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Abstract: Laser powder-bed fusion (LPBF) enables the production of difficult-to-machine materials
with near-net shape and complex geometries. Components made of tool steels produced by LPBF,
even using high preheating temperature, tend to show residual porosity, cracks, and high residual
stresses. Hot isostatic pressing (HIP) is able to densify components and modify their microstructure.
Moreover, compared to conventional heat treatment at ambient pressure, rapid cooling within the HIP
vessel can alleviate thermal stresses, warping or cracking during quenching. In this study, the effects
of isostatic pressure on microstructure evolution and residual stresses are investigated. Samples were
produced by LPBF. Partly, they were conventionally heat treated by austenitizing, quenching, and
tempering, partly using a HIP-device with an integrated quenching facility. The microstructure was
characterized by optical microscopy, scanning electron microscopy employing energy-dispersive
X-ray spectroscopy, and X-ray diffraction analysis. The results showed that besides the densification
of the material to the porosity of 0.001%, HIP influenced the microstructure evolution by retarding
recrystallization during austenitization due to the pressure and led to slight compressive residual
stresses around 11 MPa on the surface of components.

Keywords: laser powder-bed fusion; AISI M50; hot isostatic pressing; post treatment; residual stresses

1. Introduction

Additive manufacturing (AM), also known as 3D-printing, describes technologies
to fabricate three dimensional parts directly from computer-aided designed models [1].
Laser powder-bed fusion (LPBF) is a layer-wise AM technology that utilizes a high-power
laser to consolidate metallic powders [2]. This process has the potential to fabricate tools or
dies due to its capability of producing parts with complex geometry, for instance, internal
cooling channel [3].

The characteristics of the LPBF thermal profile are rapid heating and cooling. Most of
the lower layers experience reheating and remelting. Residual stress from this distinctive
thermal profile leads to geometrical distortion and can negatively affect mechanical prop-
erties [4,5]. Decreasing the temperature gradient between melt-pool and powder-bed by
preheating the feedstock powder or the baseplate is the most common method to reduce
residual stresses [6]. A post heat treatment of as-built parts is able to reduce 70% of residual
stresses [7]. On the other hand, the quenching process also generates residual stresses due
to the temperature difference in the component leading to location- and time-dependent
phase transformation [8].

Various grades of alloys have been used for the LPBF process, such as steels, titanium
alloys, aluminum alloys, and nickel-based alloys [2]. Only a few pieces of research on
tool steels have been published. These investigations concentrate on hot work steel AISI
H13 and high speed steel AISI M2 [9,10]. AISI M50 (DIN 1.3551), which presents high
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hot hardness due to molybdenum carbides, is used as bearings for turbine engines [11].
The high alloyed, martensitic steel AISI M50 can be used for ball bearings as well as for
highly loaded tools. Conventionally heat-treated M50 presents MC and M2C carbides and
the morphology of martensitic matrix depends on the austenitizing temperature [12,13].
Recently, this tool steel was successfully processed by LPBF [14]. Kunz et al. characterized
the microstructure of LPBF samples produced with different preheating temperatures
and compared mechanical properties of the specimens produced conventionally or by
LPBF [15,16].

Hot isostatic pressing (HIP), as a pressurized heat treatment process, can effectively
reduce the porosity of parts fabricated via additive manufacturing [15]. Meanwhile, in-
dustrial equipment is available, which integrates a rapid quenching process into a HIP
unit and allows for simultaneous pore densification and heat treatment. This is particu-
larly beneficial in achieving the desired microstructure as well as decreasing the overall
time of heat treatment [17]. The current studies about the influence of HIP with rapid
cooling can be divided into two aspects. Firstly, the high pressure stabilizes the close
packed austenitic crystal structure, which influences the kinetics of phase transformation.
Lower temperatures and longer time are necessary for the transformation from γ-Fe to
α-Fe [18,19]. Secondly, the quenching rate inside the HIP vessel is higher than inside a
vacuum furnace [20]. However, the effects of HIP on austenitization have been seldomly
studied.

