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A B S T R A C T   

Due to high productivity, additive manufacturing (AM), and especially Directed Energy Deposition using laser 
and metallic powder (DED-LB/M) is attractive for manufacturing tools with integrated functionalities. This 
investigation was dedicated to DED-LB/M manufacturing of experimental maraging tool steel, characterization of 
the build microstructure with advanced electron microscopy and evaluation of hardness properties. High 
printability and low porosity of the final builds were observed, relative density was not lower than 99.5% for 
specimens manufactured with 600 W and 800 W, but microstructure and properties of the build had a gradient 
along the height. The characteristic hardness profile and microstructure, which were dependent on the 
manufacturing parameters, were observed. The top layers of manufactured maraging steel samples had a 
structure of martensite with precipitates presumably formed during solidification. The top layers were therefore 
softer to the depth of the austenitization isotherm. The higher hardness was measured in the inner regions which 
was a result of an in-situ heat treatment that the manufactured material was subjected to during layer-by-layer 
manufacturing. Thermal cycles during manufacturing resulted in precipitation hardening effect in the inner 
regions. Scanning and transmission electron microscopy confirmed the formation film-like and round particles in 
the as-build material, in top and inner regions. However, the quasicrystalline nano-sized R′-phase precipitates 
were observed only in the inner regions. The formation of the R′-phase precipitated during manufacturing as a 
result of the in-situ heat treatment was discussed as a reason for higher hardness (440 – 450 HV1) measured in 
the inner regions.   

1. Introduction 

Additive manufacturing (AM) methods are attractive for the 
manufacturing of industrial dies and molds because they provide unique 
opportunities to manufacture complex near-net-shape components with 
internal channels for conformal cooling. Conformal cooling helps to 
decrease surface temperature and reduce mechanical strains under cy-
clic loading, thermal shocks, and corrosion that commonly result in heat 
checking, wear, plastic deformation and fatigue damage of molds and 
dies as it was shown by Jhavar et al., 2013. Additionally AM methods, 
and specifically, DED-LB/M can be used to manufacture and repair 

molds or dies depositing materials with a higher strength to the most 
loaded surfaces of the component. In the DED-LB/M, the surface of a 
metallic part is locally fused using a high-power laser beam. At the same 
time, microscale metal powder is injected into the laser-induced melt 
pool using a powder nozzle that is coaxially aligned to the incoming 
laser beam. In order to reduce oxidation, inert gases like Argon, Helium 
or Nitrogen are used as transport and protection gases. By depositing 
individual tracks in overlap configuration next to each other and on top 
of each other, it is possible to generate multi-layered structures in a 
layer-by-layer manufacturing approach (Toyserkani et al., 2004). Due to 
the ongoing progression of available DED system technology, e.g. laser 
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sources, powder nozzles, multiple axis positioning system, in-line sen-
sory, etc., the DED-LB/M process becomes more and more popular for 
the layer-by-layer manufacturing of complete functional parts e.g. tools. 

The AM of high-carbon steels e.g. cold-work tool steel by means of 
DED-LB/M is limited to a few fundamental studies, for Hentschel et al., 
2017, showing that the production of crack-free and nearly full-dense 
multilayered structures is generally possible. Thus, several studies 
have focused on the processing of traditional hot-work tool steels with 
moderate carbon content with the main aim to generate nearly full dense 
specimens and to analyze the influence of process parameters and 
deposition strategies on resulting microstructural and mechanical 
properties. For instance, Junker et al. (2018) have investigated the in-
fluence of different post heat treatment strategies on microstructure and 
mechanical properties of additively manufactured AISI H11 specimens. 
Additionally, Bohlen et al. (2018) studied the manufacturing of thin 
wall-like structures made out of inert gas atomized AISI H13 powder and 
Pinkerton and Li (2005). There are a few investigations dealing with the 
AM of complete dies and forging tools. For example, Junker et al. (2017) 
have successfully demonstrated the AM of a forging tool made out of a 
hot-work tool steel similar to AISI H11. After an appropriate post heat 
treatment, the tool has been tested under conditions close to industrial 
use. It has been shown that the additively manufactured forging die 
showed a very promising performance and a similar behavior (e.g. tool 
lifetime, causes of failure, etc.) in comparison to AISI H11 serial tool 
manufactured using traditional subtractive manufacturing technologies. 
Most scientific work on AM of steels using DED-LB/M, however, deals 
with the processing of low-carbon maraging steels (1.2709 (Junker 
et al., 2015), Fe-19Ni-xAl (Kürnsteiner et al., 2017) and 1.6358 (Jägle 
et al., 2017) or stainless steel (Alam et al., 2017). In contrast to the 
carbon-rich classic tool steels, maraging steels are suitable for 
laser-based additive manufacturing technologies due to their low carbon 
content and the associated excellent weldability. 

During DED-LB/M, interior regions of the printed component are 
subjected to thermal cycling. In maraging steels, it can initiate diffu-
sional phase transformations leading to the precipitation of intermetallic 
particles. This can influence positively, resulting in a strengthening ef-
fect, or negatively leading to embrittlement. At the same time, outer 
regions are not subjected to such an in-situ heat treatment, and therefore 
have another structure and different properties. 

In the presented research, experimental maraging tool steel for hot 
work applications manufactured with DED-LB/M, was extensively 
investigated and characterized. Parameters to manufacture nearly full 
dense parts were developed. The aim of the present investigation was to 
understand the correlation between additive manufacturing process 
parameters, microstructure, and properties of experimental maraging 
steel for hot work applications. The layer-specific differences in micro-
structure and properties, typical only for layer-by-layer additive 
manufacturing methods, were discussed with respect to the in-situ heat 
treatment / thermal cycling and microstructure of the material. 

2. Materials and method 

2.1. Materials 

The nominal chemical compositions (wt%) of the investigated 
Uddeholms AB experimental maraging steel for hot work applications 
(hereafter - maraging steel) provided by the manufacturer are presented 
in Table 1. A powder of the experimental maraging tool steel was pro-
duced by gas atomization under a protective atmosphere and sieved to 
have a particle size in a range of 53–200 µm. The percentile values of the 
used powder were: d10 = 69.7 µm, d50 = 104.5 µm, d90 = 154.2 µm. The 
powder particles had a spherical shape and had excellent flowability. 
Resulting from that, a stable and reproducible powder mass flow could 
be adjusted. 

