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Numerical investigation into laser-based powder bed fusion of cantilevers 
produced in 300-grade maraging steel 
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A B S T R A C T   

Laser-based powder bed fusion of 300-grade maraging steel allows the production of parts with a high hardness, 
which improves the service life and wear resistance of tooling or mould insert produced from this material. The 
material typically consists of a martensitic matrix material, with retained austenite and nano-precipitation. The 
transformation from austenite to martensite has been linked to compressive stresses at the surface of parts 
produced in 300-grade maraging steel. In a cantilever beam-type part, this means that after cutting from the 
base-plate, the part will bend downwards, which is the opposite direction from the deformation found in most 
other materials after additive manufacturing. One way to gain insight into processing 300-grade maraging steel, 
while limiting the number of test samples that need to be printed, is by means of a numerical model. Using 
previously established models, additive manufacturing of a cantilever part in 300-grade maraging steel is 
simulated. Inclusion of the transformation from austenite to martensite into a numerical simulation of the laser- 
based powder bed fusion revealed the origin of the compressive stress at the surface of a simple cantilever beam- 
type sample. Additionally, changing the effective laser power through the laser absorptivity shows that the 
behaviour of the post-cutting deformation flips as compared to more conventional materials. Information about 
the laser absorption coefficient is rare, while it can greatly affect the results of a simulation. It is included in the 
presented result through the effective laser power, which is the product of the input laser power and laser ab-
sorption coefficient. When the effective laser power is changed from 95 W to 47.5 W, the cantilever bends up-
wards rather than downwards after release from the base plate. The results demonstrate the major influence 
played by the laser absorption coefficient on the simulation, an aspect to which little attention is paid in liter-
ature, but is proven to be one of the main factors to determine the component distortions after the laser-based 
powder bed fusion process.   

1. Introduction 

Maraging steels are a type of low-carbon, but nickel-rich steels, 
which form martensite upon cooling, and exhibit high hardness, wear 
resistance, weldability, creep resistance and toughness [1–4]. This 
makes them suitable for a large number of applications, such as tooling 
[3], aircraft components [5] and mould production [6]. It can also be 
produced using additive manufacturing (AM), which results in a large 
geometrical freedom, while retaining a relatively low cost for producing 
parts with a limited production volume [7]. 

The conventional production chain of 300-grade maraging steel, 
which is also referred to as 1.2709, 18Ni300 or M300 includes a two- 
stage heat treatment: first the part is a short solution treatment above 
815 ◦C [8,9], followed by aging at around 490 ◦C for three hours [9–11]. 

The first half of this heat treatment cycle ensures the entire part is 
austenitic, as the solution treatment temperature is above the austenite 
transformation temperature [9,12], while the second once causes pre-
cipitation of nano-precipitates [13,14]. Several Ni-rich intermetallic 
precipitates [15,16] have been found, including Ni3Ti, Ni3Mo and 
Ni3(Mo,Ti) with sizes ranging from a 8 nm [13] to 50 nm [17]. However, 
if the part is not heat treated, these precipitates can still be found after 
AM, together with retained austenite [11,13], with a volume fraction up 
to 10% [16,18,19]. As a result, the microstructure of as-build parts is 
martensitic, with precipitates and retained austenite. However, the 
question still remains how the large cooling rates present during LPBF 
affect the martensitic phase, since this material was developed for 
casting [20]. In the work by Chae et al. [21], it was found using neutron 
diffraction in 15–5 PH that the martensite start and finish temperatures 
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are cooling rate dependent, but for the first three cycles each layers 
underwent, the entire microstructure was transformed to austenite, and 
back to martensite upon cooling. Only for the fourth heating cycle, some 
austenite was retained. Farshidianfar et al. [22] and Pryds and Pedersen 
[23] analysed the effect of the cooling rate on the formed microstruc-
ture. For 316 L, the former found that the microstructure becomes 
martensitic at very high cooling rates (>750 ◦C/s), even though the 
material is normally austenitic. Pryds and Pedersen [23] investigate 
microstructure formation during gas atomisation, and identified 
different cooling rates for different powder sizes. They concluded that 
smaller particles, which are exposed to larger cooling rates, retain less 
martensite (from 6% to 3.5%). The material they investigated was a 
12Cr-Mo-V steel. Finally, for rolled billet of M300, Antolovich et al. [20] 
found that, if the cooling rate is sufficiently high, the transformation 
from martensite to austenite is diffusionless. 