Here, we study the influence of pressure on the heat treatment of AISI M50 pro-
duced by LPBF, by using a HIP unit with integrated quenching for postprocessing of
the samples. The microstructure evolution was characterized and the influence of post
treatments on residual stresses was evaluated. We also discuss the effects of pressure on the
austenitization process by the application of the parent austenite reconstruction method.

2. Materials and Methods

The AISI M50 powder was atomized under the argon atmosphere in an EIGA plant by
Nanoval GmbH & Co. KG (Berlin, Germany). The M50 powder was mainly spherical and
exposed d10, d50, and d90 values of 16, 25, and 36 µm, respectively. In Table 1, the ASTM
chemical compositions of M50 [21] and M50 powder used in this study are compared.
Obviously, the chemical composition of the M50 powder lies in the specified range.

Table 1. Standard chemical composition of M50 (ASTM A600-92a [21]) and the chemical composition of M50 powder in this study.

Elements [Mass%]

Fe C Cr Mo V Mn

ASTM Bal. 0.78–0.88 3.75–4.5 3.9–4.75 0.7–1.25 0.15–0.45
Laser Powder-Bed Fusion (LPBF) Powder Bal. 0.84 4.49 4.53 1.03 0.31

2.1. Sample Production

Samples were produced by the ReaLizer SLM 100 machine (ReaLizer GmbH, Borchen,
Germany), under argon atmosphere. The machine contains the ytterbium fiber laser with a
wavelength of 1070 nm and is equipped with a preheating device that heats the bottom of the
powder bed. Optimal process parameters with minimized porosity were found with a laser
power of 160 W, a laser speed of 1 m/s, and a hatch distance of 100 µm. The layer thickness was
30 µm. Two groups of samples were built at two different preheating temperatures, 250 and
500 ◦C. Cubic samples in the dimension of 10 mm× 10 mm× 10 mm were produced for residual
stress measurement and rectangular samples with the dimension of 10 mm× 5 mm× 5 mm
were produced for dilatometry tests.

2.2. Thermodynamic Calculation

The thermodynamic calculation was carried out by Thermo-Calc software (2020a,
Thermo-Calc Software, Solna, Sweden) with the TCFE9 database for the AISI M50 powder



Metals 2021, 11, 596 3 of 14

composition under a pressure of 1.0 bar. The Ac3 temperature was 818 ◦C, according to
the calculated diagram (Figure 1). The austenitization temperature of conventional heat
treatment and HIP temperature was chosen as 1200 ◦C, where all types of carbides were
solved to ensure a complete austenitization. At 580 ◦C, a large fraction of carbides was
visible. These carbides in M50 steel can be used to increase hardness as well as toughness
by secondary hardening. Therefore, tempering was performed at 580 ◦C in this study.
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Figure 1. Calculated equilibrium phase fraction of the M50 powder.

2.3. Post Treatment

After additive manufacturing by LPBF, two variants of post treatments were investi-
gated in this study. A series of the samples was heat treated conventionally at Dörrenberg
Edelstahl GmbH (Engelskirchen-Ruenderoth, Germany) (Figure 2a). Specifically, the sam-
ples were austenitized at 1200 ◦C for 20 min in a vacuum furnace followed by nitrogen gas
quenching with 5 bar. Subsequent triple tempering was performed at 580 ◦C for 3.5 h each
in a vacuum furnace.
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Figure 2. Schematic diagram of post treatments: (a) conventional heat treatment; (b) hot isostatic pressing (HIP) integrated
with quenching and tempering.

The second series of the samples was hot isostatically pressed using a Uniform Rapid
Quenching (URQ) furnace under argon process gas at the Quintus Technologies Application
Centre (Västerås, Sweden) (Figure 2b). The HIP process went through a similar thermal
profile to the conventional heat treatment: the HIP temperature of 1200 ◦C was held at
150 MPa for 20 min followed by gas cooling and triple tempering at 580 ◦C and 100 MPa
for 3 h each.

