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� A novel maraging steel with high
hardness was fabricated by the laser
metal deposition method for tool
steel application.

� The steel was aged for long-term at
high temperatures and revealed an
outstanding softening resistance.

� Numerical models applied
successfully validated the
microstructural and property
evolution.
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Durability is a critical factor for hot stamping dies from an economic point of view. Refurbishing the dies
by depositing new material instead of replacement is a promising method to reduce the cost. For this rea-
son, a newly developed maraging steel (NMS) was cladded on a hot work tool steel by means of directed
energy deposition. After an optimized tempering, exposures at high temperatures were carried out on the
cladded NMS in order to examine the softening resistance. The microstructural evolution of the material
was systematically characterized using a combination of optical microscopy (OM), X-ray diffraction
(XRD), scanning electron microscopy (SEM), Auger electron spectroscopy (AES) and transmission electron
microscopy (TEM). The precipitate in the cladded steel was identified as Laves phase. The coarsening of
this phase is considered as the main reason for the thermal softening of the steel at high temperatures.
The coarsening behavior was also simulated by using the revised Langer-Schwartz-Wagner (LSW) model,
which was in good agreement with experimental observations. Moreover, a mathematical model of pre-
cipitate strengthening was successfully applied to evaluate the softening behavior of the steel. This model
can be used to predict the hardness/strength evolution of the investigated tool steel during its high-
temperature service.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction components. For the safety of passengers, these structural compo-
Hot work tool steels are widely used as die materials, especially
in the hot stamping process to fabricate automobile structural
nents should have high strength. In actual applications, one type of
boron steel (the grade of 22MnB5) is commonly used for structural
components (such as the B-pillar component) due to its relatively
low price and high strength obtained after hot forming [1]. How-
ever, when hot stamping this high-strength boron steel, the tool
steel (the die material) is faced with a harsh environment due to
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the cyclic thermal and mechanical loads, wear, and so on [2]. In
this case, the tool steels are required to have combined high hard-
ness, high strength, and decent toughness [34]. The properties of
tool steel are significantly influenced by its microstructure. The
typical microstructure of hot work tool steel is tempered marten-
site with secondary carbides. Fine secondary carbides dispersed
in tool steel provide sufficient strength/hardness. Regarding the
carbides, the Cr-rich M3C, M7C3 and M23C6 carbide often have an
easier coarsening tendency compared to the W-rich or V-rich MC
carbides [4].

However, due to the high temperature of the steel sheet that die
deals with, the carbides in tool steels will be inevitably coarsened
at high temperatures, leading to the softening of the die materials
[56]. Hence, thermal stable carbides are favorable for hot work tool
steel because they can maintain dispersion strengthening effects in
materials at elevated temperatures.

Softening of the die can lead to some unexpected failures, such
as severe wear, galling phenomenon caused by an accumulative
transfer of material from workpieces, progressive worn of tool
material and consequently an increase in maintenance costs. The
protrusions caused by galling can decrease the surface quality of
the components and cause an insufficient heat transfer from the
formed sheet to the die, which will again affect the final
microstructure and mechanical properties of the formed compo-
nents. Based on our previous study, all the above issues can be
caused by the softening of the tool steel.

In recent years, the development of additive manufacturing
(AM) technology provides the possibility to fabricate net-shape
components. As one technique of AM, laser metal deposition
(LMD) has the advantage on repairing dies and adding new func-
tion materials to existing components. For instance, cladding hard
materials to the surface of the dies can improve wear resistance.
This process is also termed hard facing, a technique that can offer
a metallurgical bonding between the deposited coating and the
substrate tool. A properly coated surface layer is expected to pro-
vide better resistance to wear, corrosion and softening at high tem-
peratures than the substrate.

There are some challenges with the hot work tool steels fabri-
cated by the AM method, such as high cracking susceptibility,
and difficulty to form full density parts due to the relatively high
contents of carbon and alloy elements used for strengthening the
steel and increasing the hardenability. Maraging steels with a
carbon-free/low carbon content could be a potential solution for
this due to their good weldability.

