests
were carried out at the center of the surface of the metal-
lographically prepared specimens.

Table 2 Nomenclature of the

Liquid-phase fraction

Thermal debinding Sintering process

. . Sample  Solvent debinding
samples generated with their
respective debinding and S-conv Novec™ 7100 13 h
sintering parameters S-1240  Novec™ 7100 13 h
L-1260  Novec™ 7100 13 h
L-1280  Novec™ 7100 13 h
L-1300  Novec™ 7100 13 h
Cast -

No (solid-state sintering)

1169-1186 °C 27,5 h

No (solid-state sintering)
6.5 vol.%

28.5 vol.%

35 vol.%

450-650°C 1h
450-650°C 1h
450-650°C 1h
450-650°C 1h

1240 °C 30 min
1260 °C 30 min
1280 °C 30 min
1300 °C 30 min
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2.3 Thermodynamic calculation
and post-processing

To calculate the solidus and liquidus temperatures and the
formed liquid phase as a function of the SLPS temperature,
ThermoCalc software (version 2020.2.72656) was used.
The calculations were carried out using the TCFE9
thermodynamic database at atmospheric pressure and a
system size of 1 mol, considering the nominal chemical
composition listed in Table 1 (mean values were taken into
account). In the calculations, the following phases were
considered: “liquid (LIQUID)”, “y-Fe (FCC_A1#1)”, “MC
(FCC_A1#2)”, “M;C5; MT7C3)” and “M,;Cy (M23C6)” [43].

2.4 Microscopy and metallography

Metallographic specimens of every specimen were prepared
to investigate the microstructures. In the first step, the cubic
specimens were divided in half using an automatic micro-
cutting machine with a cBN cutoff wheel. Afterward, the
samples were hot-mounted using an electrically conductive
phenolic resin. The metallographic preparation consisted
of grinding with SiC abrasive paper with a decreasing grit
size (80 — 320 — 500 — 800 — 1000 mesh) and polishing
with diamond suspension (grit: 6 pm —3 um — 1 pum).
In addition, metallographically prepared surfaces were
contrasted with V2A etchant (HCI, H,O, HNO3) or polished
with OPS. The microstructure of the specimens in different
conditions was examined at low magnifications of 50 X to
100 x using a Leica DM2000 optical light microscope
(OM) in bright-field mode to determine porosity and pore
distribution. Microstructures were examined at a higher
magnification using a Tescan Vega 3 SBH scanning electron
microscope (SEM). Images were taken in SE mode at a
working distance of 10 to 15 mm and an accelerating voltage
of 18 to 20 keV. The beam intensity varied in the range of
8to 10.

2.5 Phase analysis

X-ray diffraction measurements were performed at beamline
BL9 of the DELTA synchrotron radiation source (Dortmund,
Germany) [44]. The incident photon energy was set to 27
keV, i.e., a wavelength of 0.4592 A. The beam size at the
sample position was 0.7 x0.05 mm? (h x v), and the sample
was aligned so that the angle of incidence was 1°. 2D dif-
fraction images were measured using a MAR345 image plate
detector. A diffraction image of a CeO, reference sample was
utilized to calibrate the setup, i.e., detector—sample distance,
detector tilt, and beam center, applying the Fit2D software
package [45]. Based on the calibration, the 2D images of all
samples were integrated to obtain the corresponding diffrac-
tion patterns on a scattering-angle (20) scale (alternatively:

on a wave-vector transfer (q) scale). To perform a quantita-
tive and qualitative evaluation of the measurements, results
were analyzed with Maud software and Crystallography
Open Database (COD) using the Rietveld method. Further-
more, EDX and EBSD analyses were performed using the
Tescan Vega 3 SBH scanning electron microscope and the
Bruker xFlash 5030 system at an acceleration voltage of
20 keV and a working distance of 15 mm. To investigate
the binder system, measurements were carried out on a
dynamic differential scanning calorimeter (DSC, DSC 214
Nevio, Netsch). The reference crucible was made of Al, and
a sample mass of 20.3 mg of the polymer was used. N, gas
was used as an atmosphere with a flow rate of 40 ml/min to
60 ml/min. The temperature range during the measurement
was set between 25 °C and 210 °C, with a heating and cool-
ing rate of 10 °C/min.

2.6 Surface roughness

A KEYENCE VK-X250 confocal laser scanning
microscope was used to determine the surface roughness
of the sintered sample surfaces. To that end, images with a
10 X magnification of a 3 X3 image area were recorded in
four areas with an image size of 1900 X 1300 um. The images
were analyzed with the MultiFileAnlayzer software, version
1.3.0.116, from Keyence Corp. Surface correction for plane
tilt and wave removal were applied. The surface roughness
measurement was carried out on the upper surface of the
cube sample and a lateral surface (“side-face”) to analyze the
different surface structures created by the build-up process.
The measurement positions are labeled in Fig. 1b.

2.7 Determination of density

Computer tomography (CT) images were collected using
the EasyTom 160.X. device and xact software from RX
Solutions to measure the density of the sample. For the CT
measurements, smaller samples with the dimensions “length
X width X thickness=10X5X 1 mm” were removed from
the cubic samples by cutting with a cBN cutting disk. The
CT scans were performed with an accelerating voltage of
160 keV and a sample flow between 40 and 42 um. The
voxel size varied between 1 and 3 pm per pixel, and the
scan time was approximately 3 h. The CT images gener-
ated were stacked with ImagelJ software and evaluated using
quantitative image analysis. The CT measurement allows
3D defect imaging, whereby pores with a size of 3 voxels
are recognized as defects. Considering the voxel size, only
defects larger than 1.6—3.2 um can be detected. Smaller
pores were detected using quantitative image analysis. To
that end, micrographs were taken by scanning electron
microscopy at a magnification of 1000x. The porosity was
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determined using ImageJ software and evaluated using quan-
titative image analysis by image binarization.