2.4. Dilatometry

Since the quenching rate in the conventional heat treatment was lower than in the HIP
process and the thermal profile of conventional heat treatment was not exactly the same as
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during the HIP process, dilatometry tests were performed as the control group in order to
study the influence of pressure on microstructure.

The samples were tested by the dilatometer DIL805 A/D/T (TA Instruments, New
Castle, DE, USA). Two samples were austenitized for 20 min at 1200 ◦C in vacuum, fol-
lowed by argon quenching and triple tempering at 580 ◦C for 3 h each. After testing, the
microstructure was analyzed by optical microscopy and scanning electron microscope
(SEM) investigations of the cross section. Figure 3 presents the cooling rate of HIP unit and
dilatometer, determined at the sample surface.
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2.5. Microstructure

The microstructure was characterized in as-built and post-treated conditions. Samples
were cut along the building direction and prepared by standard metallographic techniques
with a finishing step of mechanical polishing using colloidal silica suspension. The porosity
was determined by unetched sections with the magnitude of 100× by image analysis. Ten
sections at random positions for each sample were analyzed. The majority of pores were
spherical and only the percentage of porosity was analyzed. For the microstructure char-
acterization, prepared samples were etched by V2A reagent for 10 s. The microstructural
analysis was observed by an optical microscope and the scanning electron microscope
Helios Nanolab G3 CX (FEI, Hillsboro, OR, USA) assembled with Secondary Electron (SE),
Energy-Dispersive X-ray Spectroscopy (EDS), and Electron Backscatter Diffraction (EBSD)
detectors. EBSD was performed with a step size of 50 nm using an acceleration voltage of
15 kV. The TSL OIM AnalysisTM software (7.3.1, EDAX Inc, Mahwah, NJ, USA) was used
for EBSD data analysis.

The ARPGE software was used to reconstruct the parent austenite grains from the
EBSD data [22]. An algorithm, which calculates the orientation relationship between the
γ-Fe and α’-Fe, was applied to identify the variants that are directly inherited by a single
parent austenite grain. When the misorientation of two reconstructed parent grains is
lower than 2◦, they are considered as one grain. The Kurdjumov–Sachs (K–S) relationship
between parent austenite and martensite ({111}γ//{011}α′ ,

〈
101

〉
γ

//
〈
111

〉
α′ ) was used

for the reconstruction. In the K–S orientation relationship, there are 24 variants when the
crystallography symmetry is considered.

2.6. Residual Stress Measurement

The X-ray Diffraction System 3003 PTS (GE Inspection Technologies, New York, NY,
USA) with a Cr X-ray tube was applied for the XRD phase analyses and the residual stress
measurement. The intensity distribution of Cr-Kα X-rays, scattered from M50 samples,
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was recorded in the measuring range of 60◦ ≤ 2θ ≤ 165◦ with a counting time of 10 s in
steps of 0.05◦. The respective X-ray pattern was characterized and analyzed by Materials
Analysis Using Diffraction (MAUD) software (2.91 version) for phase analysis (ICDD/PDF
00-006-0696 for ferrite and ICDD/PDF 00-023-0298 for austenite). The Fe-bcc {211} peak at
2θ ≈ 156.08◦ was selected to analyze residual stresses. The residual stresses were deter-
mined by the sin2ψmethod.

3. Results
3.1. Porosity

M50 cubic samples were produced without any visible cracks or delamination at
the preheating temperature 250 and 500 ◦C with the relative porosity of 0.08 and 0.04%,
respectively. Figure 4 presents the porosity of the samples in different conditions. The
sample fabricated at 500 ◦C preheating temperature was conventionally heat treated and
showed a porosity of 0.04%. After HIP process, almost no pore in the sample with the
preheating of 500 ◦C could be detected by optical microscope and the corresponding
porosity was 0.001%.