Maraging steels are usually reinforced by intermetallic precipi-
tates obtained by proper heat treatments. Compared to carbides in
common hot work tool steels, these intermetallic phases have a
slower growth rate. It is known that the diffusion coefficient of car-
bon in steel is several orders higher than that of the substitutional
alloying elements. As a result, carbides in common hot work tool
steels could be coarsened much faster. Generally, minimizing the
coarsening rate of the reinforcing phase is one of the major strate-
gies to delay the softening of hot work tool steel at high tempera-
tures. In addition, the precipitate (reinforced particles) coarsening
is also driven by the interfacial energy between the precipitate and
matrix according to the Langer-Schwartz-Wagner (LSW) model
[910]. Usually, high interfacial energy causes a relatively high
coarsening rate. Hence, a desired reinforcing phase for hot work
steel is supposed to have low interfacial energy with matrix and
low diffusion coefficient of the constitutive elements.

Regarding the precipitation hardening behavior of maraging
steels, many researchers have studied the mechanical properties
and put some effort to model it. Pereloma et al. [7] investigated
the dominant strengthening mechanism in a Fe-20Ni maraging
steel. It was found that the hardness drops when aging at 550 ℃
for more than 10 min are associated with both the coarsening of
2

the precipitates and the reverse of austenite. However, the
strengthening models based on precipitation hardening in the
study did not fit the yield strength very well. Pardal et al. [8] also
tried to model the precipitation hardening behavior of a type of
18Ni-M300 maraging steel in the 440–650 ℃ range. The results
showed that the modeling was only valid until 560 ℃, because
the aging at the higher temperatures will cause reversed austenite.

Although maraging steels manufactured by AM have been stud-
ied extensively in recent years, most of them are fabricated by laser
beam powder bed fusion (LBPF) [111213]. There was limited
research related to the LMD process [1415]. The evolution of the
microstructure and mechanical property of maraging steel made
by LMD during the softening treatments is therefore of great inter-
est. In addition, to the authors’ knowledge, the relationship
between microstructure and mechanical properties of metallic
materials was mostly interpreted in qualitative ways. Quantitative
analysis is still insufficient.

The aim of this work is to evaluate the softening resistance of a
newly developed maraging steel fabricated by LMD technique at
elevated temperatures. The design of low Ni content in this steel
aims to avoid reversed austenite, which could lead to the softening
of the material. Good softening resistance of this maraging steel is
expected because the reinforcing precipitate in this alloy has good
thermal stability. The evolution of the microstructure will be sim-
ulated by using the LSW model. Furthermore, a quantitative corre-
lation between the microstructure and mechanical properties
(specifically, hardness) of this steel will be established.
2. Materials and methods

2.1. Experimental procedure

A newly developed maraging steel (hereafter named NMS)
using pre-alloyed feeder stock powder with diameter in the range
of 50–150 lm was deposited on a substrate brick of Uddeholm
Dievar hot work tool steel without preheating. The nominal com-
positions of the deposited layer and the substrate are given in
Table 1. Samples for this study were produced by a LMD laser
printing machine with a Nd:YAG laser beam using a bidirectional
scan strategy, where the metal particles are conveyed by argon car-
rier gas. The deposition was performed on a cladding area of
102 � 52 mm. A constant layer thickness of 1.6 mm was applied
to build samples with 1 to 8 layers. The laser power of 1600 kW
and the scanning speed of 520 mm/min were kept constant
throughout the whole process.

After printing, cubic samples with the size of 10 � 10 � 22 mm3

were extracted from the cladded bricks. Optimization of the tem-
pering parameters was conducted on the as-cladded samples to
yield the material with the highest hardness value. The optimized
parameter was identified as double tempering at 535 ℃ for 3 h. To
evaluate the softening resistance of the material, the tempered
samples were then heat-treated at 550 ℃ and 600 ℃ for 5 h,
25 h, 50 h and 100 h respectively, followed by air cooling to room
temperature.

Hardness measurement was performed on the top layer from
the polished cross-section of the cubic samples using Struers
DuraScan-70 G5. The testing load is 10 Kgf, and the dwell time is
15 s. Six indentations were measured to obtain the average Vickers
hardness.