3 Results and discussion

In the following presentation and discussion of the results,
the debinding process will be described first in Sect. 3.1.
Based on a basic description of the brown compacts
that form after debinding, the microstructure formation
process during solid-phase sintering and SLPS sintering
on the mesoscale will be described in Sect. 3.2. Using
thermodynamic calculations, suitable SLPS temperatures
and optimal liquid-phase volume contents should first be
derived. By means of sintering tests, these calculation results
are validated experimentally, and an optimal SLPS sintering
window for filament-extruded D2 (X153CrMoV12; 1.2379)
steel is derived. The influence of the sintering temperature
on the geometric stability and the surface roughness that
develops during sintering will be discussed in Sect. 3.3.
Microstructure formation during SLPS sintering will be
explained in Sect. 3.4. Finally, suitable heat treatment
parameters will be determined by hardness-tempering
diagrams, and the hardness values achieved will be
compared to reference samples in the as-cast condition in
Sect. 3.5.

3.1 Description of the microstructure
and the change in sample properties
during sample debinding

Microstructural investigations using optical light microscopy
were performed to understand the development of the micro-
structure from the filler starting material (Fig. 2a) through
the filament-extruded specimens (Fig. 2b) to the solvent
debond sample (Fig. 2c). The filament starting material is
characterized by spherical metal particles (light areas) with
a diameter of 0.9 to 26 um, homogeneously distributed in
the binder system (dark areas) with a packing density of
about 61 +0.8 vol.%. At higher magnification (Fig. 1a), the
steel particles have high sphericity and show a hypoeutec-
tic microstructure consisting primarily of solidified metal
cells surrounded by a Cr-rich eutectic M,C;. Cube-shaped
samples (green compacts) were manufactured from this fila-
ment, with an edge length of 11.98 +0.03 mm and a weight
of approximately. 7.97+0.01 g.

The DSC analysis of the filament in Fig. 3 showed that
the binder system consists of a low-melting polymer (par-
affin wax, melting point: 5870 °C) and a higher melting
polymer (polyethylene, melting point: 120-140 °C).

The microstructure of the green compacts (Fig. 2b) corre-
sponds to the microstructure of the filament starting material
(Fig. 2a). The spherical metal particles (diameter from 0.6
to 24 um; packing density =62+ 0.5 vol.%.) continue to be
homogeneously distributed in the binder system after print-
ing. The slight increase in the packing density of the steel

Fig.2 Optical microscope
images (magnification 200 X,
unetched state) of a filament, b
as-built state (green compact),
¢ debindered state (brown
compact) to illustrate the
powder packing and the powder
distribution

filament
(starting material)
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Fig.3 DSC analysis of the examined filament

particles can be attributed to the printing process, where
the filament is conveyed through a heated nozzle at a tem-
perature of 220 °C, leading to a remelting (melting points:
polyethylene: ~ 120-140 °C; paraffin wax: ~58-70 °C) and
steaming off of the binder material. The complete remelting
of the binder material creates a flowable mass consisting
of liquid polymer binder and solid steel powder particles.
After depositing the plasticized extrudate, the binder sys-
tem solidifies again and forms a solid compound of steel
particles embedded in a solid binder system. However, due
to the layer-by-layer deposition strategy at 45°, pores appear
in the printed green compacts at regular intervals (every 250
mm in width, every 50 um in height) between the deposited
extrudate strands (Fig. 4a). This suggests an insufficient
plasticization of the binder system, leading to insufficient

temperature in °C

material closure of the interfaces between the extrudate
lines, as illustrated in Fig. 4c.

During solvent debinding in methoxynonafluorobutane,
the short-chain primary binder (paraffin wax) is dissolved.
A porous structure of backbone binder (polyethylene) and
metal particles, as shown in Fig. 4b, with an open porosity
remains. An increased porosity in the brown compact due
to the dislodged primary binder cannot be detected, as
shown by comparing Figs. 2¢ and 4b. The metallographic
preparation steps of grinding and polishing partially dissolve
out metal particles and backbone binder, so that the resulting
pores are not visible due to solvent debinding. Removal of
the primary binder by solvent did not affect the geometric
dimensions of the specimens. The brown compacts remained
dimensionally stable, having an edge length (w x d x h) of

extrudate line

pore

Fig.4 Optical microscope images of a green compact and b brown compact, microstructural images at 200 X magnification in the unetched state;
¢ schematic representation of the deposited extrudate lines and the tethering errors that occur
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approx. 11.97+0.01 x11.98 +£0.03 x 11.89+0.02 mm (same
as the green compacts). By removing the primary binder, a
mass loss of about 4.15+0.14 mass% could be measured.
As a result, the brown compacts weighed only 7.63 +0.02
g, corresponding to the manufacturer’s specification (mass
loss >4 mass%) and optimum debinding.

During thermal debinding, the long-chain binder decom-
posed by exceeding a temperature of 400 °C, as shown in the
work of Wagner et al. [46], the open porosity of the brown
compact support the gaseous escape of the binder [47-50].
Integrating thermal debinding (as described in Sect. 2.2) into
the sintering process is necessary. After the backbone binder
is burned out, the sintering and diffusion processes ensure
that the specimen geometry retains its shape [48]. When
burning out the remaining backbone binder, two model
developments are available to describe the porosity evolu-
tion [48-50]. A hypothetical model case is that during the
first phase—low debinding rate—the polymer images ini-
tially escape at the sample surface [48—50]. A porous outer
layer is formed in this process, while the inner structure is
filled with a liquid polymer core [47, 49, 50]. As the debind-
ing time increases, the inner polymer binder evaporates and
escapes through the exposed outer cavities. For this to occur,
the polymer binder’s escape requires an open porosity and
sufficient time. The second approach assumes that liquid
polymer is uniformly distributed in the porous structure of
the sample due to the influence of capillary effects [49, 50].
In both model assumptions, as the debinding rate increases,
on the one hand, the liquid polymer is transported to the
outer surfaces by pressure-induced flows, decomposes, and
escapes [49, 50]. On the other hand, the liquid polymer
inside the specimens is partially decomposed. The polymer
vapor is driven by convection and diffusion to the outer sur-
faces, where it can escape from the structure [49, 50]. Tem-
perature—time cycles for thermal debinding were selected

5 mm

 —

in such a way that only as much binder evaporates as can be
released into the environment at the same time via the open
porosity. Preliminary tests show that when the sample is
heated directly to the sintering temperature, bloating of the
specimen occurs (Fig. 5). This “bloating” can be traced back
to a quick transition of the solid-liquid binder into the gas
phase so that an internal pressure has built up, which leads
to an intense deformation of the sample.