Conventional AISI modified H13 (Uddeholm Impax, 2023) and P20 
tool steels (Uddeholm Orvar, 2023) manufactured by electro-slag 

remelting followed by vacuum degassing were used as substrates. The 
size of the plates was 250 × 250 × 20 mm. Building plates of AISI H13 
modified steel were heat-treated to the hardness of 47 – 50 HRC (aus-
tenitizing temperature: 1020–1040 ◦C, tempering temperature: 250 ◦C 
for 2 h), which is recommended for aluminum die casting or extrusion 
applications. Building plates of AISI P20 modified steel were 
heat-treated to the hardness of 290 – 330 HB (austenitizing temperature: 
850 ◦C, tempering temperature: 250 ◦C for 2 h), which is recommended 
for plastic molding applications. 

2.2. DED-LB/M machine experimental setup and process parameters 

For carrying out the experiments, a commercially available 5-axis (x, 
y, z A, C) DED-LB/M machine (TLC 3008) from the company Trumpf 
GmbH + Co. KG. was used. The system is equipped with a cw-disk laser 
(Tru Disk1000) emitting laser light with a super-Gaussian intensity 
distribution and a wavelength of 1030 nm and maximum output power 
of 1 kW and a rotating plate powder conveyor with two powder hoppers 
/ powder lines. The laser processing head consists of a fiber-optic 
connection, a motorized and programmable collimation unit, a focusing 
lens, and a three-way powder nozzle. Helium was applied as transport 
gas, and the transport gas stream was constantly set to 10 l/min. The 
working distance between the powder nozzle and the substrate was 
defined as 11.5 mm. In order to minimize the oxidation of the deposited 
maraging steel, Argon was used as a protection gas with a gas flow of 20 
l/min. 

First, single tracks were produced, followed by one-, four- and ten- 
layer specimens (Fig. 1). Fig. 2 illustrates a sketch of the bidirectional 
build-up strategy applied. The laser power P = 600–900 W, the feed rate 
v = 400 mm/min, the powder mass flow ṁ= 2.7–3.7 g/min, and the 
laser spot diameter dL = 1.5 mm was used for the manufacturing of 1, 4- 
and 10-layered cuboids for porosity assessment and detection of cracks 
in the dilution zone. In previous studies dealing with the processing of 
maraging steel 1.2709 (Junker et al., 2015) or hot-work steel AISI H11 
(Junker et al., 2018) the examined process parameter range has proven 
to be suitable for the DED-LB/M manufacturing of multi-layer test 
specimens with a high relative density in the order of or larger than 
99.5%. 

As exemplarily shown in Fig. 2 single tracks were deposited parallel 
next to each other in an alternating direction in an overlapping config-
uration. Therefore, the hatch being equivalent to the distance of two 
parallel and overlapping single tracks was permanently set to half of the 
mean single track width. In contrast to the classical meander-shaped 
deposition strategy – the laser beam was switched off at the reversal 
points. In this way, the excessive height of the edges or contour due to 
the enhanced material application could be avoided and the thermal 
exposure at the edges of the structures can be reduced to a moderate 
level. In addition, the acceleration and deceleration of the laser pro-
cessing head at the reversal points resulted in enhanced local energy 
input. In order to minimize this effect, a 1.5 mm long acceleration sec-
tion was provided at the beginning of each track deposited before the 
laser is switched on. The core was then drawn around with a contour in 
order to obtain side surfaces that were as vertical as possible and asso-
ciated with this to achieve acceptable dimensional accuracy. As follows 
from Fig. 2 the coating pattern was rotated 90 ◦clockwise after each 

Table 1 
Nominal chemical composition of processed materials given in wt%.   

Fe C Si Mn Cr Mo Others 

Substrate 1 
(AISI H13) 

Bal. 0.39  1.0  0.4  5.2  1.4 0.9 V 

Substrate 2 
(AISI P20) 

Bal. 0.37  0.3  1.4  2.0  0.2 1.0 Ni 

Powder – 
maraging 
steel 

Bal. -  0.35  0.4  5.0  8.0 2.0 Ni, 12.0 Co, 
2.0 Cu, < 300 
ppm O  
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deposited track layer in order to reduce the local thermal energy input at 
the edges and to minimize local internal stresses during the layer-by- 
layer manufacturing approach. The edge length of the test specimens 
was set at 15 mm. After a single track layer was produced, the mean 
layer height hlayer was measured. This value was adopted as the stand-off 
distance Δz of the powder nozzle in the z-direction for the generation of 
the four-layer specimen. The mean layer height hlayer was then calcu-
lated from the total height of the four-layer test specimen and the stand- 
off distance Δz was corrected based on this value. Finally, 10- and 30- 
layered specimens were manufactured and characterized. 

Based on the procedure described above, optical microscopy, 
advanced microstructural analysis, and hardness profile measurements, 
the process parameters for manufacturing 30-layered specimens were 
derived. Four different combinations of process parameters were 
considered which, on the one hand, favor the generation of multi- 
layered specimens with low residual porosity (≤ 0.5%) and, on the 
other hand, create cube-like structures with acceptable dimensional 
accuracy. 

The volume deposition rate V̇ achieved was analytically estimated 
according to Eq. (1) for all specimens (Ocylok, 2015). 

V̇ =
n + 1

n
∗ v ∗ hxy ∗ hlayer (1)  

η =
V̇ρ
ṁ

(2) 

The factor n corresponds to the number of single tracks used for the 

deposition of a track layer, v is equivalent to the feed rate of the laser 
processing head, hlayer is the mean layer height, and hxy is the hatch 
distance or half of the single track width, respectively. On basis of the 
volume deposition rate, the powder catchment efficiency η was analyt-
ically calculated using Eq. (2). The parameter ρ corresponds to the 
density of the maraging steel and takes on a constant value of 7.85 g/ 
cm3 , and ṁ is equivalent to the adjusted and measured powder mass 
flow. 

The degree of dilution, Ψ , as well as the mean remelting depth, hre-

melt, were then determined by analyzing the top layers of the etched cross 
sections. For a bidirectional deposition strategy, the degree of dilution 
can be analytically estimated by Eq. (3) (Dilthey, 2008). 

Ψ =
hn − hZ

hn
∗ 100% (3) 

Here, hn corresponds to the height of the last layer and hz to the 
height of the intermediate layer. The remelting depth hremelt was calcu-
lated as the difference between the top layer height hN and the mean 
layer height hlayer. In the case that the remelting depth hremelt is larger 
than the mean layer height, hz is set to zero, and according to Eq. (3) Ψ 
corresponds to 100%. 