For microstructure analysis, the samples were mounted, ground
and polished up to 1 lm diamond suspension and then etched
with an etchant constituting 4 % HNO3 + 4 % HCl. The microstruc-
ture of these samples was characterized by means of a Zeiss Axio-
scope 7 light optical microscope with a model of tiles (interactive)
and a Zeiss LEO Gemini 1550 field emission scanning electron



Table 1
Chemical composition (wt.%) of the cladded material (NMS) and substrate (Uddeholm Dievar).

Material C Si Mn Cr Mo Co Cu Ni V Fe

NMS 0.03 0.35 0.40 5.0 8.0 12.0 2.0 2.0 – Bal.
Uddeholm Dievar 0.35 0.2 0.5 5.0 2.3 – – – 0.6 Bal.
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microscope (FEG-SEM). The chemistry of the small precipitates
was analyzed by means of a PHI 700 Scanning Auger Nanoprobe.
The accelerating voltage of the electron beam is 10 kV, and its
beam current is 10 nA. Before the analysis, the oxide and carbon
contamination on the sample were removed by a gentle argon
ion sputtering. To identify the phases formed, XRD measurements
were performed on the top surface of polished cubic samples to
avoid the influence of the rough surfaces using a Bruker D8
Advance with a Cr X-ray source. The 2-theta range was 30� �
158� and the step size was 0.05�. In order to investigate the fine
precipitates further, a transmission electron microscope (TEM)
was also used. Thin-foil TEM samples with 3 mm diameter were
prepared by grinding to a thickness of � 80 lm and then elec-
trolytic polished using the Struers A2 electrolyte at 2 ℃. The FEI
Tecnai T20 TEM was operated at 200 KV. The Digital Micrograph
(TM) 3.9.1 software was used to assist in the analysis of TEM
images. The particle size and fraction of precipitates were statisti-
cally analyzed by ImageJ software from 3 images for each sample.
In addition, to complement the experimental observation, simula-
tion to predict the equilibrium phases in the steel was performed
by means of Thermo-Calc (2019b) software using the TCFE9
database.
3. Results

3.1. Microstructure evolution

The optical micrographs of the as-cladded NMS with various
layers are shown in Fig. 1. Crack-free and nearly full dense cladded
zone was obtained even in the sample with 8-layers, suggesting
Fig. 1. The optical micrographs of as-cladded NMS (cross-section) with: (a) 1-layer, (b)
structure.
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that NMS had excellent weldability. The magnified graph
(Fig. 1d) shows a typical martensite structure in the as-cladded
steel.

XRD measurements were applied to check the phase constitu-
tion of NMS before and after softening (Fig. 2) and a in the figure
means bcc/bct-Fe phase. As shown in Fig. 2, only martensitic
matrix was detected in the as-cladded sample, indicating little
retained austenite. The reason behind this was the low C concen-
tration in this type of steel. Using JMatPro software, the martensite
start- and finish-temperature (Ms & Mf) of the material were esti-
mated to be as high as 430 ℃ and 295 ℃ respectively. Conse-
quently, when the steel was fast-cooled from the austenitic
region to room temperature, the steel could be completely trans-
formed into martensite and no austenitic phase would be retained.
Compared to the as-cladded sample, the a peaks in other three
heat-treated samples were shifted towards higher 2h-angles,
implying the decomposition of martensite during tempering. In
addition, no reverted austenite was found in the tempered or soft-
ened samples, although it has been frequently found in other types
of maraging steel after high-temperature tempering [161718].
Notice that in general maraging steels, high content of Ni (17–
19 wt%) makes the austenite phase more stable, and part of the
martensite will be reverted to the austenite phase at high temper-
atures. The low nickel content (�2 wt%) of the maraging steel in
this study (NMS) resulted in a relatively small austenite region in
the phase diagram and consequently the absence of reverted
austenite in the tempered samples. This was beneficial to the high
hardness. In Fig. 2, no difference was observed from the XRD pat-
tern in these three heat-treated samples. Moreover, peaks of the
expected precipitates were not found neither. Only two humps
were barely seen, one was located at the left of the (110) peak
2-layers, and (c) 8-layers; (d) The magnified graph exhibits the typical martensite



M. Yuan, L. Nyborg, C. Oikonomou et al. Materials & Design 224 (2022) 111393
and another was between 2-theta of 120–140�. Notice, these
humps were not observed in the as-cladded sample and were
expected to be from some nano precipitates in heat-treated
samples.