One of the methods used to produce parts in 300-grade maraging 
steel is laser-based powder bed fusion (LPBF). During this process, a 
laser melts cross-sections of the desired part in a metal feedstock pow-
der. The laser used by the LPBF machine has a relatively high power, and 
a small spot-size, to ensure a sufficiently high resolution to produce fine 
features in a part. The rapid heating and cooling associated with the use 
of a laser for melting the metal powder can result in heating and cooling 
rates in excess of 10^6 K/s [24–26]. This results in each layer of the 
material being subjected to multiple heating cycles, and associated with 
cyclic reaustenistation and martensite formation [21]. 

Another typical feature of AM is the deformation caused by the re-
sidual stresses after the part is removed from the base plate. When a 
layer is initially deposited, and the desired cross-section is melted in the 
powder, it starts cooling down. The resulting contraction, coupled with 
the constraint by an underlying layer causes the layer to be loaded under 
tension. The effect of the new layer on the residual stress in the afore-
mentioned previous layer is the reverse: it will be loaded under 
compression. This gradient in the residual stresses, from tension at the 
top of the part to compression at the bottom, causes the part to bend 
upwards when removed from the base plate. However, it has been 
observed that after a part is produced by LPBF in M300, the residual 
stresses are compressive at the top of the part [18,27], which would 
result in downwards bending. This reverse bending behaviour could be 
caused by the volumetric change occurring during the martensitic 
transformation. However, investigating such a transformation is 
non-trivial, due to the high temperatures during the LPBF process, and 
the need for in-situ microscopy. Additionally, even though a compres-
sive residual stress was measured using X-ray diffraction in a part pro-
duced using M300, Mugwagwa et al. [27] found that their cantilever 
beam specimen bended away from the build plate after cutting. Nu-
merical modelling of the LPBF process and the phase transformations 
occurring during this process can aid in revealing the origin of the 
bending behaviour of a cantilever produced in 300-grade maraging 
steel. 

Although a numerical model can be used to gain insight into phe-
nomena, which are difficult to study experimentally, they face their own 
disadvantages. The main factor affecting the complexity of models is the 
computational cost, which is composed of the wall time of the simula-
tion, and the amount of computational power. Including more details in 
a model, either in term of included physics or the resolution of the 
discretisation, limits the possible simulation domain for a given 
computational cost. In order to simulate the LPBF production process, 
and analyse the deformations caused by the resultant part-scale residual 
stresses, several approaches have been suggested, ranging from analyt-
ical approximations to high-fidelity simulations on a single track and 
these are briefly reviewed in the following paragraph. Since in this work 
only part-scale simulations are performed, when discussing residual 
stress, only the type 1 (macro) residual stress is considered. 

Analytical and semi-analytical models were proposed by Van Elsen 
et al. [28], Weisz-Patrault [29] and Peng et al. [30], but their solutions 
are limited to relatively simple geometries, and only investigate the 