The depth of remelting and width of tracks depended on laser power 
and powder mass flow. Generally, as expected an increase in laser power 
from 600 W to 800 W leads to a noticeable rise up in the remelted depth 
hremelt, degree of dilution Ψ and the powder catchment efficiency η for 
specimens manufactured with the same powder mass flow, see Table 2. 
In contrast to this, the mean layer height increases only slightly with 

Fig. 1. (a) One-, four- and ten-layered specimens and (b) etched cross sections of a 30-layered specimen manufactured with P = 600 W and ṁ= 2.7 ± 0.1 g/min.  

Fig. 2. Schematic illustration of the bidirectional deposition strategy used for manufacturing multi-layered specimens.  
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increasing laser power at a constant powder mass flow. The greatest 
effect on the mean layer height results from an increase in the powder 
mass flow from an average of 2.7 ± 0.1 g/min to 3.7 ± 0.1 g/min, 
whereas the powder catchment efficiency only slightly changed. 

2.3. Metallographic preparation and experimental characterization 

The 4-, 10- and 30-layered cuboids were prepared to highly-polished 
vertical cross-sections using a metallographic standard procedure con-
sisting of grinding followed by polishing in order to determine the 
relative density by means of optical microscopy. For this purpose, a large 
number of individual microscope images, taken with appropriate 
magnification, were successively evaluated with respect to pixel 
brightness for each polished cross-section. For identifying dark 
(porosity) and bright (dense solid) pixels, a standard edge detection 
algorithm based on the Sobel-operator was applied. The value of the 
relative density could then be determined by calculating the ratio be-
tween the numbers of bright pixels to the total pixel number within the 
region considered. A more detailed description of the overall procedure 
to determine the relative density can be found in (Hentschel et al., 
2017). 

To investigate the microstructure and to determine the degree of 
dilution and the mean welding depth of the 30-layered specimens, the 
polished cross-section were firstly etched using V2A Beize (HCl, H2O, 
HNO3) and afterward analyzed by means of optical microscopy and 
scanning electron microscopy (SEM). The V2A etchant is commonly 
used for martensitic steels to make grain boundaries, diffusion lines, and 
carbides visible for optical microscopy and SEM. 

The Vickers hardness measurements were carried out on the polished 
cross-sections of 30-layered specimens using a Vickers hardness tester 
HP30S from Hegenwald & Peschke Mess- und Prüftechnik at 1 g load. 
The measuring device was equipped with a high-precision and pro-
grammable x, y - linear stage allowing the determination of the hardness 
distribution with high spatial resolution. A rectangular measuring grid 
was defined to determine the hardness distribution depending on the 
sample height. The measurement grid was chosen so that 15 individual 
measurements were carried out in each deposited track layer. The dis-
tance between the measuring points in a layer was set to a constant value 
of 0.8 mm. 

SEM imaging was done using a JSM-7900 F from JEOL (Tokyo, 
Japan). With the SEM the Electron backscatter diffraction (EBSD) was 
performed using a C Nano and the Energy Dispersive X-Ray Spectros-
copy (EDS) using an X-max, both from Oxford Instruments (Abingdon, 
United Kingdom). The samples were polished with a fine acidic alumina 
suspension with 0.1 µm granules. The EBSD pattern was further pro-
cessed to reconstruct the prior austenite grains using the MTEX Toolbox 
for Matlab as it was demonstrated by Nyyssönen et al. (2018). The 
process used the Kurdjumov-Sachs orientation relationship 
(111)γ ‖ (110)α and [110]γ ‖ [111]α) between the parental austenite and 
formed during cooling martensite phases. 

Transmission electron microscopy (TEM) was performed with a 
JEOL JEM 2100 equipped with a LaB6 cathode and a digital camera from 
Gatan (San Francisco, CA, USA) (SC1000 Orius). Specimens for TEM 
were electro-chemically prepared with Struers TenuPol-5 equipment 
using the procedure and the electrolyte recommended by Struers 

(Ballerup, Denmark). The aim of the TEM investigations was to identify 
and characterize nano-scale precipitations resulting from the thermal 
cycling of the structures due to the layer-by-layer manufacturing 
approach. In this context, the differences in the precipitations with 
respect to the sample height / number of track layer deposited is 
extensively considered. 

3. Results 

3.1. Influence of process parameters on porosity and hardness profiles 

The evaluation of the microscope images of the 10-layer specimens 
by means of a standard image processing algorithm showed that the 
relative density of all the manufactured specimens was equivalent to 
99.5% or larger. Only micro-porosity and no lack of fusion or keyhole 
porosity were detected. Furthermore, no cracks were observed in the 
dilution zone. These effects were observed for both substrates, which 
indicated high printability of the investigated maraging steel powder on 
steel substrates with different hardness and varying chemical composi-
tion. Based on this observation, substrate 2 (AISI P20) was selected to 
manufacture 30-layered specimens for advanced microstructural anal-
ysis and hardness profile measurements. 

Analysis of the hardness depth profile starting from the specimens’ 
top surface revealed a characteristic profile for all samples, which was 
dependent on the manufacturing parameters. The substrate had the 
lowest hardness as the substrate material was in deliverance conditions. 
Then the hardness raised to the higher value of 450–460 HV1 in the 
dilution zone and dropped down to 400–420 HV1at the depth of the first 
layers. Then in the inner regions, hardness slightly raised again. The 
inner regions of the builds had a hardness of about 440 – 450 HV1. In the 
upper part of the specimen, the hardness was lower and did not exceed 
360–380 HV1 in the top layer. This behavior was the same for all used 
laser powers, but at higher laser powers and powder mass flow, the 
lower hardness plateau of the top region was deeper and reached several 
millimeters at 800 W, 3.7 ± 0.1 g/min, compare to Fig. 3. 

3.2. Microstructure: grain size and morphology 

Low-magnification optical microscopy analysis of the 30-layered 
printed specimens revealed three main regions, which correspond well 
to the hardness profiles, see Fig. 3. The dilution zone and bottom layer 
were normally slightly over-etched and appear dark. A well- 
distinguished inner region with martensitic structure was clearly 
visible, see also Fig. 4 a-c. This region, as mentioned above, had a 
hardness of about 440 – 450 HV1. Finally, the upper region appeared 
brighter in the OM images and had a martensitic microstructure. The 
effect of etching was weaker in this region, which was typical for the 
fresh martensite if compared to the appearance of etched in-situ heat- 
treated martensite in the inner and bottom regions, which appeared 
darker in the microscope image. 