The microstructure between different cladding layers had no
distinct difference. Only the bottom layer had more primary car-
bide particles along the grain boundaries. This was probably due
to the dilution effect from the substrate material, which leads to
the increase of C concentration in the bottom layer. Therefore,
the microstructure evolution in the top layer was selected to be
shown in this study. Fig. 3 illustrates the microstructure from the
cross-section of the top layer by SEM before and after heat treat-
ments at different conditions. As exhibited in Fig. 3a, no precipitate
but a few primary carbides were found along the prior austenite
grain boundary in the as-cladded sample. The morphology within
Fig. 2. XRD patterns of NMS at various conditions.

Fig. 3. Secondary electron-SEM images of NMS from the top layer at different conditions:
� 100 h.
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the grains was probably caused by the different orientations of
the martensite structure. Precipitates were also absent in other
layers, indicating that the intrinsic heat treatment effect from the
subsequent deposition to previous cladded layers during the LMD
process cannot lead to the formation of the precipitates in this steel
due to slow kinetics of the martensite decomposition. This is differ-
ent from other maraging steels [15]. However, massive nano pre-
cipitates were dispersed in the matrix of the tempered samples
(Fig. 3b), which were expected to improve the hardness of the steel
by precipitation strengthening. After treating at 550 ℃ for 100 h,
the precipitated particles became less but bigger (Fig. 3c). It meant
that Ostwald ripening (small particle dissolving, large particle
growing) occurred in the alloy during this process. Increasing the
softening temperature to 600 ℃, this coarsening phenomenon
was more distinct as shown in Fig. 3d.

Auger electron spectroscopy (AES) is a useful technique to ana-
lyze the chemical composition of small features. Here, it was used
to clarify qualitatively the chemical composition of the precipitate
particles in the NMS. As shown in Fig. 4, besides Fe, major alloying
elements Cr, Mo, Co, Cu and Ni were detected in the AES spectra.
Compared to the matrix, significantly higher peak intensity of Mo
from the precipitate indicated higher concentration of Mo there.
Moreover, absence of carbon peak in the spectra from these precip-
itate particles implied that they were intermetallic compounds
instead of carbides.

In order to quantify the precipitates, TEMwith higher resolution
was applied. The representative TEM images of the precipitates
under different conditions were shown in Fig. 5. ImageJ software
was applied to estimate the particle size and fraction from TEM
images.

Similar precipitate evolution as observed in the SEM images
was found by TEM. Firstly, no precipitate was found in the as-
cladded sample (Fig. 5a). However, some black particles, which
were suspected to be primary carbide, were distributed on the
grain boundary. In addition, some white spots decorated by a small
black particle in the center were considered as the nucleation clus-
(a) As-cladded; (b) Tempered; (c) Softened at 550 ℃ � 100 h; (d) Softened at 600 ℃



Fig. 4. AES spectra reveals different Mo intensity from the matrix and the precipitates. a) SEM image providing analysis location; b) AES spectra from the matrix (point 1) and
precipitate (point 2).

Fig. 5. Representative TEM micrographs of precipitates at different conditions: (a) as-cladded; (b) as-tempered, (c) 550 ℃ � 100 h after tempering, (d) 600 ℃ � 100 h after
tempering.