thermal behaviour of the material during LPBF. Matsumoto et al. [31] 
and Hussein et al. [32] simulated a single layer, which allowed a full 
thermo-mechanical simulation, but limits the options for the simulation 
domain. Similarly, Bayat et al. [33] simulated a few layers produced by 
LPBF, but were able to include a significant amount of additional 
physics, such as fluid flow. The resultant model can be used to investi-
gate possible lack-of-fusion caused by incorrect parameter selection for 
the LPBF process. Models with similar complexity can be found in the 
works by Panwisawas et al. [34], Wu et al. [35] and Li et al. [36]. 
However, none of these models can be used to investigate the residual 
stresses, since these take effect at the macroscale. Models capable of 
simulating the effect of the residual stress after LPBF require lumping of 
the computational domain or aspects of the process itself. The work by 
Lindwall et al. [37] illustrates and investigated the effect of different 
lumping approaches on the temperature distribution during powder bed 
fusion. Two approaches have been used most extensively: flash heating, 
and layer deposition. In the first method, first shown by Gouge et al. 
[38], an entire layer of material is deposited, and illuminated by a heat 
source, equivalent to the heat this layer would be subjected to during the 
real process. Bayat et al. [39] demonstrated that reducing the size of the 
deposited regions, by changing it from an entire layer to a strip of ma-
terial, results in a more accurate prediction of the residual stress, since it 
matches the real process more directly. However, this modification of 
the original flash heating method also requires increased computational 
resources. Other investigations using the flash heating method include 
the study by Zhang et al. [40] or De Baere et al. [41]. In the block 
deposition technique, the computational domain is divided in a number 
of element layers, which are each initiated in turn at an elevated tem-
perature, typically the melting temperature of the material under 
investigation. Papadakis et al. [42], Yakout et al. [43] and De Baere et al. 
[44] used this approach successfully for the LPBF process, while Wil-
liams et al. [45] illustrated that depositing strips of material at an 
elevated temperature improves the prediction of residual stresses. The 
advantage of using a physics-based model, like the ones presented in this 
paragraph is that they do not require calibration, like inherent 
strain-based models [46,47]. However, in none of these models much 
attention is payed to the value of the laser absorption coefficient. The 
laser absorption coefficient, and the effective laser power, which is the 
product of the absorption coefficient and the input laser power, depends 
on a combination of the other input parameters, such as reflection, the 
effect of the powder packing and the choice of the laser source. As a 
result, the laser absorption coefficient is difficult to measure [48–51], 
but most models are relatively sensitive to it [50,52,53]. Therefore, in 
this work, it is chosen to vary the laser power, to investigate whether this 
factor can explain the compressive stresses at the surface, in combina-
tion with the change in microstructure. 

Several techniques are available to investigate the evolution of the 
microstructure during LPBF. The most common technique to analyse the 
change in the volume fraction of the phases present are Johnson-Mehl- 
Avrami-Kolmogorov (JMAK) kinetics [54]. JMAK kinetics are only 
directly applicable for an isothermal heat treatment, but modifications 
have been made to include the effect of non-isothermal conditions, 
which exist during LPBF of Ti-6Al-4 V [55,56]. Moreover, this technique 
has been successfully applied to fibre laser welding in Ti-6Al-4 V by Ahn 
et al. [57]. They coupled the calculated microstructure with the evolu-
tion of simulated residual stresses through a volumetric transformation 
strain component. A similar microstructural model was applied to the 
LPBF process by De Baere et al. [58]. However, since JMAK kinetics 
require a diffusional transformation, it is not accurate for the martensitic 
transformation, and therefore mostly usefull for the slower decomposi-
tion of martensite into equilibrium phases (in the aforementioned 
studies the transformation from α’ to α + β). In the work by Ahn et al. 
[57], this is accounted for using the Koistinen Marburger model [59]. 

This paper aims to investigate the LPBF process of a cantilever in 
maraging steel, and more particularly the resulting residual stresses and 
their effect on the deformation of the beam after release from the base 
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plate, through numerical modelling. Modelling of maraging steel is 
largely missing in literature, although some studies, focussing on ap-
plications can be found [60–62]. Papadakis et al. [60] used a simulation 
to predict the distortion of a part produced in M300, and pre-distorted 
the design in the opposite direction resulting in a more accurate final 
part, which they used for injection moulding. Çelebi et al. [61] pre-
formed a mesh sensitivity analysis, and Dmitriyev and Manakov [62] 
simulate the distortion of an overhang structure, both using a 
thermo-mechanical model. 

However, in this work, a numerical model is explored to gain insight 
into the origin of the conflicting information regarding deformations 
observed in parts produced in maraging steel [18,27]. The model is 
implemented in simufact.additive, due to its inclusion of the necessary 
material properties. 