As exemplarily shown in Fig. 4 d, SEM imaging was done to illustrate 
the microstructure of the manufactured 30-layer specimens. To evaluate 
the influence of laser power, specimens manufactured with 600 W and 
800 W with powder mass flow of 2.7 ± 0.1 g/min were characterized 
more thoroughly. In the investigated samples, the inner region and the 

Table 2 
Determined characteristics of 30-layered specimens with respect to the applied set of process parameters.  

Laser power P, 
[W] 

Hatch 
hxy, 
[mm] 

Powder mass flow ṁ, 
[g/min] 

Mean layer height 
hlayer, [mm] 

Top-layer height 
hN, [mm] 

Remelting depth hremelt, 
[mm] 

Degree of 
dilution Ψ 

Powder catchment 
efficiency η 

600  0.8 2.7 ± 0.1  0.452 1.05  0.598 100%  0.42 
800  0.9 2.7 ± 0.1  0.467 1.43  0.963 100%  0.52 
600  0.8 3.7 ± 0.1  0.595 1.00  0.405 68%  0.40 
800  0.9 3.7 ± 0.1  0.613 1.35  0.737 100%  0.49  
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top regions looked quite similar. Colonies, typical for additively manu-
factured steel, were observed. Martensitic structure is clearly visible 
within the colonies. Additionally, some round inclusions and a few 
micro-pores were found. Within the colonies, a cellular structure formed 
at solidification sometimes could be distinguished. Film-like pre-
cipitations with a bright contrast were observed on colony boundaries. 
Further investigation of the film and the round inclusions using EDS 
revealed that the round inclusions have a high fraction of oxygen and 
silicon, which is a common occurrence in additively manufactured 
material (Tian et al., 2021). EDS measurements of the film-like pre-
cipitations revealed that they have a higher fraction of Mo and Si. To 
investigate the general homogeneity of the element distribution in the 
material, SEM-EDS maps were done. The mapping did not reveal any 
segregation of elements (not presented in the article as do not illustrate 
any features of microstructure). 

EBSD performed on the specimen manufactured with 600 W and 
800 W laser power and powder mass flow of 2.7 ± 0.1 g/min showed 
that the grain morphology of both samples was similar with a small 
difference in grain sizes and a lath martensitic structure, see Fig. 4a-d.  
Fig. 5 a and c shows that the grain size for the specimen made with 
600 W was overall smaller than those of the specimen manufactured 
using 800 W laser power. No retained austenite was detected by EBSD, 
as illustrated in Fig. 5, further TEM observations did not reveal the 
presence of austenite in the microstructure either. 

The reconstruction of prior austenite revealed a similar structure in 

both samples. Elongated grains in the build direction and areas with 
smaller grains were observed. For the reconstructed austenite, there was 
no significant difference in the grain size distribution. The area- 
weighted mean grain size value of the two samples were 1193 µm2 for 
the specimen made with 600 W, and 1623 µm2 for the specimen made 
with 800 W laser power respectively. 

3.3. Microstructure: precipitation of coarse and small particles 

Microstructure and precipitated phases in the as-built specimens 
manufactured with 600 W laser power and a powder mass flow of 2.7 g/ 
min were examined in TEM. Samples prepared from the inner region and 
from the top region were investigated. Martensitic lath matrix with high 
dislocation density was found in both regions, see Fig. 6. This is a typical 
microstructure for maraging steels and this observation is in agreement 
with the SEM / EBSD results presented in the previous section. The film- 
like precipitates at colony and lath boundaries observed in SEM were 
observed also in TEM, see Fig. 7b. These film-like precipitates were 
observed in specimens taken from both, inner and top regions. Rela-
tively round quite large precipitates about 20 – 100 nm in size were also 
observed by TEM. These particles were detected in samples taken from 
both, inner and top regions, but not as many larger particles were found 
in the top region. Additionally, in the inner region, a large number of 
smaller precipitates of 5–30 nm inside the laths, Fig. 7b were found. 
These small precipitates inside the laths were not observed in the 

Fig. 3. Hardness profiles for 30-layered samples manufactured using (a) P = 600 W, ṁ = 2.7 ± 0.1, (b) P = 800 W, ṁ = 2.7 ± 0.1 g/min, (c) P = 600 W, ṁ = 3.7 

± 0.1 g/min and (d) P = 800 W, ṁ = 3.7 ± 0.1 g/min. 
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specimen taken in the top region. 
An example of the thin continuous film observed at some locations 

on both lath and grain boundaries is shown in Fig. 8. Both SEM-EDS and 
STEM-EDS revealed an increased content of Mo and Si in the film-like 
precipitates. The EDS line scans in Fig. 8d clearly show a sharp in-
crease in Mo and Si at the boundary. The Cr content is also quite high 
while Fe drops at the boundary. Only a few reflexes, and no clear motif, 
were detected in the SAED patterns so it was difficult to identify this 
phase. 

3.3.1. Coarse particles 
Coarse particles, 20 – 100 nm in size, were observed inside the laths 

in the inner region of the samples, and also at the lath, and grain 
boundaries in the top layer of the builds. From the SAED patterns, these 
particles, both in the top region and in the inner region of the specimen, 
could be identified as the Laves phase, see Fig. 9. Very fine lines were 
visible inside many of the particles, and there were streaks on the spots 
in the diffraction patterns. This indicates that the particles contained a 
high number of thin planar defects like stacking faults, see Fig. 9 b. 
Results of STEM-EDS analysis of an area of the inner region, containing 
this type of particles, showed an increase in both the Mo and Si content 
in the particles compared to that in the matrix. 

3.3.2. Small particles 
The smaller precipitates inside the martensite laths were found only 

in the inner region of the print and not in the top region. These are 
clearly shown in both the bright field and dark field images in Fig. 10. 
The corresponding SAED pattern shows the [211] zone axis of α-Fe and 
spots representing the precipitates which form a pattern with a two-fold 
symmetry and a ratio between two adjacent reciprocal vectors at about 
1.6. In another area of the specimen with a different orientation, [311] 
zone axis of α-Fe, the spots representing the small precipitates form a 
five-fold symmetry. 

