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Parts made by 3D printing must be subjected to heat treatment to achieve the required mechanical pro-
perties. With the development of additive manufacturing in various areas of industry, more and more
complex components are being printed, which, in addition to their complicated shape, also have different
printing heights. Sometimes, builds of different heights are created on a single build platform. When
there is height difference, the step region is characterized by a steep increase in hardness. It may lead to
problems related to mechanical properties. MS1 tool steel was chosen as the material for this experiment.
Using DMLS (Direct Metal Laser Sintering), a build with considerably greater height was created on the
build platform together with other parts. Metallographic examination of the printed part was carried out
and its hardness profiles were measured prior to as well as after heat treatment. The drop in hardness in
the build of different height was up to 40 HV10. Solution annealing at 820°C removed the transition pro-

duced by building a single part, both in terms of microstructure and mechanical properties.
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1 Introduction

Additive manufacturing (AM) enables various ty-
pes of parts for various purposes and from various
materials to be produced in a flexible manner [1,2]. In
this particular process, patts are built from powder la-
yer-by-layer according to a digital model [1-4]. These
layers are sintered together by means of a laser. With
AM, one can manufacture parts which are difficult to
make by conventional technologies, such as forging,
casting or machining [1]. AM is mainly used for ma-
king topology-optimized parts, delivering major mate-
rial and cost savings [5]. Even intricate prototypes can
be built in this manner, speeding up development
efforts and manufacturing in various industrial
sectors. One of the AM methods for making metal
parts is direct metal laser sintering (DMLS) [5, 6].

The resulting quality of the additively-manufactu-
red parts is governed by the manufacturing parame-
ters, such as the laser setting, the powder layer thic-
kness, the building direction as well as the layout of
the supports, topology of the parts and their layout on
the build platform. Post-processing is equally impor-
tant [6-8]. In order to remove internal stress and ob-
tain the desired mechanical properties, heat treatment
is performed after the manufacture. A number of stu-
dies have been devoted to the effects of heat treatment
on ultimate strength, notch toughness and fatigue [5,
9, 10].

The building progress, and hence the movement of
the laser beam across the build platform is controlled
by many parameters, one of them being the occupancy
of the build platform. The larger the surface area on a
single plane of the build, the longer the building time
and the interval between deposition of two layers. This
also extends the time for removal of heat from a single
layer into the interior of the build or the build plat-
form. However, a difficulty arises when parts with di-
fferent heights or one part with height relief are built
on a single build platform. These protruding portions
are then built at higher speeds, which entails heat re-
moval within shorter time than in case of building
parts across the entire build platform. In these locati-
ons, a transition is formed which may lead to defects.
Therefore, this paper describes microstructural evolu-
tion prior to and after heat treatment in a build which
had a notably greater height than the rest of the builds
on the build platform.

2 Experiments

Martensitic tool steel MS1 was selected as the ex-
perimental material (Tab. 1). The parts were built from
a powder supplied by the company EOS [11]. It is a
high-strength steel which is used in aviation and space
applications and in machinery industry [5, 9]. It is used
for cold forming dies and for pressure die casting of
heavy and light non-ferrous metals with low melting
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temperatures [12].

EOS M290 machine for additive manufacturing
was employed with default pre-set parameters for the
build intetior (laser scanning speed 960 mm/s, laser
power 285 W, track spacing 0.11 mm, laser track over-
lap 0.08 mm) and a set of parameters for the patt’s
contour (laser scanning speed 960 mm/s, laser power
285 W). The purpose of the laser contour pass was to
deliver the desired dimensions, shape and roughness
of the parts. The thickness of the layer to be sintered
was constant for both strategies: 0.04 mm.

Tab. 1 Chemical composition of the experimental material

[wt%] [11]

C Co Mo Ni Ti Fe
85- | 45- | 17- 0.6- ba-
MS1 | <0.03 9.5 5.2 19 0.8 lance

The build in the form of a bushing of 140 mm
height was manufactured on a single platform together
with a gear housing of a single-purpose milling cutter
whose height was a mere 72 mm (Fig. 1). After cutting
away from the build platform, the bushing was cut up
into slices of approximate thickness of 5 mm. One of
the slices was kept in as-built form and the rest were
solution annealed. The annealing at 820°C was carried
out in a furnace with a protective argon atmosphere.
The annealing temperature was recommended by the
material data sheet by EOS [11]. Various annealing pa-
rameters were tested. The sequences involved various
cooling procedures either in air or in furnace. Furnace
cooling was performed with the furnace flap open.
Three different holding times were tested: 1, 3 or 4
hours. An additional procedure which was tested in-
volved repeated triple annealing for 1 hour at 820°C.