2. Materials and methods 

2.1. Numerical model and modelling setup 

In this work, a cantilever beam, whose geometry is shown in Fig. 1, is 
simulated. On the left side of the figure, the directions of the triad are 
shown. The normal stress along the cantilever beam is therefore the 
stress in x-direction. As mentioned previously, after LPBF, there is a 
gradient in residual stress in the build direction. Therefore, a cantilever 
beam was chosen because of this expected gradient in the build direction 
of the part and the associated bending of the cantilever beam. In the 
simulations, the part was attached to a full-size base plate, with a width 
and length of 250 mm, and a height of 30 mm. 

The thermal energy is applied to an entire layer of elements, repre-
senting a number of real layers. The magnitude of the heat source is 
calculated using the real process parameter set and the element layer 
properties. This heat is conducted through the layers underneath the 
newest one according to the transient heat conduction equation, which 
is solved throughout the simulation domain: 

ρCp
∂T
∂t

= ∇ ∙k∇T (1) 

In equation (1), T denotes the temperature, t time and k the thermal 
conductivity coefficient. ρ and Cp are the density and specific heat ca-
pacity respectively. The laser heat energy is applied through a surface 
heat source. 

The temperature field will, through the various temperature depen-
dent material properties cause stresses to form. During every simulation 
time step, static equilibrium is enforced: 

∑

i

∂σij

∂xi
= 0 (2)  

in which σij represents the stress in the xi direction, acting on a plane 
perpendicular to the xj direction. Together with the generalised Hooke’s 
law, classical J2 flow theory, and thermal expansion, the evolution of 
the total strain can be calculated by summation of the different contri-
butions [63]: 

Δϵtot = Δϵel +Δϵpl +Δϵth +Δϵtr (3) 

In Eq. (3), Δϵtot represents the change in total strain during the 
simulation, and Δϵel,Δϵpl,Δϵth and Δϵtr the contributions of the elastic, 
plastic, thermal and transformational strains respectively. The trans-
formational strain component is calculated based on the volume fraction 
of the two main contributing phases: austenite and martensite. This 
transformation is accompanied by a volumetric expansion of 0.3% [64]. 
The volume fractions are derived from the evolution of the temperature 
during the LPBF simulation, and the relevant continuous cooling dia-
gram, through a linear austenitisation model [65]. In this model, the 
fraction of austenite is assumed to vary proportionally with the tem-
perature between the austenite start temperature at 617 ◦C and the 
austenite finish temperature at 674 ◦C. The austenite to martensite 
transformation is calculated using the Koistinen-Marburger model [59]: 

fmartensite = faustenite[1 − exp( − 0.011(Ms − T) ) ] (4) 

in which f represents the phase fraction, and Ms the martensite start 
temperature. When the liquidus temperature is surpassed, the latent 
heat is released, to account for the effect this phase transformation has 
on the evolution of the temperature. However, no liquid phase is 
incorporated in the simulations, since it does not affect the mechanical 
behaviour of the part. To ensure material above the liquidus tempera-
ture does not affect the stress-state, the expansion coefficient is set to 
zero. 

All equations and numerical methods outlined in the preceding 
sections are solved using the finite element method (FEM). In order to 
simulate a relevant LPBF process chain, the simulation is composed of 
five distinct steps, namely the primary LPBF process, post-LPBF cooling, 
unclamping, cooling and cutting. A more in-depth description of these 
steps is provided in the next paragraphs. 

During the LPBF process, a number of real powder layers are 
approximated in a layer of cubic elements, which are referred to as 
voxels. The cantilever is divided in 18 element layers, each with a height 
of 0.5 mm. The first layer of elements is activated on top of the base 
plate, after which the heat source is activated for a duration of 0.114 ms. 
The magnitude of the heat source is calculated based on the scanning 
pattern, laser beam parameters, laser power and absorption coefficient. 
The product of the input laser power, and the absorption coefficient is 
referred to in this work as the effective laser power: 

Peffective = ηPlaser (5) 

in which η denotes the absorption coefficient and P power. A large 
variation exists in the values for the laser absorption coefficient. In 
typical simulations for the LPBF process in M300, its value is set to a 
value between 0.2 and 0.35 [66–68], but analytical models predict 
values which are much higher [48,51]. Therefore in this work, it is 
chosen to choose a value of 0.5, in line with the analytical calculations, 
but it a lower value is also investigated. After the layer is heated up, it is 
allowed to cool down for 165 s, during which the original heat input is 
dissipated through the base plate, and radiative and convective 
boundaries at the exposed surfaces of the part. Mimicking the earlier 
description of the real LPBF process, the next layer of elements is acti-
vated on top of the previous one, and the process repeats, until all 18 
layers are activated. 