4. Discussion 

The development of microstructure and properties in the additively 

manufactured build is governed by a number of factors. In DED-LB/M 
materials, in the same manner as in laser powder bed fusion materials, 
the layer-by-layer strategy of manufacturing significantly influences the 
final quality and properties of the material. The manufacturing method 
also influences the local thermal history of the material, and because of 
that, the characteristic depth profile of microstructure and properties 
are observed. During manufacturing, high energy input at the top sur-
face resulted in thermal cycles of inner regions. Naturally, if the tem-
peratures achieve critical points of phase transformations, or 
temperatures are high enough to initiate diffusional processes in the 
already deposited layers of the material, an in-situ heat treatment pro-
cess takes place. 

4.1. Dilution zone 

First of all, characterization of the dilution zone in the DED-LB/M 
specimens of the maraging tool steel was performed to make sure that 
the build was well-connected to the substrate. The main result of the OM 
and SEM observation was the absence of porosity and cracks in the 
dilution zone independently of what substrate material was used. The 
dilution zone differs in microstructure and hardness from the original 
substrate and the build. An increase in hardness in the dilution zone 
might be associated with the formation of a fine and hard martensitic 
structure in the bottom area of the dilution zone, where the substrate 
material contributed significantly to the average chemical composition 
of the layers. In this area, the material was a mixture of the maraging 
steel deposit and the carbon tool steel substrate. The drop in hardness 
closer to the build could be a result of the stabilization of austenite due 
to a higher concentration of alloying elements from the deposit. An 
additional effect of overaging due to heat accumulation during 
manufacturing could also contribute to the hardness decrease. These 
effects would highly likely be removed by post-treatment aiming to 
achieve a more homogeneous hardness and microstructure of the build. 
Two high alloy tool steels with different hardness and heat treatments 
were tested as substrates. Both can be sufficiently used as substrate 
materials for the additive manufacturing of components of the investi-
gated maraging steel. The observed results, therefore, suggest the 

Fig. 4. Microstructure in detail (a) 600 W, 3.7 ± 0.1 g/min, (b) 800 W, 3.7 ± 0.1 g/min, (c) 600 W, 3.7 ± 0.1 g/min and (d) 600 W, 2.7 ± 0.1 g/min.  
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investigated maraging steel as a possible material for the repair and 
maintenance of worn-out tools or components made of the high alloy 
tool steels. 

4.2. Hardness profile and microstructure 

A further focus of this investigation was paid to the influence of the 
DED manufacturing method on the hardness and microstructure of the 
built material. In maraging steels, martensite is a relatively soft struc-
ture, and hardness and strength are achieved by the formation of nano- 

Fig. 5. (a) Grain morphology of specimen made with 800 W laser power and a powder mass flow of 2.7 g/min, (b) Grain size distribution for specimens made with 
600 W and 800 W laser power and a constant powder mass flow of 2.7 ± 0.1 g/min, (c) The reconstructed prior austenite morphology of specimen made using 800 W 
laser power, (d) Grain size distribution of reconstructed austenite grains for specimens made with 600 W and 800 W laser power. 

Fig. 6. TEM bright field images of a specimen, manufactured with 600 W laser power and a powder mass flow of 2.7 g/min (a) top region and (b) inner region of 
the build. 
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precipitates at aging heat treatment. As it was experimentally observed, 
hardness in the DED-LB/M maraging steel builds had a characteristic 
profile, lower hardness in the top area, and higher hardness in the inner 
regions. A similar hardness profile with high hardness in the bottom 
section of the sample and lower hardness in the top region has also been 
observed by authors who processed maraging steels like 1.2709 (Junker 
et al., 2015) or a Fe-19Ni-xAl (Kürnsteiner et al., 2017) by means of 
DED-LB/M. The low values of hardness observed in the top regions, 
therefore, could very well be explained by the formation of fresh 
martensite in the upper layers of the build. This martensite was clearly 
visible as a bright layer at the top of specimens. Hardness values of the 
top layer are also quite close to the ones provided for fresh martensite by 
the steel manufacturer (320–350 HV), but about 10% higher possibly 
due to a finer microstructure and residual stresses. It was also observed 
that the higher the laser power, the deeper the layer of fresh martensite, 
Fig. 3, which is logical as with the higher energy input, the austeniti-
zation temperature isotherm is located deeper into the deposited 
material. 

The inner regions had higher hardness than the top layers of 
martensite. This is a result of the in-situ heat treatment of the deposited 
layers during manufacturing. Layer-by-layer manufacturing resulted in 
stepwise heating of the deposited material and, therefore, thermal 

cycling and heat accumulation takes place in the inner regions. To es-
timate temperatures that could be achieved in the material after 
manufacturing the 30-layered specimen (P = 600 W, ṁ = 3.8 g/min), 
temperature measurements in the substrate at 3 mm depth from the 
surface were performed. These experiments showed that the inner parts 
heated up to the temperatures of about 180 – 190 ◦C, which is just below 
the martensite starting temperature Ms of this maraging steel. This in-
dicates a possible activation of diffusional processes and partial 
decomposition of martensite with the formation of precipitates, i.e. in- 
situ aging heat treatment in the inner region. It is important to 
mention that heat accumulation will depend on the cross-section of the 
build and the used set of process parameters, and in more massive builds 
or samples with smaller cross-sections temperatures may reach higher 
values for longer times, thus accelerating the effect of in-situ heat 
treatment. 

4.3. Microstructure: grain size and morphology 

Another factor influencing the strength and hardness characteristics 
of steel is the morphology of martensite. It has been reported for various 
different steels that the morphology of prior austenite (Prawoto et al., 
2012) as well as the cooling rate (Ali et al., 2019) have an impact on the 

Fig. 7. TEM bright field images from the inner region of the build showing (a) large particles inside the laths, and along lath boundaries (b) smaller precipitates 
inside the laths and a continuous film along the lath boundary. 

Fig. 8. TEM micrographs from the inner region of the build, showing a thin film at the grain boundary (a) bright field image, (b) dark field image from reflex marked 
in (c), and an example of line scan used to investigate the chemical composition of the film-like phase, (c) SAED pattern and (d) Mo and Si concentration profile along 
the line scan presented in (b). 
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size and morphology of the martensitic grains. The results in the present 
investigation are consistent with earlier work in that faster cooling and 
smaller prior austenite grains resulted in finer martensite grains. As 
follows from Fig. 5 the material manufactured with the lower laser 
power of 600 W has austenite grains that are smaller than the grains 
observed in the material manufactured with 800 W laser power. This 
difference in microstructure should have influenced the hardness of the 
fresh martensite observed at the tops of specimens. Nevertheless, there 
was no obvious difference in hardness values in specimens 

manufactured with 600 W or 800 W, keeping other parameters con-
stant, see Fig. 3. Measured hardness values were about 375 HV1 in the 
top region of the specimens. This means that within the selected range of 
parameters, an increase in laser power influenced prior austenite grain 
size and martensite morphology, but this influence resulted only in 
insignificant changes in the hardness of fresh martensite in the 
DED-manufactured experimental maraging steel. 