Metals 2021, 11, 596 5 of 15 
 

 

Electron (SE), Energy-Dispersive X-ray Spectroscopy (EDS), and Electron Backscatter Dif-

fraction (EBSD) detectors. EBSD was performed with a step size of 50 nm using an accel-

eration voltage of 15 kV. The TSL OIM AnalysisTM software (7.3.1, EDAX Inc, Mahwah, 

NJ, USA) was used for EBSD data analysis. 

The ARPGE software was used to reconstruct the parent austenite grains from the 

EBSD data [22]. An algorithm, which calculates the orientation relationship between the 

γ-Fe and α’-Fe, was applied to identify the variants that are directly inherited by a single 

parent austenite grain. When the misorientation of two reconstructed parent grains is 

lower than 2°, they are considered as one grain. The Kurdjumov–Sachs (K–S) relationship 

between parent austenite and martensite ({111}𝛾//{011}𝛼′ , 〈1̅01〉𝛾//〈1̅1̅1〉𝛼′) was used for the 

reconstruction. In the K–S orientation relationship, there are 24 variants when the crystal-

lography symmetry is considered. 

2.6. Residual Stress Measurement 

The X-ray Diffraction System 3003 PTS (GE Inspection Technologies, New York, 

USA) with a Cr X-ray tube was applied for the XRD phase analyses and the residual stress 

measurement. The intensity distribution of Cr-Kα X-rays, scattered from M50 samples, 

was recorded in the measuring range of 60° ≤ 2θ ≤ 165° with a counting time of 10 s in 

steps of 0.05°. The respective X-ray pattern was characterized and analyzed by Materials 

Analysis Using Diffraction (MAUD) software (2.91 version) for phase analysis (ICDD/PDF 

00-006-0696 for ferrite and ICDD/PDF 00-023-0298 for austenite). The Fe-bcc {211} peak at 

2θ ≈ 156.08° was selected to analyze residual stresses. The residual stresses were deter-

mined by the sin2ψ method. 

3. Results 

3.1. Porosity 

M50 cubic samples were produced without any visible cracks or delamination at the 

preheating temperature 250 and 500 °C with the relative porosity of 0.08 and 0.04%, re-

spectively. Figure 4 presents the porosity of the samples in different conditions. The sam-

ple fabricated at 500 °C preheating temperature was conventionally heat treated and 

showed a porosity of 0.04%. After HIP process, almost no pore in the sample with the 

preheating of 500 °C could be detected by optical microscope and the corresponding po-

rosity was 0.001%. 

 

Figure 4. Porosity (middle value and standard deviation) in different conditions. For the two post 

treatments, samples built with preheating at 500 °C were used. 

Figure 4. Porosity (middle value and standard deviation) in different conditions. For the two post
treatments, samples built with preheating at 500 ◦C were used.

3.2. Microstructure Evolution

The optical micrographs of the as-built samples in Figure 5a,b show the characteristics
of material produced by LPBF. Through the distinct laser tracks, the layer development of
LPBF process is able to be clearly identified after etching. The grains grew epitaxially along
the building direction due to the thermal gradient. Figure 5c shows the microstructure
(preheating temperature 500 ◦C) after hardening and tempering, referred as conventional
heat treatment in this study. Needle-like martensitic structures were observed in matrix
and the layerwise structure from LPBF process was eliminated. A similar acicular marten-
sitic matrix is observed in Figure 5d, where the microstructure after HIP with integrated
quenching and tempering (preheating temperature 500 ◦C) is presented. These two post
treatments were performed at the same austenitization and tempering temperature and
led to similar martensitic microstructures.
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Figure 5. Optical micrographs: (a) as-built with a preheating of 250 ◦C; (b) as-built with a preheating
of 500 ◦C; (c) conventional heat treatment; (d) HIP integrated with quenching and tempering.