The primary LPBF process is followed by a first cooling step, in which 
the part is allowed to cool down slowly to 40 ◦C. In the real process, this 
cooling steps allows the part to be handled by the operator of the ma-
chine, while also ensuring no cracking or warpage due to excessively 
rapid cooling occurs. This cooling step takes approximately 20 h to 
complete, and in the simulation, the final phase transformations are 
expected to take place during this step. Following the first cooling step, 
the part is unclamped. In this step, the bolts, which affix the base plate to 
the LPBF machine, are removed. The simulated counterpart of the bolts 
are zero-displacement boundary conditions in the four corners of the 

Fig. 1. Geometry of the cantilever.  
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base plate, which are removed during this step. 
Following unclamping, a second cooling step is applied, during 

which the part cools down to room temperature, after which is cut from 
the base plate. In order to facilitate comparison with the physical part, 
the cantilever is only partially removed from the build plate. All the thin 
vertical supports are cut, but the left-most bulky part of the cantilever 
remains attached to the base plate. The cutting plane acts as a common 
orientation plane for the measurement of the printed beam and the 
simulated one. In the simulations, all elements in contact with the cut-
ting plane are deactivated. Fig. 2 illustrates this partial cut. 

2.2. Material parameters 

The simulation outlined in the previous section uses a set of pa-
rameters associated with the physical process. The process settings 
associated with a Renishaw RenAM 500Q are applied, the most relevant 
of which are shown in Table 1. Note that the effective laser power is 
obtained by multiplying the laser efficiency with the input laser power, 
as indicated in Eq. (5). The value of the exposure time is chosen to be as 
small as possible while still resulting in a simulation that converges 
reasonably fast. The material properties used for the simulations are 
shown in Figs. 3–6. Additionally, the Poisson coefficient was set to 0.3. 
In this study, 300-grade maraging steel is used as material. The 
composition, according to the specifications of the manufacturer are 
given in Table 2. 

2.3. Experimental methods 

To validate the numerical simulations, performed with the models 
presented in Section 2, four cantilever specimens were printed and 
measured. The parts were produced using a Renishaw RenAM 500Q 
machine. The laser power was set to 195 W, the scan speed to 700 mm/s 
and the layer thickness was 40 µm. After production, the parts were 
partially cut from the build plate using wire EDM. 

Geometrical evaluation of the parts was performed using optical 
measurements. The equipment for these measurements was a GOM Atos 
Scanbox 5108 16 M. The scans were analysed using the GOM Inspect 
software. Additional calliper measurements were taken to relate the 
deformation of the cantilever to the position of the build plate. 

3. Results and discussion 

The simulation outlined in the previous sections allows predicting 
the deformation of the cantilever beam from the thermomechanical 
material properties of 300-grade maraging steel and process parameters, 
all of which are determined a priori. This offers a significant predictive 
power, and a relatively large adaptability, but has a large computational 
cost, since both temperature, and stress and strain fields need to be 

calculated. In the following paragraphs, the influence of a change in the 
effective laser power is demonstrated for the simulated part, and its 
effect on the deformation behaviour of the cantilever. The effective laser 
power is defined in the current paper as the product of the absorption 
coefficient and the real laser input power, as indicated in Eq. (5). The 
effective laser power represents a number of physical phenomena, 
including reflection, the effect of the powder packing and the choice of 
the laser source. Therefore, this paper aims to investigate this parameter, 
and vary it between to realistic limits, in order to observe the effect of 
the effective laser power, and the associated laser absorption coefficient, 
directly. Most of the results are shown in the form of contour plots on the 
mid-plane (in y-direction according to Fig. 1) of the cantilever. 