test specimens after cutting from the platform
with indication of the printing direction

test samples
“with different
| height

layout of parts on the platform

Fig. 1Layout of builds on the build platform and finished
builds with the transition region indicated (D — build plat-
Sorm side, H — build end, C-transition region)

All slices were examined in three locations: near
the platform (D), in the transition region (C) and at

their end (H). On all specimens, microscopic analysis
was carried out on longitudinal sections using both
optical microscopy (OM) and scanning electron
microscopy with Zeiss EVO MA25. The amount of
austenite was measured by means of XRD in the au-
tomatic powder diffractometer AXS Bruker D8 Dis-
cover with a position-sensitive area HI-STAR detector

and a cobalt X-ray source (AKow = 0.1790307 nm).
The instrument comprises polycapillary optics for fo-
cusing the primary X-ray beam into a circular spot
with a diameter of 0.5 mm. The measurement was
conducted in the diffraction angle interval of 25—

105°28. Hardness profiles were determined using 1 kg
Vickers scale, with impressions spaced at 0.5 mm. Mi-
niature tensile test was performed with specimens
with a gauge section of 1.2X2 mm and gauge length of
5 mm. They were made by wire electrical discharge
machining.

3 Results and discussion
3.1 Microstructure analysis

In the as-built slice (without heat treatment), the
microstructure had the usual post-AM configuration
(Fig. 2). With optical microscope, half-ellipse shapes
formed by sintering individual layers and their over-
lapping were observed. Only a small amount of pores
and microdefects caused by unsintered powder and
gas caught in molten pools duting solidification
[13,14]. Scanning electron microscopy at higher mag-
nifications revealed a cell structure within individual
laser tracks. This type of structure forms by repeated
local melting of the powder and its rapid solidification
at high cooling rates. The macrostructure in the transi-
tion location (C) between the uniform builds across
the build platform and the test specimen was distinct
after etching (Fig. 2). However, there were no visible
differences within the interior. There was a difference
in the amount of retained austenite related to the build
height. Near the platform, there was 3% retained aus-
tenite, whereas the other end of the specimen conta-
ined 7% austenite.

Changes were also found in the hardness profile
(Fig. 3). At the bottom of the specimen (D) near the
cut by which it was removed from the build platform,
hardness was 370 HV1. Across the specimen, hard-
ness gradually decreased to 360 HV1 at 72 mm
distance, which is the height of the other parts on the
build platform (point C) (Fig. 3). At this location, there
was a drop in hardness to 320 HV1, a constant value
up to the end of the specimen (point H — farthest from
the build platform). The variation in hardness along
the length of the specimen was due to microstructural
defects, such as pores and microdefects. In such loca-
tions, the indenter sunk into the material.
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Fig. 2 Optical and scanning electron microscopic analysis of the as-built slice withont heat treatment
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Fig. 3 Hardness profile along the length of the slice, as-built
and solution annealed at varions parameters

Solution annealing was catried out at 820°C for
1 hour, followed by cooling in air or furnace. Another
sequence involved repeated triple annealing with hol-
ding times of 1 hour. The treated slices were examined
in three locations again (Fig. 4). Solution annealing
followed by air cooling and cooling in furnace produ-
ced a microstructure which was very similar to the as-

built one. The features found in the as-built
microstructure were still visible, including the half-
ellipses. However, within the tracks, decomposition of
the as-built structure began to be visible. Signs of for-
mation of a new internal structure were clearly visible
after triple annealing at 820°C. In location D near the
platform, this decomposition was most distinct, ha-
ving almost completely obscured the tracks (Fig. 4).
The austenite content near the build platform was 1 to
2 %.