Carbides can be observed with higher magnification by SEM. Figure 6a shows the
microstructure of an as-built sample at the preheating temperature 250 ◦C. Carbon enriched
area was combined as a cellular network-shape because of the rapid cooling of melting
pools. During the subsequent heat treatment, hardening, and tempering, these carbon
atoms during austenitization were solved in the matrix. During tempering, reprecipitation
formed spherical secondary carbides in the size of 100 nm, homogeneously distributed
within the martensite (Figure 6b). A similar microstructure was presented in the heat
treated sample produced with the preheating temperature of 500 ◦C. After HIP with
integrated quenching, no carbides can be observed by SEM and the martensite appears
plate-like shape (Figure 6c). Similar to the conventional heat treatment, spherical carbides,
likely Mo rich M2C and V rich MC as described in [12], were dispersed in the matrix after
tempering in the HIP unit (Figure 6d).
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Elemental mapping revealed an inhomogeneous element distribution. Figure 7 shows
the microstructure of the as-built sample with 250 ◦C preheating and corresponding EDS
mappings. The fast solidification of the melting pool during the LPBF process led to the
segregation of alloy elements. The cellular walls were enriched with carbon and carbides
forming elements like Cr, Mo, and V.
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Figure 7. Backscattered-Electron (BSE) micrograph of the as-built sample with 250 ◦C preheating
temperature and corresponding elemental Energy Dispersive Spectroscopy (EDS) mapping.

Figure 8 presents the result of the EBSD measurement of the sample produced at the
preheating temperature of 250 ◦C. In the EBSD phase map (Figure 8a), a small amount of
retained austenite remains among the martensitic dendrites. The white area was supposed
to be the carbon enriched area, which cannot be indexed by EBSD measurement. A fine
martensite microstructure could be identified by the Inverse Pole Figure (IPF) (Figure 8b),
which illustrated the crystal orientation of grains. The dendrites elongated in building
direction with similar grain orientation.
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More insights into the phase evolution can be obtained by XRD diffraction patterns,
depicted in Figure 9. In as-built condition, both fcc and bcc phases were present. The fcc
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peaks indicated the presence of retained austenite. Whereas, the bcc peaks represented
martensite as well as bainite, since both consisted of a distorted bcc lattice structure.
After HIP and quenching, martensite formed from austenite. Retained austenite can also
be detected in the sample. During three sessions of tempering, this retained austenite
fully transformed into martensite, since no fcc diffraction peak can be detected. The
samples conventionally heat treated present a similar diffraction pattern. After hardening
and tempering, most of the matrix is martensite with less than 5% retained austenite.
Theoretically, the high pressure (150 MPa) in the HIP furnace should decrease the martensite
start temperature by around 15 K according to the Clausius–Clapeyron equation [20]. This
should result in a higher content of retained austenite. Nonetheless, this slight difference
could not be observed from microstructure and XRD pattern since the cooling conditions
were different in both furnaces: The cooling rate was higher in the HIP furnace than in the
vacuum furnace.
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3.3. Parent Austenite Reconstruction

The samples from preheating at 500 ◦C were austenitized and quenched either inside
the HIP furnace or using the dilatometer through the same thermal profile. The most
significant difference between these two post-treatment methods is that inside the HIP
furnace a hydrostatic pressure was applied. The corresponding microstructures were
analyzed by EBSD.

Figure 10a presents the microstructure and grain orientation of the material that
was densified and quenched in the HIP furnace by IPF map. Fine martensitic plates
formed during the quenching process. The reconstructed parent austenite grains that were
based on the K–S orientation relationship by ARPGE software are shown in Figure 10b.
These austenite grains were recrystallized during the annealing process from the as-built
microstructure. The misorientation distribution profile of martensitic blocks/plates on the
AB line in Figure 10a was measured, as shown in Figure 10c, which illustrates the fine
martensitic plates in the microstructure. The width distribution of martensitic plates is
presented in Figure 10d.