Fig. 9. TEM micrographs showing a large particle in the inner region of the print: (a) bright field image, (b) dark field image taken with reflex (110) of Laves, (c) 
SAED pattern showing [001] zone axis of Laves phase and (d) schema to the SAED pattern. 

Fig. 10. Small precipitates inside the laths in the inner region of the print (a) bright field image, (b) dark field image from the spot marked in c, (c) SAED showing the 
[211] zone axis of α-Fe and reflexes from the precipitates forming a two-fold symmetry (the diffuse ring and diffuse spots are from Fe3O4 on the surface of the 
specimen, the spots closest to the central spots are from double diffraction with (0− 11) and (01− 1) α-Fe). 
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4.4. Microstructure: precipitation of coarse and small particles 

Several types of precipitates were observed in the investigated DED 
maraging steel. Usually, maraging steels achieve hardness and strength 
via a precipitation hardening process, i.e. formation of nanoscale 
intermetallic precipitates in the metallic matrix. The present investiga-
tion reports several types of precipitations. The important point is that 
the presence of the finest precipitates was correlated to the build 
location. 

As it was mentioned above, in the DED maraging steel a number of 
different types of precipitates were observed and identified by TEM. The 
film-like precipitates at colony and lath boundaries were observed in 
specimens taken from both inner and top regions. Relatively round quite 
large precipitates about 20–100 nm in size were also observed in sam-
ples taken from both, inner and top regions, but not as many larger 
particles were found in the top region. Finally, only in the inner region, a 
large number of smaller precipitates of 5–30 nm inside the laths, were 
found. 

STEM-EDS showed that the film-like phase is associated with the 
segregation of Mo and Si at lath boundaries. A similar effect during aging 
has been observed in another maraging steel, Thuvander et al. (2013) 
used atom probe tomography to study the segregation at lath boundaries 
in the maraging steel Nanoflex® and observed enrichment in Mo, Si, and 
P on lath boundaries already after 5 min aging at 475 ◦C. After 100 h a 
~5 nm thick film of the quasicrystalline R′-phase, with composition 
36Fe-33Mo-15Cr-9Ni-5Si (at%), was formed. The film was interrupted 
by precipitates of 9 R (Cu) and η-Ni3(Ti, Al). In order to see if the 
film-like boundary phase found in the present study could be the 
quasicrystalline R′-phase, the reciprocal distances for the reflexes from 
the boundary phase were measured on the SAED patterns and compared 
to those from the small precipitates discussed below, which had SAED 
patterns similar to the R′-phase. All the observed reflexes from the 
boundary phase had a shorter reciprocal distance than those from the 
small precipitates so this was not likely the case. These interplanar 
distances of the boundary phase determined from the SAED patterns did 
not correspond to the interplanar distances of the Laves phase either so 
the thin film seemed to consist of a different phase than both the larger 
particles and the small precipitates. Another Mo-rich intermetallic phase 
that may form in the Fe-Cr-Ni-Mo (Liu et al., 1995) and Fe-Cr-Ni-Co-Mo 
(Tarasenko and Titov, 2006) systems is the R-phase. Liu et al. (1995) 
presented that his phase may also contain some Si and according to 
(Tarasenko and Titov, 2006), the Mo content required to form this phase 
and the temperature at which it forms decrease when the Co and Cr 
content of the steel increase. Precipitates of the μ-phase (Fe7Mo6) have 
also been reported in some maraging steels by Sha et al. (1993). The 
interplanar distances determined from the SAED patterns from the 
boundary film-like phase were compared with interplanar distances for 
both R-phase and μ-phase as well as for other Mo- and Si-rich phases 
such as MoSi2, Mo5Si3, and Mo3Si. No perfect match was found, but the 
best fit from the SAED pattern obtained for the film-like precipitates was 
found for the μ-phase (Fe7Mo6). 

Coarse particles of 20–100 nm in size were identified as Laves phase. 
Laves phase in the Fe–Cr–Nb–Mo system has been reported to precipi-
tate both at grain boundaries and inside the grains by Kimura et al. 
(2019). Laves phase has been observed previously in maraging steels 
containing Mo like e.g. in 12Cr-9Ni-4Mo steel (Liu et al., 1995), by 
Viswanathan et al. (1993) in commercial 350 Grade maraging steel, and 
in experimental Mo-containing maraging steel grades by Ooi et al. 
(2013). Si promotes the formation of Laves phase in ferrous alloys 
containing Mo (Kimura et al., 2019) and can substitute Fe atoms in 
Fe2Mo to form (Fe,Si)2Mo, which stabilizes the Laves phase as proposed 
by Alonso et al. (2011). In the maraging steel of the same chemical 
composition but manufactured by laser powder bed fusion method 
(PBF-LB/M), Laves phase has also been found by Tian et al. (2021). 

The highest strengthening effect at aging is usually achieved by the 
formation of nanoscale coherent precipitates in the martensitic matrix. 

In the investigated DED maraging steel nanoparticles were observed, but 
only in the inner region of the build. The TEM image and SAED pattern 
are presented in Fig. 10. Similar SAED patterns have been reported 
earlier for precipitates in conventional maraging steels by Yamamoto 
and Kimura, (2004) and they have been interpreted as a quasicrystalline 
phase (Liu et al., 1995). Yamamoto and Kimura, (2004) found an 
icosahedral quasicrystalline phase in an experimental heat-resistant 
ferritic steel, Fe-9.1Cr-4.5 W-4.6Co-0.15Si. They compared it to steel 
with the same composition but without Si and the quasicrystalline phase 
was only obtained in the steel containing Si. The precipitates formed 
during aging at 600 ◦C. Their size was only a few tens of nm after 100 h 
of aging but had grown to several 100 nm after 1000 h. Liu et al. (1995) 
have studied a 12Cr-9Ni-4Mo conventional maraging stainless steel and 
found precipitates with an icosahedral quasicrystalline structure 
(R′-phase) in the steel when aged at 475 ◦C for 4 h, 100 h and 1000 h. 
This phase contained almost 50 wt% Mo and was also rich in Fe and Cr. 
It also contained Si, the small particles had a higher Si content (7.2 wt%) 
than the larger ones (2.7 wt%). This allowed us to believe that the 
nanoscale precipitates observed in the inner regions of the DED mar-
aging steel build and formed as a result of in-situ heat treatment during 
the layer by-layer manufacturing approach were the quasicrystalline 
R′-phase. 