M. Yuan, L. Nyborg, C. Oikonomou et al. Materials & Design 224 (2022) 111393
ters of the precipitates. In the tempered sample (Fig. 5b), the par-
ticle had a mean diameter of � 12 nm. After the softening treat-
ment at 550 ℃ for 100 h, the mean particle diameter increased
to � 19 nm (Fig. 5c). Increasing the softening temperature to 600
℃, the corresponding mean diameter was � 27 nm averagely. It
should be noticed that the amount of the precipitates was rela-
tively constant in the range of � 17 vol% during the softening pro-
cess, which agrees with the Ostwald ripening model [19].
Furthermore, the shape of precipitates changed from needle-like
to spherical. This was attributed to the need of lowering the surface
5

energy. At the beginning of precipitation, the precipitates were
formed following a certain orientation relationship with the matrix
(coherency) in order to reduce the nucleation barrier. However, the
precipitates tended to spheroidize at high temperatures in order to
lower the overall surface energy.

3.2. Hardness evolution

Generally, coarsening of the precipitates will significantly influ-
ence the mechanical properties of alloy. As shown in Fig. 6, the



Fig. 6. The hardness evolution of NMS after treated at various conditions.
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hardness of NMS was significantly increased from � 380 HV
to � 700 HV after being tempered, attributed to the massive pre-
cipitates in the steel and the absence of reverted austenite. In the
following softening process, the hardness decreased as expected.
The hardness dropped by 12.9 % (to 605 HV) for 550 ℃ and
100 h to 23.7 % (to 531 HV) for 600 ℃ and the same duration. In
Ref. [20], the softening resistance of the widely used H13 hot work
tool steel produced by laser-beam powder bed fusion (LPBF) was
evaluated. For the same duration, the corresponding hardness drop
is 12.8 % (to 545 HV) for heating at 550℃ and 44.0 % (to 333 HV) at
600 ℃, respectively. Compared to widely used H13 hot tool steel,
NMS shows a much higher softening resistance at 600 ℃ and has
a higher final hardness after heating at both 550 ℃ and 600 ℃.
Softening is mainly attributed to the coarsening of precipitates.
From the kinetic perspective, the coarsening rate at higher temper-
atures should be larger, leading to a faster decrease in the precip-
itation strengthening effect. Hence, NMS shows a bigger hardness
drop at 600 ℃ than that at 550 ℃ (Fig. 6). The influence from other
strengthening effects (such as dislocation strengthening, and grain
boundary strengthening) is expected to be rather limited.
3.3. Precipitate identification

Identification of precipitate phase in the deposited NMS will
help us to understand better the mechanical properties. In the pre-
sent study, massive precipitates were observed in the heat- treated
NMS (Fig. 3). To identify the precipitates, simulation was per-
formed by using Themo Calc software, as illustrated in Fig. 7. As
can be seen in Fig. 7a, the matrix phase is supposed to be bcc ferrite
at the equilibrium condition of 500–600 ℃. The dominant precipi-
tate is supposed to be C14-Laves phase (Fig. 7b). Compared to C14-
Laves phase, other strengthening phases should have a far small
mole fraction. Their influence on softening behavior is thus negli-
gible and will not be discussed in this study, although small
amount of primary carbide was found in Fig. 5a. Since the peak
hardness has been reached after tempering using the optimized
heat treatment parameter, it is reasonable to assume that the vol-
ume fraction of the Laves phase has reached the maximum value
after double tempering at 535℃ for 3 h. At 535℃, the mole content
of the Laves phase was about 14.2 mol % (equivalent to � 15.5 vol%
) based on the simulation. This agreed roughly with the estimation
of precipitate fraction (�17 vol%) from TEM images. In addition,
the composition of the C14-Laves phase was also provided by
Thermo-Calc (Fig. 7c) simulation. As can be seen, the Mo content
6

in Laves was maintained to be 33.3 mol.%, indicating that the sto-
ichiometry of this C14-Laves phase in NMS is (Fe, Cr)2Mo.