3.1. Simulation of a cantilever with an effective laser power of 95 W 

Fig. 7 shows the temperature at three positions in the left-most 
support of the cantilever, namely at the top, in the middle and at the 
bottom. In Fig. 7, a peak can be observed for every layer of elements 
being deposited, although the magnitude of the peaks is significantly 
dampened as the distance between the new layers and the temperature 
probe increases. In Fig. 7, the height of the first few peaks is not con-
stant. The temperature depends on the distance between the tempera-
ture probe and the top of the layer, which is exposed to the heat source, 

Fig. 2. Setup of the simulations for the cutting operation. Note the cantilever 
attached to the base plate, with the partial cutting plane extending from the 
right side of the base plate to the left-most larger support. 

Table 1 
Simulation processing parameters.  

Parameter Symbol Value Unit 

Laser Power Plaser   190 W 
Laser Absorptivity η   0.50 / 
Effective laser power Peffective   95 W 
Scan speed vscan   700 mm/s 
Beam width tbeam   80 µm 
Layer thickness δlayer   40 µm 
Recoater time trecoat   10 s 
Exposure time texp   0.144 ms 
Element size selem   0.5 mm 
Latent heat[64] ΔH   256.4 kJ/kg  

Fig. 3. Thermal conductivity and specific heat capacity of both phases included 
in the simulations [64]. 
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which is a side effect of lumping the real powder layers into the larger 
element layers. Although this gradient in temperature will have an effect 
on the final stress state in the part, the melting temperature is surpassed 
in each layer. At this point, the residual stress state is reset, as no stresses 
can build up in the liquid phase. Moreover, the probes which are further 
from the top of the surface will cool down more slowly, which com-
pensates for their lower initial temperature. 

The stress field in x-direction caused by this evolving temperature 
field is shown in Fig. 8. Three points in time during the LPBF process 
were selected: 22 min, 52 min, and 25 h. The final image shows the 
stress field just before the part is cut from the base plate, which includes 
the final cooling step, to reach room temperature. Initially, the stress in 
the large support on the left is compressive near the newly deposited 

layer, and tensile where the part is attached to the base plate. This 
corresponds to the expected evolution of the stress field, since the 
shrinkage of the deposited layer results in observed compression near 
the top of the part. The tensile stress is caused by the base plate con-
stricting the molten layer to fully contract [70]. As the part cools down, 
the stress normally flips due to plastic yielding, resulting in a tensile 
stress at the top of the part, and compression near the bottom of the 
cantilever. However, comparing the stress before cooling down to room 
temperature in Fig. 8(b) and after the cooling step in Fig. 8(c) reveals a 
significant change in the residual stress field for printed 300-grade 
maraging steel. Rather than tensile at the top and compressive at the 
bottom, a compressive region forms at the top surface of the cantilever. 
The origin of this residual stress field will be investigated in the 
following paragraph, while its consequence on the deformation of the 
cantilever after it has been cut from the base plate is analysed 
afterwards. 

Fig. 9 shows the martensitic volume fraction during production of 
the final layer, and just prior to cutting the part from the base plate. Only 
two phases are included in this analysis, namely a martensite and an 
austenite phase. Therefore, Fig. 9 shows the martensitic volume fraction, 
while the second phase makes up the complement. During the LPBF 
process, a region of the part, located in the supports is composed of 
mostly austenite. However, at the bottom of the support, the material is 
primarily martensitic. The base plate acts as a heat sink, and therefore, 
during the production of the first few layers, the molten material can 
cool down sufficiently fast for martensite to form. However, subsequent 
layers are sufficiently far away from the base plate that most of the 
cooling occurs through convection and radiation towards the build 
chamber, particularly after the layer is reheated due to heat from later 
deposited layers. As a result the cooling rate is too low for martensite to 
form, which leads to the observed austenite fraction, which ranges be-
tween 7% and 25%. In the real process, the support structure is sur-
rounded by powder, which acts as an isolator, and therefore, the 
temperature evolution will be different. All the heat from the laser will 
be conducted through the part rather than being removed via radiation 
and convection. This most likely will result in an even slower cooling 
rate, and more retained austenite to exist. However, the effect of the 
powder is not included in the presented simulations, and therefore, this 
mechanism will not show up in the results shown in Fig. 9. Once the 

Fig. 4. Density used in the simulation [64].  