The presence of precipitates in the investigated DED maraging steel 
correlates well with the thermal history and hardness profile of the 
build. The formation of a film-like phase and large precipitations can be 
associated with the solidification process. This is confirmed by the fact 
that these precipitates were observed in both, the top and inner regions 
of the build. In AM materials, precipitation of intermetallic phases at 
colony boundaries has often been reported. In the investigated maraging 
steel, it can be the result of relatively high Mo and Co content. Co in 
maraging steel is known, as presented by Nouri et al. (2022) as an 
element intensifying diffusion of Mo from solid solution and provoking 
precipitations of Mo-rich precipitates. These precipitations contribute to 
hardness, see Fig. 3, but, for example in a laser powder bed fusion 
manufactured steel with the same chemical composition, as shown by 
Tian at al., 2021,may result in low ductility and toughness (Tian et al., 
2021). 

Precipitation of the quasicrystalline R′-phase was observed only in 
the inner regions, not in the top, and because of that can be considered a 
result of in-situ heat treatment. Thermal cycling during manufacturing 
apparently was enough to initiate diffusion and promote the formation 
of nanoscale precipitates in the martensite laths. Investigation of the 
hardness profile shows that these precipitates have the main impact on 
the hardness of the DED maraging steel. The top region where no pre-
cipitates were observed was about 15% lower in hardness compared to 
the inner regions subjected to in-situ aging. Remarkably, the thickness of 
this softer region reached some millimeters at a laser power of 800 W. 
Practically, this suggests a strong need for heat treatment of the DED- 
manufactured tool of the maraging steel to achieve the properties 
required by an application. It is worth mentioning that although the 
described in this investigation behavior is universal for DED maraging 
steels and controlled by technology, the quantitative results, hardness, 
number of precipitations, etc., may vary in dependence on the build size 
and shape. Indeed, heat accumulation, temperature gradients, and 
thermal cycles to which the build is subjected to during manufacturing 
are influenced by the build’s size and shape and will be unique for each 
specific printed object. 

Additionally, further investigations are necessary to finally qualify 
this maraging tool steel as a suitable material for AM of molds by means 
of DED-LB/M. Therefore, the next step is to develop an appropriate post- 
heat treatment strategy to compensate for the spatial hardness differ-
ences by homogenizing the microstructure while ensuring an 
application-relevant high hardness and mechanical strength level by 
precipitation hardening. If the mechanical properties of specimens (e.g. 
yield strength, elongation at break) are at a level that justifies practical 
use, prototype tools are to be designed and manufactured and then 
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tested and evaluated in near-series trials. 

5. Conclusions 

The investigated experimental maraging tool steel showed good 
printability using DED-LB/M. Utilization of suggested conservative 
manufacturing parameters resulted in low porosity, crack-free surface, 
and crack-free dilution zone after manufacturing on both used tool steel 
substrates in an interval of laser powers of 600 – 800 W and powder 
mass flows 2.7 ± 0.1–3.7 ± 0.1 g/min. Thereby, the feed rate was kept 
constant to 400 mm/min for all experiments. 

Characteristic hardness profiles were observed in the 30-layered 
specimens. The top layer of the build was relatively soft, hardness of 
360 – 380 HV1 was observed to the depth of some millimeters. This 
depth was dependent on laser power, and the deepest soft top layer of 
3 mm was observed in the build manufactured with 800 W laser power. 
Due to the layer-by layer manufacturing approach and associated with 
this the strong thermal cycling, named in-situ-heat treatment, the 
hardness in the inner regions of the build takes on values of 440 – 450 
HV1, and the highest hardness was observed in the dilution zone where 
substrate and deposit materials were mixed together. No remarkable 
difference in the hardness in the inner regions was distinguished be-
tween specimens manufactured with 600–800 W and powder mass 
flows 2.7 − 3.7 ± 0.1 g/min. 

The hardness profile in the top and inner regions corresponded well 
to the microstructure of the build. The top layer, deposited last and 
cooled down quickly has a microstructure of fresh martensite, a soft 
phase in maraging steels. Layer-by-layer manufacturing resulted in 
thermal cycling of the previously deposited layers, i.e. in-situ heat 
treatment. This in-situ heat treatment resulted in the precipitation of 
intermetallic phases in the martensite matrix with a subsequent hard-
ening effect. The observed trend is general for other DED-LB/M manu-
factured maraging steels. 

SEM and TEM investigations revealed several different types of 
precipitates in the build.  

• Film-like precipitates of most likely Fe7Mo6 (μ-phase) were observed 
at colony and lath boundaries in specimens taken from both, inner 
and top regions.  

• Relatively round quite large precipitates about 20–100 nm in size 
were identified as Laves phase. These particles were also observed in 
both, inner and top regions, but not as many larger particles were 
found in the top region.  

• A large number of smaller quasicrystalline R′-phase precipitates of 5 
– 30 nm in size located inside the laths, were found in the inner re-
gion. These small precipitates inside the laths were not observed in 
the top region. 

Since film-like μ-phase and round large precipitates were observed in 
both the top layer and inner region, these precipitations were rather 
formed during solidification, perhaps due to the segregation of low- 
diffusivity elements at colony boundaries. The fine quasicrystalline R′- 
phase precipitates of 5–30 nm were observed in the inner region, which 
indicated that they are the result of in-situ heat treatment of the inner 
regions during manufacturing. Formation of these fine quasicrystalline 
R′-phase precipitates caused precipitation hardening effect and higher 
hardness 440 – 450 HV1 observed in the inner region. 
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Jägle, E., Sheng, Z., Kürnsteiner, P., Ocylok, S., Weisheit, A., Raabe, D., 2017. 
Comparison of Maraging Steel Micro- and Nanostructure Produced Conventionally 
and by Laser Additive Manufacturing. MDPI - Materials Materials 10 (1), 8. https 
://doi.org/10.3390/ma10010008. 

Jhavar, S., Paul, C., Jain, N., 2013. Causes of failure and reppairing options for dies and 
mnolds: A Review. Eng. Fail. Anal. Volume 34, 519–535. https://doi.org/10.1016/j. 
engfailanal.2013.09.006. 

Junker, D., Hentschel, O., Schmidt, M., & Merklein, M., 2015, Qualification of laser 
based additive production for manufacturing of forging Tools. 4th International 
Conference on New Forming (MATEC Web of Conferences 21, 08010). Glasgow. 