Figure 11 shows the microstructure characteristics of the sample annealed and quenched
in the dilatometer. Relative coarse martensite microstructure can be observed in Figure 11a.
Figure 11b presents the parent austenite of the martensite before quenching. The misorien-
tation profile (Figure 11c) along line AB illustrates the width of martensitic blocks/plates.
Figure 11d shows the width distribution of martensitic plate. Coarser martensitic blocks/
plates were formed, compared with the sample quenched inside of the HIP furnace.
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3.4. Residual Stresses

Figure 12 shows the surface residual stresses of samples in different conditions. The
residual stresses were measured at the center of a side surface of cubic samples (10 mm ×
10 mm × 10 mm) in building direction and transverse direction after removing the samples
from the support structure.

Both as-built samples present compressive residual stresses in building direction. In
the transverse direction, the as-built sample processed with a preheating temperature of
500 ◦C shows a slight compressive stress of 9 MPa, whereas, tensile stress of 55 MPa was
obtained in the sample produced at 250 ◦C.

During the conventional heat treatment, tensile residual stresses were generated by the
quenching process, and they were not fully relieved by the subsequent tempering. Tensile
stresses were 48 MPa in building direction and 44 MPa in transverse direction after the whole
heat treatment. The sample, quenched in a HIP furnace under high pressure, presented
compressive stresses (99 MPa in building direction and 14 MPa in transverse direction).
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Figure 10. Microstructure analysis of the sample annealed and quenched in the HIP furnace. (a) An Inverse Pole Figure
(IPF) map features the fine martensitic plates. (b) The corresponding parent austenite grains are reconstructed based on the
EBSD result. (c) Point-to-point and point-to-origin misorientation profile of AB line in (a), which illustrates the width of
martensite plates/blocks. (d) Martensitic plate width distribution.
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4. Discussion
4.1. Influence of LPBF Preheating Temperature on Microstructure

In as-built condition, the samples produced with higher preheating temperature con-
tained fewer pores. As for the microstructure, there is no significant difference between
the two selected preheating temperatures. However, the XRD results illustrated a lower
retained austenite content in the samples fabricated with the higher preheating temperature.
For tool steel H13, similar observations were reported [23]. At higher preheating tempera-
ture, carbon solid solution atoms tended to precipitate from the supersaturated matrix. The
martensitic/bainitic transformation caused strong elastic lattice distortions, which naturally
counteract the transformation. Additionally, with low carbon content in matrix, these distor-
tions can be reduced by gliding and recovery mechanisms. Therefore, the higher preheating
temperature leads to a lower volume fraction of retained austenite after the gamma-to-alpha
phase transformation. Based on the M50 continuous cooling transformation diagram reported
by Kunz et al. [15], the martensitic transformation start temperature was about 200 ◦C and
bainite was formed between 200 and 400 ◦C. Therefore, it can be concluded that bainite is
contained in XRD diffraction bcc peaks of both as-built samples.

4.2. Effects of HIP with Integrated with Quenching

Pores in the components fabricated by LPBF had a deleterious effect on the mechan-
ical properties and influences the fracture micromechanisms [24]. For instance, fatigue
strength of samples manufactured by LPBF was strongly affected by the porosity, since
fatigue cracks initiate from pores [25]. Toughness can be improved by the enclosure of
pores [26,27]. Furthermore, pores within additively manufactured parts reduced the cor-
rosion resistance considerably [28]. Therefore, the reduction of porosity and pore size
was of great importance to improve the properties of parts processed by LPBF. HIP was
considered as one feasible solution to reduce closed porosity. The applied pressure by inert
gas led to the densification of material by plastic flow and material transport, which was
utilized for the bonding process as well [29]. Figure 4 presents the porosity of M50 parts in
different conditions. After HIP, porosity was reduced pronouncedly in comparison to the
conventional heat treatment.