3.2 Description of densification of filament
extrudated materials during solid-state
and SLPS sintering on the mesoscale

After thermal debinding, specimens designated as “S-conv”
were solid-state sintered following the manufacturer’s
instructions, as mentioned in Sect. 2.2. Because the sinter-
ing furnace used (Sinter-1) is a closed system, the tempera-
ture—time curves cannot be measured and are, therefore, not
detailed here. Even if the acting temperatures are not pre-
cisely known (a sintering temperature of 0.8-Tgg; = ~ 1000
to 1050 °C is assumed [51]), densification can be described
by way of the three known sintering stages. In the first stage
(initial step), particle rearrangement occurs, and sinter
necks are formed primarily by surface diffusion (driving
force =reduction of surface energy). In the second stage,
the sinter necks enlarge, and new grain boundaries form.
In addition, open porosity will close as the sintering time
increases, so isolated pores are present. In the third sintering
stage, these isolated pores are closed by preferential vacancy
diffusion, and the microstructure begins to coarsen due to
Ostwald ripening [51]. Besides solid-state sintering, SLPS
was performed to improve the densification of the filament
extrudated specimens and to reduce surface roughness at the
same time. This SLPS focuses on achieving fully dense spec-
imens with improved material and component properties.

5 mm

b) s

Fig.5 Inflated and “bloated” sample during direct heating to SLPS temperature: a side plan view of the SLPS-sintered sample and b structural
cross-section of an SLPS-sintered sample separated in the middle; the porosity corresponds to approx. 15-25 vol.% and varies greatly locally
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SLPS sintering can be carried out using pre-alloyed pow-
ders, with a target liquid-phase volume content adjusted by
sintering between the solidus and liquidus temperatures.
According to the studies by German et al. [52-54], a liq-
uid-phase volume fraction of about 30 vol.% is the target.
Improved sinter activity during SLPS can be attributed to
capillary forces, improved particle rearrangement processes,
and separation of the pre-alloyed powder particles along
grain boundaries due to the liquid phase formation. To gain
a deeper understanding of the melting behavior, the solidi-
fication interval, and the solidus and liquidus temperatures,
phase quantity diagrams were calculated using ThermoCalc
software and the TCFE9 database. By means of these equi-
librium diagrams, the liquid-phase volume fraction between
the solidus and liquidus temperatures could be calculated
(Fig. 6a, b).

The phase quantity diagram of D2 (X153CrMoV12;
1.2379) steel (Fig. 6a) was calculated with the chemical
composition listed in Table 1. According to Fig. 6, austenite
and Cr-rich M,C; carbides are present below the solidus tem-
perature of Tgq; =1257°C. Concerning the thermodynamic
calculations, eutectic Cr-rich M,C; represents the low-melt-
ing phase. Due to the high volume fraction of the eutectic
Cr-rich M,C;, a liquid-phase volume content of approx. 24
vol.% forms at a temperature of 1263 °C. At a temperature
of 1263 °C, the slope of the forming liquid-phase volume
fraction decreases as a function of temperature. This behav-
ior can be traced back to the fact that the liquid phase is
formed solely by the metal cells (austenite phase) at higher
temperatures. A fully liquid phase is present when the liqui-
dus temperature at Ty ;o =1388 °C is exceeded. To analyze
the influence of the formed liquid-phase volume content on
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the densification of the microstructure, three different SLPS
temperatures were derived from the phase quantity diagrams
in Fig. 6b, taking into account the temperatures and liquid-
phase volume contents selected in other works for LSPS
compaction of similar material systems [55, 56]. Here, suit-
able SLPS temperatures should be selected with regard to
stable process control. On the one hand, temperature ranges
should be selected in which there is only a small change in
the liquid-phase volume content forming as a function of
the sintering temperature so as to counteract adverse effects
concerning temperature fluctuations in the sintering fur-
naces. On the other hand, a sufficiently high liquid-phase
volume content of 20 to 40 vol.% (ideally 30 vol.%) should
be present [52]. According to the calculations, both condi-
tions are present when sintering temperatures are selected
in the range of 1263 °C (approx. 20 vol.% liquid phase) to
1312 °C (40 vol.%). Liquid-phase volume contents that are
too high are avoided for geometric stability and the drop in
mechanical properties due to coarse grain formation. For
the subsequent experimental validation of the calculations,
the SLPS temperatures were derived from the calculated
solidus temperature, at which a liquid-phase volume con-
tent of 0 vol.% (T1=1240 °C, meaning solid-state sintering
at high temperature), 6.5 vol.% (T2=1260 °C), 28.5 vol.%
(T3=1280 °C) and 35 vol.% (T4 =1300 °C) was present.
Figure 7 shows the relationship between the selected sinter-
ing temperature, the liquid-phase content that forms during
SLPS sintering, the porosity, and the microstructure. The
density values as a function of sintering temperature, deter-
mined using quantitative image analysis on at least three
microstructural cross-sections, with the respective standard
deviation, are listed in Table 3.
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Fig.6 a Phase quantity diagram of D2 (X153CrMoV12; 1.2379) steel to represent the phases formed at a given temperature in the thermody-
namic equilibrium; b phase quantity diagram with SLPS temperatures and the corresponding liquid-phase fractions plotted
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The prepared and examined micrographs correspond
to the sample extraction layer of the samples taken for CT
measurement in Fig. 8a. The sintered samples S-conv and
S-1240 have pores with similar morphology to that of the
green (Fig. 4a) and brown compacts (Fig. 4b). The pores
have a triangular or diamond-shaped morphology and are
arranged symmetrically. Pores with a diamond-shaped mor-
phology are located in three rows with a vertical distance of
approx. 100 um and a horizontal distance of approx. 400 um
to each other. In contrast, pores with a triangular shape are
evenly distributed with a vertical and horizontal spacing of
approx. 250 um.