Junker, D., Hentschel, O., Schramme, R., Schmidt, M., Merklein, M., 2017. Performance 
of Hot Forging Tools built by Laser Metal Depsoition of Hot Work Tool Steel 
X37CrMoV5–1. In: Proceedings of the laser in manufacturing conference. Munich. 

D. Junker O. Hentschel M. Schmidt M. Marion 19. Investigation of Heat Treatment 
Strategies for Additively-Manufactured Tools of X37CrMoV5–1 MDPI-Metals 8 10 
2018, October 854.https://doi.org/10.3390/met8100854. 

Kimura, Y., Kato, K., Chai, Y., 2019. Effects of Si on phase stability and precipitation. 
MRS Advances, 4(25-26), 1477-1483. doi:10.1557/adv.2019.112. 

Kürnsteiner, P., Wilms, M., Weisheit, A., Raabe, D., 2017. Massive nanoprecipitation in 
an Fe-19Ni-xAl maraging steel triggered by the intrinsic heat treatment during laser 
metal deposition. Acta Mater. 129, 52–60. 

Liu, P., Stigenberg, A., Nilsson, J., 1995. Quasicrystalline and crystalline precipitation 
during isothermal tempering in a 12Cr-9Ni-4Mo maraging stainless steel. Acta Metal. 
Mater. Vol 43 (No 7), 2881–2890. 

Nouri, N., Li, Q., Damon, J., Mühl, F., Graf, G., Dietrich, S., Schulze, V., 2022. 
Characterization of a novel maraging steel for laser-based powder bed fusion: 
optimization of process parameters and post heat treatments. J. Mater. Res. Technol. 
Vol 18, 931–942. 

Nyyssönen, T., Peura, P., Kuokkala, V., 2018. Crystallography, morphology, and 
martensite transformation of prior austenite in intercritically annealed high- 
aluminum steel. Met. Mater. Trans. A 49, 6426–6441. 

Ocylok, S., 2015. Herstellung und Eigenschaften nanopartikulär verstärkter 
Beschichtungen durch Laserauftragschweißen zum Verschleißschutz von 
Schmiedegesenken. Apprimus Verlag,, Aachen.  

Ooi, S., Hill, P., Rawson, M., Bhadeshia, 2013. Effect of Retained Austenite and High 
Temperature Laves Phase on the Work Hardening of an Experimental Maraging 
Steel. Materials Science & Engineering A, 564 ,, 485–492. 

Pinkerton, A., Li, L., 2005. Direct additive laser manufacturing using gas- and water- 
atomised H13 tool steel powders. Int. J. Adv. Manuf. Technol. 25, 471–479. 

Prawoto, Y., Jasmawati, N., Sumeru, K., 2012. Effect of prior austenite grain size on the 
morphology andmechanical properties of martensite in medium carbon steel. 
J. Mater. Sci. Technol. 28, 461–466. 

O. Hentschel et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref1
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref1
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref1
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref2
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref2
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref2
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref3
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref3
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref3
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref4
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref4
https://doi.org/10.3390/ma10010008
https://doi.org/10.3390/ma10010008
https://doi.org/10.1016/j.engfailanal.2013.09.006
https://doi.org/10.1016/j.engfailanal.2013.09.006
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref7
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref7
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref7
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref8
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref8
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref9
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref9
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref9
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref10
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref10
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref10
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref11
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref11
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref11
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref11
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref12
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref12
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref12
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref13
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref13
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref13
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref14
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref14
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref14
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref15
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref15
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref16
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref16
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref16


Journal of Materials Processing Tech. 315 (2023) 117928

12

Sha, W., Cerezo, A., Smith, G., 1993. Phase chemistry and precipitation reactions in 
maraging steels. Metall. Trans. A Vol 24A, 1251–1256. 

Tarasenko, L., Titov, V., 2006. Intermetallic R-phase in Maraging Steels of the Fe-Cr-Ni- 
Co-Mo System. Met. Sci. Heat. Treat. Vol. 48, 7–8. 

Thuvander, M., Andersson, A., Stiller, K., 2013. Atom probe tomography investigation of 
lath boundary segregation and precipitation in a maraging stainless steel. 
Ultramicroscopy 132, 265–270. 

Tian, Y., Chadha, K., Kim, S., Aranas, C., 2021. Strengthening mechanisms in a heatvar 
hot work tool steel fabricated by laser powder bed fusion. Mater. Sci. Eng.: A Vol. 
805. 140801. doi.org/10.1016/j.msea.2021.140801. 

Toyserkani, E., Khajepour, A., Corbin, S., 2004. Laser Cladding. CRC Press,, New York.  
Uddeholm Impax, 2023, www.uddeholm.com/files/PB_impax_supreme_english.pdf. 

(2019, February 10). 
Uddeholm Orvar , 2023. www.uddeholm.com/files/PB_orvar_supreme_english.pdf. 

(2022). 
Viswanathan, U., Dey, G., Asundi, M., 1993. Precipitation Hardening in 350 Grade 

Maraging Steel. Metall. Trans. A Vol 24A. 2429 - 2442. 
Yamamoto, K., Kimura, Y., 2004. Precipitation of the icosahedral quasycrystalline phase, 

R-phase and laves phase in ferritic alloys. Mater. Trans. Vol 45 (No 2), 357–360. 

O. Hentschel et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref17
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref17
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref18
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref18
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref19
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref19
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref19
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref20
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref21
http://refhub.elsevier.com/S0924-0136(23)00073-0/sbref21

	Influence of the in-situ heat treatment during manufacturing on the microstructure and properties of DED-LB/M manufactured  ...
	1 Introduction
	2 Materials and method
	2.1 Materials
	2.2 DED-LB/M machine experimental setup and process parameters
	2.3 Metallographic preparation and experimental characterization

	3 Results
	3.1 Influence of process parameters on porosity and hardness profiles
	3.2 Microstructure: grain size and morphology
	3.3 Microstructure: precipitation of coarse and small particles
	3.3.1 Coarse particles
	3.3.2 Small particles


	4 Discussion
	4.1 Dilution zone
	4.2 Hardness profile and microstructure
	4.3 Microstructure: grain size and morphology
	4.4 Microstructure: precipitation of coarse and small particles

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Conflict of interest
	References