Moreover, HIP also influenced the microstructure. Most previous studies focused
on the gamma to alpha phase transformation process. The high pressure inside the HIP
furnace shifted this phase transformation to lower temperature and longer time [18]. On
the other hand, high cooling rates in the HIP furnace by compressed gas contributed to the
martensitic transformation [20]. As no significant differences of the microstructure between
the samples heat treated conventionally or within the HIP furnace can be observed in this
study by light optical microscope, both effects either compensated each other or were only
less pronounced at the pressure level used by HIP.

In addition, the effects of hydrostatic pressure on recrystallization during austeniti-
zation should not be neglected. The sample austenitized in the dilatometer at ambient
pressure showed coarser parent austenite grains than the one annealed under pressure in
the HIP furnace (Figures 10b and 11b). The hydrostatic pressure during annealing slowed
down the diffusion processes by an increase of the activation energy for diffusion. As
a result, recrystallization and grain growth were retarded [30,31]. Hence, annealing in
a HIP furnace with high hydrostatic pressure led to finer austenite grains, compared to
annealing in vacuum. Furthermore, martensitic block width and packet size were pro-
portional to the prior austenite grain size, that is, small austenite grains resulted in fine
martensitic structure [32,33]. This explained why the martensitic structure appeared finer
after quenching under pressure in the HIP furnace than by quenching pressureless in a
dilatometer, even though they share similar cooling rates. To sum up, hydrostatic pressure
by HIP in a magnitude of 150 MPa caused finer microstructure since the pressure retards
the recrystallization process.
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4.3. Residual Stresses

The temperature gradient mechanism (TGM) model was used to explain the forma-
tion of residual stress for the LPBF process (Figure 13) [4,6]. During the heat stage, the
laser source heated up the top layer rapidly. The heated area tended to expand, but was
constrained by the surrounding material. Therefore, the heat affected zone formed com-
pressive stresses. If the compressive stress exceeded the yield stress of material, it would
be partially relieved by plastic deformation. During the cooling stage, the previously
heated area started to cool down and shrink. This shrinkage led to tensile residual stresses.
This simplified model was not capable of explaining or predicting the residual stresses
generated from complex thermal LPBF cycles. Moreover, density changes due to phase
transformations during cooling were not considered in this model. However, the model
provided a good explanation that, with lower preheating temperature, the residual stress
tends to transfer from compression to tension due to the higher thermal gradient during
the cooling stage.
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The magnitude of the residual stresses caused by the LPBF process was limited by
the yield limit of the material at room temperature. The residual stresses can be partially
relieved during successive heat treatment by plastic yield due to the reduced yield limit at
elevated temperature. Even though both post treatments investigated in this study went
through a similar thermal history, high pressure seemed to support slight compressive
residual stresses after tempering in the HIP furnace. Depending on the application, a state
of surface compressive residual stresses was beneficial, for instance to increase life under
fatigue loading conditions.

5. Conclusions

In this study, the effect of pressure during HIP post treatment with integrated quench-
ing on the microstructure evolution and residual stresses of high alloyed steel AISI M50 fab-
ricated by LPBF was analyzed.

Using a preheating temperature of 500 ◦C, LPBF led to a lower retained austenite
fraction, compared to 250 ◦C preheating. Cellular network-shaped carbon segregation
areas could be observed in both as-built conditions. After quenching, plate-like martensite
formed in the matrix. During tempering, retained austenite transformed to martensite and
fine Mo and V-rich carbides precipitated.
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High pressure of the HIP process retarded recrystallization and grain growth dur-
ing austenitization, causing fine parent austenite grains, which led to small martensitic
packet/block size after quenching.

A shift of residual stresses at the surface of as-built samples were observed, which
tended to transform tensile stresses to compressive stresses at higher preheating tem-
perature. A preheating temperature of 500 ◦C thus improved the state of near surface
residual stresses in as-built components made of M50 steel. Integrated heat treatment in a
HIP furnace ended up in small compressive residual stresses, whereas, conventional heat
treatment led to tensile residual stresses at the surface of the samples.
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