Fig. 5. Young’s modulus and thermal expansion coefficient. A thermal 
expansion coefficient of 0 corresponds to the liquid phase. Note that the ther-
mal expansion coefficients are identical for both phases [64]. 

Fig. 6. Flow curves of the austenite phase [64].  
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horizontal section of the cantilever beam is being manufactured, once 
again, martensite forms. The surface through which the laser heat is 
dissipated to the build environment, is large enough for the martensitic 
transformation to take place and therefore, some austenite transforms 
into martensite. In Fig. 9, it can be seen that approximately 77% of the 
material undergoes this transformation. Finally, at the top surface, a 
region exists, where the martensitic transformation is complete. In all 
layers, except for the final one, the temperature goes up again, above the 
austenite transformation temperature. Upon cooling down, martensite 
forms, but the cooling rate is low enough that approximately 23% of 

austenite is retained. This reheating is not present for the final layer, and 
therefore, the large cooling rate results in full conversion from austenite 
to martensite. This last area is the direct cause of the observed residual 
stress profile. Near the left and right edges of the cantilever, a region 
with less martensite can be observed, which results from the cooling that 
is provided through the left and right surfaces. As material cools down 
faster near these edges, the material cools beyond the temperature range 
in which martensite can form, and therefore the austenite is retained in 
the modelling results. Comparing Figs. 8(c) and 9 reveals that the 
completely transformed surface region corresponds to the compressive 
stresses at the top surface. The total volumetric expansion, associated 
with the martensitic transformation is larger in this region, and there-
fore, it is compressed. 

The final field investigated for the LPBF process with an effective 
laser power of 95 W is the z-displacement field. The displacement is the 
major contributor to the need for time-consuming post-LPBF heat 
treatments. Due to the shape of the cantilever, and the typical evolution 
of the stress field, the expected deformation takes place in the x-z plane.  
Fig. 10 shows the z-displacement after the part is cut from the base plate. 
As expected following a high compressive stress at the top of the 
cantilever beam, and a lower one at the bottom, the part bends down-
wards, with a maximum of 0.6 mm at the cantilever tip. 

3.2. Simulation of a cantilever with an effective laser power of 47.5 W 

Setting the effective laser power to 47.5 W by decreasing the laser 
absorptivity to 25%, a difference in stress, strain, phase and deformation 
fields can be observed. Fig. 11 shows the residual stress in x-direction at 
the same points in time as for the preceding case. Initially, the stress 
profile is similar: a tensile stress develops where the part is attached to 
the base plate, with a compressive zone above it. Subsequent layers are 
loaded in tension, with an absolute gradient in stress from the tensile 
zone at the top of the cantilever to the bottom equalling approximately 

Table 2 
300-grade maraging steel composition [69].  

Element Ni Co Mo Ti Si Mn C P S Fe 

Mass fraction / mass-% 17.00–19.00 7.00–10.00 4.50–5.20 0.30–1.20 < 0.10 < 0.15 < 0.03 < 0.01 < 0.01 Balance  

Fig. 7. Temperature profile during the first hour of the simulation at three 
positions indicated by the distance from the base plate: the top surface of the 
part, the middle of the larger left-most support, and at the bottom of the part, 
where it is connected to the base plate. 

Fig. 8. Contour plots of the stress in x-direction during the LPBF process. Figure (a) shows the stress after 22 min, Figure (b) after 52 min, and Figure (c) after one day 
and one hour. 
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300 MPa. In their experimental investigation, Mugwagwa et al. [27] 
found measured results of a similar magnitude, although they show that 
the value of the residual stress highly depends on the chosen process 
parameters. 

The martensite phase field at the end of the primary LPBF is dis-
played as a contour plot in Fig. 12. The microstructure of the cantilever 
is relatively homogeneously composed of martensite and austenite, with 
69–82% of the volume being composed of the former. Close to the build 

Fig. 9. Contour plot of the martensite volume fraction after the LPBF process (t = 25 h).  