In order to confirm this phase further, a high-resolution TEM
(HRTEM) study, as given in Fig. 8, was applied. Fig. 8b is the fast
Fourier transform (FFT) image transformed from the rectangle
region in Fig. 8a. It indicated that the lattice structure of the precip-
itates was hexagonal, with lattice parameters of a = 0.468 nm and
c = 0.764 nm. This was consistent with the literature [21]. Simi-
larly, the lattice parameter a of the amatrix with bcc structure cal-
culated from the high-resolution image was about 0.2912 nm,
which was slightly higher than the standard lattice parameter of
ferrite (0.2866 nm) [22]. The orientation relationship between
Laves phase and the a matrix was identified to be [0001]L//

[1
�
11]a, (101

�
0)L//(110)a according to Fig. 8b. The interplanar spac-

ing of dð101
�
0ÞL and d(110)a is 0.4053 nm and 0.2060 nm, respec-

tively. Hence, the mismatch between dð101
�
0ÞL and 2d(110)a can be

calculated and was as small as 1.9 %. The coherent interface with
low mismatch will result in low interfacial energy and a conse-
quently low driving force for the growth of the precipitates. This
is one of the reasons that the C14-Laves phase is a thermal stable
phase and that the steel has an outstanding softening resistance
at high temperatures. Furthermore, the coherent interface made
the distribution of the precipitate homogeneous in the matrix. This
also agreed with the microstructural observation in Fig. 3 and
Fig. 5.

4. Discussion

4.1. Precipitate evolution

It is well known that the mechanical properties of an alloy can
be significantly influenced by the size and the spacing of precipi-
tates, which can be changed with temperature and time of the
heat-treatment [16]. The evolution of the precipitate can be
divided into two stages: growth and coarsening [23]. In the first
stage, precipitates are nucleated and grow. Large volume fraction
of small precipitates contributes to a better strengthening effect.
Notice the solutes for precipitating is from the surrounding matrix.
The particle size and volume fraction of the precipitates will
increase with time until achieving equilibrium. Once peak hard-
ness is reached, the volume fraction of the precipitate will remain
constant and then the coarsening starts. According to Ostwald
ripening mechanism [19], the large particles with low specific sur-
face area tend to grow at the expense of small particles in this
stage. Hence, longer heating (or aging) will lead to an increase of
the average particle size, but the volume fraction remains constant.

In the present study, the peak hardness of the tested material
has been obtained after being tempered at the optimized condi-
tions. It is reasonable to deduce that the precipitate growth in
the tempered material has been finished and the volume fraction
of the precipitates is constant after tempering, as confirmed by
the observation from TEM. The subsequent evolution of precipi-
tates during the softening treatment is coarsening driven by the
interfacial free energy between the particle and matrix. The rela-
tionship between particle size and coarsening (softening) time
can be described by the widely used Lifshitz-Slyozov-Wagner
(LSW) model [910], as given in Eq. (1):

r3 � r30 ¼ 8DrcaVp
m

9RT
t ð1Þ

Where r0: initial radius of the precipitate at time = 0,

r: average radius of the precipitate at time t,
D : diffusion coefficient of the controlling solutes,



Fig. 7. Prediction of the equilibrium phase in NMS based on simulation using Themo-Calc: (a) the phase evolution as a function of temperature; (b) the zoom-in image; (c) the
composition of the C14-Laves phase.

Fig. 8. (a) High-resolution TEM image from the sample treated at 550 ℃ for 100 h; (b) magnified image showing the lattice of the precipitate and the matrix. FFT patterns
were obtained from different areas.
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r: interfacial energy per unit area between matrix and
precipitate,
Ca solid solubility of the controlling elements in the matrix,
Vp

m: mole volume of the precipitate,
R: gas constant (8.314 J mol�1 K�1),
T: temperature in Kelvin.

The values of parameter r, ca and Vp
m can be obtained by Ther-

moCalc software, as given in Table 2. It is clear that the coarsening
rate is controlled by the interfacial energy and diffusion coefficient.
However, one essential precondition of LSW model is that the frac-
tion of precipitates should be very small (<1 vol%). This is obviously
not the case in the present study. Taking the influence of volume
fraction into account, a revised LSW relationship has been pro-
posed [24], as shown in Eq. (2):
Table 2
The adopted parameters in the calculation using revised LSW model.