Concerning the measured density values in Table 3, it is
noticeable that the values determined using uCT measure-
ments are at a higher density level than those determined
using quantitative image analysis. This behavior is due to
the inability to detect defects with a size of less than 1.6-3.2

sample/sintering temperature in °C

um, as described in [57]. With the help of quantitative image
analysis, pores with smaller sizes could also be recorded
so that the density is correspondingly lower. Compared to
quantitative image analysis (measurement based on a cross-
section of the structure), the uCT measurement allows the
determination of the density in the sample volume. Despite
the lower measurement resolution by uCT, especially for
detecting small-sized pores, this data appears more repre-
sentative and will be considered in the discussion below.
In the 3D volume representation of the experimental
specimens S-conv (Fig. 8b) and S-1240 (Fig. 8c) obtained by
uCT-investigations, the geometry of the voids (dark areas)
addressed in Fig. 7a and b is clearly visible. The samples
were taken in such a way that the volumes close to the edge
(wall layer) and the volume in the sample (infill) can be
examined simultaneously (Fig. 8a). In the region at the right
edge, the insufficient connection of the extrudate strands in

Table 3 Presentation of the

Density measured by
UCT [vol.%]

Density measured by
image analysis [vol.%]

Liquid-phase
content [vol.%]

o Sample Sintering
s.mtt?rmg temperatures us§d, the temperature [°C]
liquid-phase volume fractions,
and the resulting density S-conv Unknown

S-1240 1240
L-1260 1260
L-1280 1280
L-1300 1300

@ Springer

0 98.49+0.05 97.90+0.04
0 98.54+0.04 98.28+£0.28
6.5 99.77+0.03 98.76 £0.27
28.5 99.92+0.05 99.11+£0.21
35 99.91+0.07 99.13+£0.23
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Fig.8 Representation of pore distribution using created CT images. a Schematic representation of sample extraction for CT analysis from the
printed cube samples. 3D CT volume image of samples: b S-conv, ¢ S-1240, d L-1260, e L-1280, and f L-1300

the wall layer is apparent. In the region on the left, the alter-
nating 45° aligned gaps between the extrudate lines of the
infill layer are evident. These different morphologies result
from the build-up strategy of infill and the wall layer used
(Fig. 1c). The row of diamond-shaped pores is formed dur-
ing the build-up of the four-fold wall layer, as the extrudate
is deposited with each successive layer covering the previous
extrudate line of the wall layer. The triangular morphologies
result from the 45° alternating deposition of the infill layer
(Fig. 1c). This can be seen from the horizontal and vertical
offset of the pores. The sinter compaction of both samples
(S-conv; S-1240) took place below the solidus temperature
and, thus, in the solid state. The porous microstructure con-
firms that sintering activity during solid-state sintering is

not sufficiently high to eliminate the larger cavities [54].
Therefore, the specimens S-conv (density: 98.49 +0.05
vol.%) and S-1240 (density: 98.54 +0.04 vol.%) sintered in
the solid state have equal high porosity of approx. 1.5 vol.%.
Eliminating these cavities by adapting the material applica-
tion strategy during the printing process is unsuitable since
these cavities are essential as channels for the escape of the
binder in the first and second debinding stages, as described
above. In the case of a closed cavity due to a higher infill,
internal pressures from the gas formation during thermal
debinding would result, possibly causing fragmentation
of the component. In contrast, the SLPS-sintered samples
L-1260 (6.5 vol.% liquid phase), L-1280 (28.5 vol.% liquid
phase), and L-1300 (35 vol.% liquid phase) are free from
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triangular or diamond-shaped pores. The uCT investiga-
tions in Fig. 8d to f confirm that by increasing the sintering
temperature or the liquid-phase volume fraction formed, the
pores created by the generative structure are compressed,
and the porosity decreases. Sample L-1260 has a porosity
of 0.23 +0.03 vol.%, whereas the microstructure of samples
with an increased liquid-phase content L-1280 (0.08 +0.05
vol.%) and L-1300 (0.09 +0.07 vol.%) has a lower porosity
in each case (Table 3). Even if the porosity of the samples
sintered at 1280 and 1300 °C is at the same level (density
values are within the measurement uncertainty), one might
get the impression that higher SLPS sintering temperatures
lead to poorer sinter compaction behavior. An explanation
is provided by the work of German et al., who mentioned in
Ref. [57] that higher SLPS-sinter temperatures promote Ost-
wald ripening of the metal cells, which is accompanied by
bigger particle—particle distances and, thus, a lower capillary
force. Because of the reduced capillary forces, the degree
of sinter compaction decreases, associated with increased
porosity. It can be concluded that optimum densification
of the microstructure occurs at an SLPS temperature of
1280 °C and a volume fraction of the liquid phase of 28.5
vol.%. An increase in SLPS temperature to 1300 °C and a
higher liquid-phase volume fraction of 35 vol.% show no
significant improvement in density.