Hardness profiles were measured in this material
as well (Fig. 3). The highest values, around 320 HV10
along the entire slice, were found in the furnace-
cooled specimen. This value was the same as in the
top portion of the as-built specimen. In the air-cooled
specimen and the repeatedly-annealed one, hardness
was approximately 300 HV10 along their entire len-
gth. The decrease in hardness is due to dissolution of
intermetallic precipitates and partial elimination of the
cell structure produced by the AM process. Martensite
is present in the form of martensite blocks or packets
[3, 15]. All annealing sequences removed the drop in
hardness in the transition region, which was a de-
sirable effect.
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Fig. 4 Microstructure in the locations of interest in the slice upon solution annealing with a shorter bolding time

After assessing the results of repeated annealing,
annealing with 3 and 4 hour holding times followed by
air cooling or furnace cooling was carried out. After
these treatment sequences, location D near the build
platform contained predominantly martensite. The la-
ser tracks were not distinct any more. The
microstructure was very similar to the one produced
by triple short-time annealing. Closer to the specimen
end, location H farthest from the platform, the as-bu-
ilt microstructure was partially preserved (Fig. 5). This
difference in the microstructure configuration was not
reflected in the hardness values: they were between
300 and 320 HV10 for all the conditions tested. The
effect of cooling in air or in closed furnace was not
manifested in the hardness values.

3.2 Mechanical testing

Based on metallographic examination, tensile tes-
ting was only performed for selected heat treatment
sequences. This included the as-built and solution an-
nealed condition (820°C with 1, 3 and 4 hour holding
times and furnace cooling (Fig. 6). In order to identify
the effect of the transition between the build group
and the individual build on mechanical properties, the
transition region was tested as well. The mid-length of

the specimen was at 72 mm, where the drop in hard-
ness occurred.

820°C/3 hours/air 820°C/4 hours /air

820°C/3 hours/furnace

820°C/4 hours/furnace

Fig. 5 Microstructure at the top part of the solution annealed
slice (3 or 4 honrs)

In the as-built condition, the highest ultimate
strength was 1048 MPa, combined with an elongation
of 22% near the platform. Towards the end of the spe-
cimen, ultimate strength decreased. In the transition
region, ultimate strength was 963 MPa and near the
specimen end it was 927 MPa but there was no sub-
stantial increase in elongation, which was 23%. These
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results are in accordance with hardness values which
decrease towards the specimen end.
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Fig. 6 Tension test data for as-built and treated specimens

After solution annealing, ultimate strength levels
throughout the specimen equalized. Solution annea-
ling for 1 hour produced an ultimate strength between
937 and 955 MPa and an elongation between 22 and
24% (Fig. 6). Upon 3 hour annealing, ultimate strength
increased to 996 through 1012 MPa and elongation
was 22 to 24%. Extending the holding time from 3 to
4 hours did not lead to substantial changes. Ultimate
strength was between 984 and 1005 MPa at an elonga-
tion of 21 to 23%.

Although a macroscopic structural change was vi-
sible in the transition region after the AM process, as
well as a drop in hardness, the mechanical properties
did not deteriorate locally in this region. Although me-
chanical properties decreased with increasing height of
the build, it was probably due to concurrent operation
of multiple factors. As the protruded portion of the
specimen was built, it accumulated more heat, which
led to partial annealing in the process. This was reflec-
ted in lower hardness in these locations. By contrast,
higher hardness and ultimate strength near the build
platform may be due to incipient precipitation promo-
ted by higher temperature due to slower cooling of a
larger volume of material. This occurrence was repor-
ted in [16], where hardening temperatures as low as
350°C and longer holding times led to increasing me-
chanical properties. Mechanical testing confirmed that
heat treatment with short holding times eliminates the
effects of the build height and equalizes mechanical
properties within the single part.

4 Conclusion

Effects of wvarious height of builds on
microstructural evolution after building and heat tre-
atment were studied experimentally. For this purpose,
a bushing specimen was built from MS1 maraging
steel together on the build platform with a notably
lower build. It was found that building parts of diffe-
rent height leads to a macroscopic visible change in

the transition region between the uniform-height bui-
Ids across the platform and a projecting part, which is
reflected in a substantial decrease in hardness. In this
location, hardness dropped from 360 to 320 HV10.
Ultimate strength decreased with increasing build
height from 1048 MPa to 927 MPa. In the transition
region, there was no local drop in ultimate strength,
which would make it a critical location of the build.

Solution annealing 820°C as short as 1 hour re-
moved the step change in hardness and equalized me-
chanical properties across the specimen. The highest
ultimate strength was obtained with 3 hour solution
annealing at 820°C. After this treatment, the ultimate
strength was close to 1000 MPa.
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