Diffusion coefficient of Mo in a bcc-Fe
matrix at 600 ℃, Dm

3.87 � 10�20 m2/s

Diffusion coefficient of Mo in a bcc-Fe
matrix at 550 ℃, Dm

4.75 � 10�21 m2/s

Interfacial energy between matrix and
precipitate, r

0.261512 J/m2

Mo concentration (atomic fraction) in
matrix, ca

0.0482

Mo concentration (atomic fraction) in the
precipitate, cp

0.3334

Molar volume of precipitate, Vm p 6 � 10�6 m3/mol
Gas constant, R 8.314 J mol�1 K�1

Mole fraction, f 0.155
Burgers vector, b 0.248 nm
Shearing modulus, G 76 GPa

7

r3 � r30 ¼ 8DrVp
m

9RT
� ca 1� cað Þð1þ 5f Þ

ðcp � caÞ2
t ð2Þ

where f is the mole fraction of the precipitates, Cp is the concentra-
tion of the controlling element in the precipitates. However, dislo-
cations in the material provide a high-speed path for solute
diffusion that might be several orders higher than that in the
matrix. The influence of dislocation on diffusion behavior cannot
be ignored. In MatCalc software [24], the true diffusion coefficient
is described in Eq.(3):

D ¼ pR2
coreqDdis þ ð1� pR2

coreqÞDm ð3Þ
Where Dm: diffusivity of the controlling element in matrix,

Ddis: diffusivity in the dislocation,
q : dislocation density adopted as 1014 m�2,
Rcore: radius of dislocation, which is usually considered as the
value of Burgers vector of dislocations.

In this study, Mo is the controlling element for precipitate
coarsening since there is an abundance of Fe in the matrix. There-
fore, Cp = 0.3334, as predicted by Themo-Calc in Fig. 7c. The diffu-
sivity of the controlling element Mo in the bcc-Fe matrix, Dm; is
estimated as 4.75 � 10�21 and 3.87 � 10�20 m2�s�1 at 550 ℃ and
600 ℃, respectively [25]. In the temperature range of 550–600 �C,
diffusivity of Mo along the dislocation core can be estimated as
Ddis� 1� 105Dm [26]. Then the true diffusion coefficient D of Mo
can be calculated by Eq. (3). By using Eq. (2), the radius of the pre-
cipitates in NMS is plotted as a function of coarsening time, as
shown in Fig. 9. All parameters used in the calculation are summa-
rized in Table 2. As we can see, the calculated particle size agrees
well with the experimental observation for 550 ℃. However, it is
larger than that of the experimental observation at 600 ℃. This is



Fig. 9. Coarsening of the precipitates calculated by using Eq. (2) and (3) and
comparison with the radius (half of the mean diameter) measured from TEM
images at 550 ℃ and 600 ℃.

Fig. 10. Precipitate strengthening effect as a function of particle diameter using
shearing and bypassing model.

M. Yuan, L. Nyborg, C. Oikonomou et al. Materials & Design 224 (2022) 111393
probably caused by the overestimated dislocation density at the
higher temperature. It is worth to mention that the diffusion coef-
ficients D of the controlled elements will largely influence the
coarsening rate of precipitates according to the Eq. (2). In the pre-
sent study, the controlling element Mo has a lower diffusion coef-
ficient compared to other alloying elements, which resulted in the
low coarsening rate of the Laves phase and delay the softening of
the steel.

4.2. Strengthening mechanism

The factors that determine the strength of alloys include dislo-
cation density, grain boundary strengthening, solution strengthen-
ing and precipitation hardening. The alloys fabricated by AM
usually have a relatively high dislocation density (in the range of
1014 –1015 m�2 for martensite steels) [2728]. However, in the pre-
sent study, as-cladded specimens were double-tempered at 535 ℃
for 3 h before the softening treatment. Hence, it is believed that the
dislocation density in tempered samples is largely decreased and
maintained at an estimated level of � 1 � 1014 m�2 [29]. Moreover,
dislocation lines have not been frequently observed by TEM even in
as-cladded samples (Fig. 5a). It is thus expected that the contribu-
tion of the dislocations to the strength is similar under different
softening conditions in this study. In addition, since the precipitate
fraction is maintained at a constant level and the grain size does
not grow up significantly, the influence of grain boundary and solid
solution on the strength is less important in this case.