3.3 Influence of the sintering technique
on the surface roughness of filament extruded
parts

Additively manufactured components must often be post-
treated by machining processes to achieve the required
surface quality. Depending on the component’s geometry,
this post-processing can be a complex and, therefore, time-
consuming and costly process [58]. The aim is to achieve the
lowest possible surface roughness during additive manufac-
turing. Therefore, the influence of the sintering temperature
on the surface roughness of filament extruded components
is described below. Figure 9 shows the images of the top and
the lateral surfaces (“side-face”), taken by confocal laser
scanning microscopy. The sample surface is marked by verti-
cal (surface structure infill) and the lateral surface by hori-
zontal lines (surface structure outfill). In the case of speci-
mens S-conv and S-1240, a high surface roughness of values
of 5.08 +£0.62 ym and 4.12+0.48 um, respectively, was
measured on the top surface (Fig. 9a and c). For the lateral
surfaces, a roughness value of 11.45+0.72 um (S-conv) and
10.37 +0.65 pm (S-1240) was determined. Thus, solid-state
sintering does not strongly affect the roughness values of
the surfaces. If the specimens were SLPS sintered at a tem-
perature of 1260 °C (sample S-1260, liquid-phase content:
6.5 vol.%), the roughness of the top surface is reduced to
3.62 +0.65 pm and that of the lateral surface to 9.45+0.27
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um (Fig. 9e and f). As the liquid-phase volume fraction is
further increased to 28.5 vol.% and 30 vol.%, the extrudate
lines of the infill layer and the wall layer are no longer vis-
ible in Fig. 9g and h (L-1280) and Fig. 9i and k (L-1300).
With increasing temperature, the liquid-phase volume frac-
tion increases inside the sample and on its surface. Thus, the
solid surface is wetted by the liquid phase. Due to cohesive
forces, liquids always strive to form a low surface tension
[63]. The surface tension measures the energy required to
increase the surface area. The liquid phase has a lower sur-
face tension than the solid surface components. As a result
of the liquid phase striving to adopt the most energetically
favorable surface tension, the solid components are assumed
to be uniformly wetted with the liquid phase [63]. This effect
is evident in the images of the top and lateral surfaces of
samples L-1280 (Fig. 9g and h) and L-1300 (Fig. 9i and k).

In the figures, extrudate lines are no longer visible, and
the roughness values for the top and lateral surfaces of
the samples with increased liquid-phase volume content
(L-1280: 28.5 vol%; and L-1300: 30 vol%) are lower than
those of the other sintered samples; this relationship is sum-
marized in Fig. 10. The S, roughness values of the top and
lateral surfaces are about 2.73 +0.53 um and 4.71 +0.32
pm for sample L-1280, and approx. 2.62 + 024 um and
4.64+1.13 um for sample L-1300. Here, the roughness
of the lateral surface is about 1.7 to 1.8 times higher than
the roughness of the top surface. In summary, SLPS sin-
tering allows both the elimination of internal porosity and
the smoothening of the surface of the components, so less
post-processing by, e.g., machining is required to adjust the
required surface finish. The SLPS-sintered samples have a
surface roughness similar to those of products manufactured
by investment casting [63]. Comparable to the density values
of the SLPS compacted microstructure, the surface analysis
also shows minimum roughness values at an SLPS tempera-
ture of 1280 °C (liquid-phase volume content: 28.5 vol.%).
No significant reduction in roughness is observed at an SLPS
temperature of 1300 °C.

To classify these results concerning the state of
knowledge, reference should be made to the work of Tay
et al. [59] and Shrestha et al. [60], which measured the
surface roughness of a PBF-processed material (AISI316L)
with R, =18-21 um or for MIM-processed materials
made of AISi316L with R,=401-58 nm. In addition to
the influence of the manufacturing process on the surface
roughness, the starting powder significantly influences
the surface roughness that develops. Shrestha et al. used
a starting powder for PBF processing of 9—45 um; the
MIM feedstock in work by Tay et al. possesses a powder
size of less than 5 um (dsp=2.4 um). In this study, the size
of the starting particles was less than 20 um. Thereby, the
achieved roughness of the solid-state sintered samples is
approximately half, and the SLPS-stinted samples with
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Fig.9 Representation of the
surfaces of a S-conv, ¢ S-1240,
e L-1260, g L-1280, i L-1300
and the lateral surfaces of b
S-conv, d S-1240, f L-1260, h
L-1280, k L-1300, recorded by
laser scanning microscope
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Fig. 10 Measurement of roughness values S, in um of the top and lat-
eral surfaces of the respective test specimens

3.4 Microstructure formation during SLPS

In the following, microstructure formation on the micro-
scale of the filament extruded specimens, post-compacted
by solid-state and SLPS sintering, will be discussed. In

Fig. 11 SEM microstruc-

tural images of the test
specimens: a powder particle
(10k x magnification), b S-conv
(5k x magnification), ¢ S-1240
(5k x magnification), d L-1260
(1k x magnification), e L-1280
(1k x magnification), and f
L-1300 (1k X magnification)

powder

>

Cr-rich M7C3

S

Fig. 11b, the microstructure of the solid-sintered sample
according to the manufacturer's specifications (sample
S-conv) is shown. According to the XRD investigations
at Delta, TU Dortmund (Fig. 12), the microstructure con-
sists of a bee-Fe phase, fcc-phase (retained austenite) and
orthorhombic Cr-rich carbides of the M,C; type. The fine
microstructure of sample S-conv can be traced back to the
gas-atomized starting powder used (Fig. 11a) and the solid-
state sintering process associated with short-range diffusion
processes. The gas-atomized powder contains small metal
cells with a cell size lower than 5 um, surrounded by eutectic
carbides of the M,C; type. During the solid-state sintering
process, the metal cells undergo a slight Ostwald ripening,
and the morphology of the Cr-rich carbides is transformed
from network-like to spherical, with a diameter of 1 to 4 pm.
The effective driving force for the spheroidization of the
eutectic carbides with previous herringbone morphology is
the reduction of the interfacial energy between orthorhombic
M,C; and fcc metal matrix, considering the strain energy
and the associated misfit stresses [61]. However, the car-
bides counteract the pronounced Ostwald ripening of the
metal cells during solid-state sintering so that a fine micro-
structure is retained. Sample S-1240 (densified with no lig-
uid phase, Fig. 11c) has a microstructure similar to sam-
ple S-conv (spherical M,C; carbides finely distributed in
the metal matrix). Quantitative and qualitative diffraction
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micro pore
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Fig. 12 Intensities of the XRD measurement on Beamline 9 (Delta,
TU Dortmund) at states S-conv (red), S-1240 (green), L-1260 (pur-
ple), L-1280 (turquoise), and L-1300 (pink). The diagram shows the
reflections of austenite (fcc), ferrite (bcc), M;C;, My;Cq, and MC
phases determined in the microstructure for the respective test speci-
mens

analysis according to the measurements at Beamline 9 was
performed with the Maud software to measure the retained
austenite volume content of the sintered specimens more
precisely. The results are summarized in Table 4.

Thus, both solid-sintered samples have the same micro-
structure. Korobahee et al. [62] investigated the influence of
the austenitizing temperature on the formation of the micro-
structure of D2 (X153CrMoV12; 1.2379) steel using Mag-
netic Hysteresis and Barkhausen Noise Parameters. They
discovered that as the austenitizing temperature increases,
the retained austenite volume fraction increases from 15.7
vol.% for austenitizing at 1000 °C to 42 vol.% at 1130 °C. As
areason for the increased retained austenite volume content,

Kahrobaee et al. [62] mentioned the increasing dissolution
of the M,C;-type carbides, which was confirmed by means
of equilibrium calculations in Fig. 6. In particular, the ele-
ments Cr, Mo, C, and V accumulate in the austenite phase
with increasing austenitization or sintering temperature and
stabilize it. With the stabilization of the austenitic phase,
proeutectoid carbide precipitation and the phase formation
of pearlite and bainite are shifted toward longer times. At the
same time, the martensite start temperature and martensite
finish temperature drop. If the martensite finish tempera-
ture falls below the temperature of the quenching medium
(here, room temperature), untransformed austenite, so-called
retained austenite (RA), remains in the microstructure. Con-
trary to the work of Kahrobaee et al. [62], which mentions a
retained austenite volume content of 50% to 60% by volume
after quenching from 1130 °C to 1200 °C for D2 (X153Cr-
MoV12; 1.2379) steel, the samples S-conv and S-1240
have no RA volume content. This fact can be attributed to
the slow furnace cooling in the vacuum atmosphere. With
respect to the time—temperature transformation behavior
of D2 (X153CrMoV12; 1.2379) steel (see TTT diagram in
Pillai and Karthikeyan [63]), proeutectoid carbide forma-
tion and cooling through the pearlite and bainite phases
took place. The microstructure of the samples S-conv and
S-1240, thus, consists of the phases ferrite (bcc) and Cr-rich
carbides of type M,C;, which can be confirmed using the
EBSD phase map in Fig. 13b and the results of the XRD
investigations in Table 4. EBSD mappings were performed
to investigate the phase distribution.

In contrast to the solid-state sintered specimens, the
microstructure of the SLPS-sintered specimens consists
of austenitic metal cells surrounded by a seam of eutec-
tic Cr-rich carbides of M;C; type with a herringbone-like
morphology (Fig. 11d—f and Fig. 13d). In Fig. 13d, the
EBSD mapping of specimen L-1280 is shown as a repre-
sentative for all other SLPS-sintered specimens (L.-1260 to
L-1300). EBSD mappings were performed to investigate
the phase distribution. With rising SLPS temperature or
formed liquid-phase volume content, the average metal
cell size and the width of the Cr carbide seams increase,

Table4 XRD measurement on Beamline 9 (Delta, TU Dortmund) calculated using Maud

Sample Sintering temp [°C] Liquid phase Retained Ferrite (bce) [vol.%] M,C; [vol.%] M,;C¢ [vol. %] MC [vol.%]
[vol.%] austenite
[vol.%]

S-conv Unknown 0 - 84.34+0.0 14.31+£0.7 1.33+0.2 -

S-1240 1240 0 - 87.73+3.3 10.94+0.8 1.32+0.4 -

L-1260 1260 6.5 6.71+0.1 68.38+0.0 19.80+2.1 5.02+0.4 0.07+0.2
L-1280 1280 28.5 35.17+0.0 52.17+0.0 9.16+0.5 3.55+0.3 —

L-1300 1300 35 38.73+0.9 44.59+0.0 13.60+1.5 3.06+0.3 -

The table shows the amounts of austenite (fcc), ferrite (bcc), M;C;, M,;Cq, and MC phases quantified in the microstructure for the respective test

specimens
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Fig. 13 Crystal orientation maps of the samples a) S-conv and c)
L-1280, highlighted by inverse pole figure (IPF). Phase maps of the
samples b) S-conv and d) L-1280: ferrite (blue), austenite (yellow),

as shown in Table 5. EDS mappings were performed to
investigate the distribution of the elements. In Fig. 14, the
EDS mapping of specimen L-1280 is shown as a repre-
sentative for all other SLPS-sintered specimens (L-1260
to L-1300). In particular, large amounts of the elements
Cr, Mo V, and C are located in the eutectic carbides. By
means of EDS point measurements at three different posi-
tions, the chemical composition of the mixed carbides was
measured to Fe;,Cr,qMo,V,Cs,.

In the following, the microstructure formation process of
the SLPS-sintered specimens will be explained based on the
microstructure of the starting material used, the gas-atom-
ized powder. In this regard, reference is made to Fig. 15,

and M,C; (red). Representative for all other SLPS-sintered specimens
(L-1260 to L-1300)

which shows a schematic of the flow of the SLPS process.
When the solidus temperature of 1256 °C is exceeded, the
low-melting phase (Cr-rich M;C;) within the powder parti-
cles melts, separating the powder particles into smaller frag-
ments [52, 53, 64].