It is generally believed that precipitate strengthening due to the
interaction between dislocation and precipitate is one of the main
strengthening mechanisms in maraging steels [16]. Two well-
known models, i.e., shearing and pass-by model (also known as
Orowan looping) [30] are often accounted for this behavior, as
expressed in Eq. (4) and (5) [3132].

Drshearing ¼ ð3
4
pÞ

1=3

� pr
2b

� f v1=3 ð4Þ

Drbypassing ¼ Gbffiffiffiffiffiffi
2p
3f v

q
� d
�
p

2

ð5Þ

Where f v : volume fraction of the precipitate,

d
�
p: average diameter of precipitate,

b : Burgers vector of Fe (=0.248 nm),
G: shear modulus.
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Equation (4) applies when the volume fraction of precipitates f v
is constant. In the initial stages, the strengthening effect is propor-
tional to size and volume of the particle and can be expressed as
Eq. (6) [33].

Drshearing ¼ A
ffiffiffiffiffiffiffiffiffiffi
d
�
pf v

q
ð6Þ

where A is a constant, which can be calculated at the start condition
of Equation (4). Combining Equation (4), (5) and (6), the competi-
tion between shearing and bypassing is revealed in Fig. 10. Some
parameters adopted in this calculation are also presented in Table 2.
How dislocations interact with the precipitate is dependent on the
size of precipitates [31]. When the particle is smaller than the crit-
ical size, Drshearing is smaller than Drbypassing , which means disloca-
tions move easier by shearing than by bypassing. Once the
particle size reaches the critical value, bypassing will be governing.
In our case, the critical size of the precipitates in NMS is
about � 10 nm (Fig. 10) which is smaller than the average particle
size in tempered NMS (�12 nm), meaning that bypassing mecha-
nism is dominant and the strengthening effect of precipitates in
the softened sample should be calculated by Eq. (5).

After softening at 550 ℃ for 100 h, the particle diameter in NMS
increases from � 12 nm to � 19 nm. Based on Eq. (5) and Fig. 10,
precipitate strengthening is decreased from 847 MPa to 537 MPa.
The estimated decrease of the yield strength is � 310 MPa. For
non-work hardening materials [34], there is a proportional rela-
tionship between yield strength and Vickers hardness,
DHðHvÞ � 0:3Dry. Hence, at 550 �C, the estimated decrease of
hardness is DH550 � 93, which agrees with the experimental hard-
ness decrease (DH550 ¼ 95 HV). Similarly, after treating at 600℃ for
100 h, the calculated decrease of the hardness is DH600 ¼ 151 HV,
which roughly agrees well with the experimental one (DH600 ¼
169 HV).

5. Conclusions

A newly developed maraging steel (NMS) was cladded on a tool
steel substrate by directed energy deposition technique. The soft-
ening resistance of the cladded NMS with optimized tempering
was evaluated at high temperatures. Based on the experimental
results and numerical simulations, the main conclusions are pre-
sented as followed:
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(1) Defect-free NMS samples were successfully fabricated by
LMD technique. No retained or reverted austenite phase
was found in the cladded sample by the XRD technique
before and after tempering. C-14 Laves nanoparticles formed
during tempering provide strong precipitate strengthening
effect.

(2) A good softening resistance of the material was revealed at
550 ℃ and 600 ℃ for 100 h. This is attributed to the low
coarsening rate of the precipitates, i.e., C-14 Laves phase par-
ticles. Two factors were responsible for this: the coherent
interface with small mismatch between Laves phase and
the matrix, and the low diffusion coefficient of the controlled
element (Mo).

(3) The coarsening behavior of the precipitates as a function of
temperature is simulated by the revised LSW model, which
is successful in general. The simulated particle size agrees
well with the experimental observation at 550 ℃, while it
is slightly larger than the experimental one at 600 ℃.

(4) The hardness drop due to precipitate coarsening during soft-
ening was also estimated by the precipitate strengthening
models. The estimated hardness drop is consistent with
the experimental observation at both 550 ℃ and 600 ℃.
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