Gaps can be closed by particle rearrangement processes
and melt infiltration due to capillary forces. As sintering
progresses, several smaller metal cells can sinter together to
form larger metal cells or grow through Ostwald ripening.
During subsequent cooling from the sintering heat, the low-
melting phase solidifies along the metal cell interface and
forms Cr-rich carbide seams along the metal cells. In the
process, the seam width increases toward a larger metal cell

Table 5 Metal cell size, residual austenite volume fraction, Vickers hardness, and porosity as a function of the sintering temperature

Sample Sintering temp [°C] Liquid phase Rel. density Cell size [um] M,C; seam Hardness [HV10]
[vol.%] [vol.%] thickness [um]

S-conv Unknown 0 97.89+0.04 - - 286+8

S-1240 1240 0 98.28+0.28 - - 247+9

L-1260 1260 6.5 98.11+0.27 63+10 1.7+£0.5 633+8

L-1280 1280 28.5 99.11+0.21 81+13 27+09 506+3

L-1300 1300 35 99.13+0.24 86+8 3.7+04 538+4
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Fig. 14 EDS mapping of sample L-1280 showing the element distribution on the microscale, representative for all other SLPS-sintered speci-

mens (L-1260 to L-1300)
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rearangement SLPS at Room temperature
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Fig. 15 Schematic description of the mechanisms involved in SLPS sintering and the associated liquid-phase formation, powder fragmentation,

powder rearrangement, and densification of the material

size diameter ranging from 1.7 +0.5 um (cell size=63+10
pum; sample L-1260) to 3.7 £ 0.4 um (cell size=86+ 8 um,;
sample L-1300). Due to the reduced specific surface of the
metal cells and a constant M,C; volume fraction, the eutectic
carbide seams to increase as a consequence of raising the
SLPS temperature. Differences in the microstructure of the
SLPS-sintered specimens can be seen in the phase compo-
sition shown in the diffractograms in Fig. 12. The retained
austenite volume content was determined using X-ray dif-
fraction and the Rietveld method and is listed in Table 4.
The RA volume content of the phase increases from
sample L-1260 (6.5 +0.1 vol.%) through sample L-1280
(35.17+0.0 vol.%) to sample 1.-1300 (38.73 +£0.9 vol.%).
The high RA content can be attributed to the increase in

the solution state by the carbide dissolution, as described
above. In contrast to the solid-state sintered samples,
however, no pearlitic-bainitic—austenitic structure forms
due to slow cooling; rather, a martensitic—bainitic—austenitic
microstructure is formed. This finding can be verified
indirectly via the measured hardness of the SLPS-sintered
samples. For example, the hardness of sample L-1260 is
633+ 8 HV10. The SLPS-sintered samples L-1280 and
L-1300 have a lower hardness of 506 +3 HV10 and 538 +4
HV10, due to the higher content of soft retained austenite.
Even if the SLPS-sintered samples were subjected to
slow sample cooling in the vacuum furnace, the high RA
volume content is based on the high solution state. This
result correlates with the results of Biggnozi et al., which
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investigated the effect of the austenitization temperature on
the formed RA volume fraction of the ledeburitic cold work
tool steel X190CrMoV?20-4-1 [65]. They were able to show
that RA volume fraction increases from 4.3 vol.% (less than
1100 °C), over 29.6 vol.%(1100-1120 °C) to 55.6 vol.%
(1120 °C) by increasing austenitization temperature. They
attributed the increased retained austenite volume fraction
to the more pronounced dissolution of the Cr-rich carbides
in the direction of a higher austenitization temperature. This
behavior results in a higher solution state of the metal matrix,
especially of the elements Cr and C, lowering the M, and M;
temperatures. According to the thermodynamic calculations
in Fig. 6, the austenite phase in the SLPS-sintered samples
has significantly higher Cr, Mo, V, and C contents than in the
solid-phase sintered samples (Table 6). EDS point analyses
(average of three measurements) within the metal cells in
sample L-1280 confirm that the Cr (12.13 +0.34 mass.%),
Mo (1.69+0.53 mass.%), and V (0.62+0.17 mass.%)
contents dissolved in the austenite phase during sintering
are retained. In particular, the elements Cr, Mo, and V
prevent a subsequent C diffusion and, thus, the formation of
a bainitic—pearlitic microstructure. Consequently, the bainite
and pearlite phase fields are shifted in the direction of longer
cooling times in the TTT diagram by Pillai and Karthikeyan
[63].

3.5 Hardness-tempering behavior

The material group under consideration has to feature a high
hardness so that wear can be counteracted during opera-
tion. Even if the wear properties (system properties) play
an important role, the following section only focuses on the
hardness because the complex tribomechanical relationships
cannot be described in the necessary depth in a short section.
Further work deals with the basic description of the wear
properties, taking into account the microstructures manu-
factured in consideration of the manufacturing process and
the hat treatment state. In the case of ledeburitic cold work
steels, hardness is adjusted by an appropriate heat treat-
ment consisting of quenching and tempering in the regime
of secondary hardness. Since the location of the secondary
hardness maximum depends mainly on the solution state
after hardening (matrix potential), the hardness-tempering

behavior will be examined below, and an optimal heat treat-
ment specification will be derived. The hardness values of
the sintered samples show that the material has insufficient
properties for direct use as a material for tools after solid
state (hardness ~247-289 HV10) or SLPS sintering (hard-
ness ~506—633 HV10). The material under consideration is a
ledeburitic cold work steel whose properties are adjusted by
quenching and subsequent multiple tempering in the area of
the secondary hardness maximum. The desired microstruc-
ture consists of tempered martensite with secondary car-
bides, finely distributed in the metal matrix and thus increas-
ing the hardness and strength due to precipitation hardening.
The selection of optimal austenitizing temperatures depends
on the C content dissolved in the austenite phase during
austenitization, which should be in the range of 0.5 to 0.6
mass%. Sufficiently high C contents in the phase austenite
are set by selecting sufficiently high austenitizing tempera-
tures. With increasing austenitization temperatures, the sta-
bility of the Cr-rich M;C; decreases, and the austenitic phase
is enriched by the elements Cr, Mo, V, and C due to carbide
dissolution (see the thermodynamic calculation in Fig. 6).
According to the manufacturer's specification [66], harden-
ing occurs at T;g=1040 °C, associated with a dissolved C
content of 0.552 mass% in the austenite phase. In the follow-
ing discussion, the samples S-conv (conventional processing
route) and L-1280 (sample with the best combination of high
density, low surface roughness, and fine microstructure) and
cast (cast and hot worked reference material) will be consid-
ered. All materials were oil quenched from 1050 °C, and the
hardness-tempering diagram was evaluated by double-tem-
pered samples in the temperature range from room tempera-
ture to 600 °C using Vickers hardness testing. According to
the hardness and tempering diagrams (Fig. 16), maximum
secondary hardness occurs at a tempering temperature of
525 °C. Table 7 compares the hardness values of the samples
in the different states. Sample S-conv has the lowest second-
ary hardness at 530 + 12 HV10. In comparison, the high-
est secondary hardness of 682+ 6 HV10 (58-60 HRC) was
determined for sample L-1280, concurring with hardness
values from other studies on material D2 (X153CrMoV12;
1.2379) [67-69].

Compared to the hardness values presented here,
Markforged lists higher hardness values of 55 HRC in its

Table 6 EDS point analyses

L Sample Sintering temp [°C] Liquid phase ~ Cr [mass%] Mo [mass%] V [mass%]
within the metal cells (average [vol.%]
of three measurements) for
the solution states of elements S-conv Unknown 0 8.25+1.08 0.73+0.28 0.29+£0.07
gr’nl;’i’; and V'in the different S-1240 1240 0 796+0.63 0704031 0.46+0.19
L-1260 1260 6.5 9.10+0.42 1.12+0.42 0.67+0.32
L-1280 1280 28.5 12.13+0.34 1.69+0.53 0.62+0.17
L-1300 1300 35 12.23+0.84 1.53+0.49 0.61+0.15
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specimens

product data sheet [66], corresponding to a Vickers hardness
of 595 HV10. It should be noted that Markforged’s classic
heat treatment involves hardening at 1040 °C, followed by
a lower tempering temperature of 200 °C. According to
the hardness—temperature diagram in Fig. 16, a hardness
of approx. 608 + 16 HV10 was determined for the S-conv
condition at a tempering temperature of 200 °C, which is in
close agreement with the data given by Markforged.

4 Conclusion

This work investigated the filament extrusion processing of
D2 (X153CrMoV12; 1.2379) tool steel and a novel post-
compaction by SLPS sintering. To the authors’ knowledge,
it was shown for the first time that additive manufacturing
of ledeburitic cold work tool steel D2 using FFF (ADAM
technology) with subsequently adapted SLPS compaction
and heat treatment leads to dense microstructures, with
properties (hardness) being at a similar level as that same
material in cast and heat-treated condition. In the consid-
ered manufacturing route, the shape of the component (green
body) is processed using FFF, whereby the microstructure
is adjusted in a subsequent sintering and heat treatment pro-
cess. Decoupling the microstructure formation process from
the "printing" process offers the advantage that materials can
also be processed that cannot be processed by PBF or DED

without additional measures (preheating, alloy adjustment).
The following key findings could be derived from this work.

Before SLPS, sufficient thermal debinding at 400 °C is
necessary to remove the long-chain binder to avoid swelling
of the samples.

The optimal SLPS sintering temperature was determined
to be 1280 °C, whereby specimens with a high relative
density of 99.11 £0.21 vol.% could be achieved. At lower
sintering temperatures, an insufficient liquid-phase volume
content is formed, leading to samples with higher porosity.
Sintering temperatures exceeding 1280 °C cause increased
Ostwald ripening of the metal cells, which is associated with
reduced sinter compaction due to decreasing capillary forces.
Due to the lowered capillary forces, sinter compaction is
counteracted, which can result in a higher porosity.

SLPS compaction enables the reduction of surface
roughness, whereby the driving force can be attributed to
the reduction of the surface tension of the formed liquid
phase on the specimens’ surfaces.

The lateral roughness of the samples is approximately
1.7-1.8 times greater than the surface roughness of the top
layer. These differences in surface roughness should be
considered in the pre-processing step (meaningful placement
of the structure to be built on the construction platform) to
reduce a high effort for post-processing by machining, for
example.

The microstructure sintered in solid-state features spheri-
cal Cr-rich M,C;, finely embedded in a metal matrix consist-
ing of pearlite and bainite. After SLPS sintering, the carbides
form a network-shaped morphology, and the metal matrix
consists of retained austenite and martensite. Thereby, the
retained austenite volume fraction in the microstructure
increases in the direction of a higher SLPS temperature. The
higher retained austenite volume fraction was attributed to
increased carbide dissolution and a corresponding higher
solution state in the metal matrix. The higher solution state
reduces the martensite start and martensite finish tempera-
ture, so that non-transformed austenite remains in the metal
matrix.

The hardness of the SLPS-sintered material (675-680
HV10) exceeds the hardness of the cast reference material
(~600-620 HV10) after quenching and tempering. The
described method, therefore, offers high potential for
industrial purposes in the context of rapid tooling to
additively manufacture corresponding tools from the
ledeburitic cold work steel D2.

Table 7 Austenitizing and

. Sample Austenitizing temperature Tempering temperature Max. secondary hardness
tempering temperatures and
resulting maximum secondary S-conv 1050°C/30 min 525°C/2x2h 530+ 12 HV10
hardness of samples S-cony, L-1280 1050°C/30 min 525°C/2x2h 682+ 6 HVIO0
L-1280, and cast
Cast 1050°C/30 min 525°C/2x2h 608+5 HV10
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