Fig. 10. Z-displacement of the cantilever after cutting from the base plate.  

Fig. 11. Contour plots of the stress in x-direction during the LPBF simulated with a reduced laser absorptivity. Figure (a) shows the stress after 22 min, Figure (b) 
after 52 min, and Figure (c) after one day and three hour. Note that the residual stress at the top of the cantilever is tensile, and that the colour legends in Fig. are 
different from the ones in Fig. 8. 

Fig. 12. Contour plot of the martensite volume fraction after the LPBF process (t = 25 h) with a reduced laser absorptivity.  
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plate, the material cools down faster, and therefore spends less time in a 
temperature interval in which martensite can form. This homogeneity in 
phase fraction throughout the part corroborates the stress field found in 
the previous paragraph. Without significant phase variations, the stress 
in the horizontal section of the cantilever follows the traditional tension- 
compression behaviour [70]. The presence of austenite in the as-built 
microstructure has also been found experimentally, where an 
martensite fraction of 94.2% was reported by Kempen et al. [71], while 
Tan et al. [17] measured 10.3% retained austenite. Even though the 
simulations match the measurements in terms of the presence of 
austenite, they overestimate the exact amount. One of the reasons the 
simulations overestimate the results from these measurements is the 
cooling-rate and time dependency of the reaustenisation. Since the 
cooling rate is large in for each reheated layer (up to 10e6 ◦C/s for the 
first few microseconds), in reality, only little austenite might form. 
However, in the simulations, austenite is purely temperature dependent, 
and therefore too much austenite forms, which cannot revert into 
martensite because it surpasses the martensite stop temperature. 

Finally, the deformation of the cantilever after the cutting operation 
is shown in Fig. 13. Since the stress in the cantilever is higher at the top 
of the cantilever than at the bottom, the cantilever bends upwards. From 
the simulation performed during this investigation, the magnitude of the 
deformation of the cantilever tip is 0.13 mm. 

3.3. Effect of the laser absorptivity on the deformation behaviour of a 
cantilever 

In the previous sections, two cases were presented, based on the 
same LPBF process, but with a differing laser absorptivity. The sensi-
tivity of the used model to this parameter is large, with a shift in the 
deformation regime occurring when comparing both cases. A high ab-
sorptivity (0.5) leads to the cantilever bending downwards, while a 
lower absorptivity result in an upwards bent cantilever after it is cut 
from the base plate. This change in regime follows from the change in 
volume fraction associated with the austenite-to-martensite 
transformation. 

A higher laser absorption coefficient leads to a proportionally larger 
effective laser power. As a result, more energy in applied to the top of 
each layer, and the temperature profile will change. On the one hand, 
heat will accumulate more rapidly and therefore cooling rates will be 
lower. On the other hand, as the temperature peak is higher with a 
higher effective laser power, larger initial cooling rates are present, 
allowing more martensite to form, as long as the temperature remains in 
the interval between the martensite start and finish temperatures. The 
simulations show also that, for a larger effective laser power, the 
reheating of earlier deposited layers leads to reaustenisation, and slower 
subsequent cooling, with a substantial amount of retained austenite 
present. For the lower laser absorption coefficient, after reheating, the 
cooling rate is large enough for martensite to form again. 

Further differences are most apparent in the contour plot of the re-
sidual stress after cooling to room temperature and of the phase frac-
tions. The region in the middle of the support, where the austenite 
volume fraction is low, is absent for the low effective power simulations. 
Furthermore, the completely transformed region at the top surface of the 
cantilever can only be observed when the laser absorptivity is 0.5. The 

aforementioned regime change can also be offered as an explanation for 
conflicting experimental observations in literature. As mentioned pre-
viously, in the paper by Vrancken et al. [18], a compressive residual 
stress was measured at the top surface of the part, which can be asso-
ciated with a downwards deflection of the cantilever tip, while in the 
work by Mugwagwa et al. [27] cantilevers were build using M300. They 
found that the cantilever bends away from the build plate after the 
cutting operation, although they also observe compressive stresses at the 
surface, regardless of the laser power they used. They speculate that the 
origin of the compressive stress is the formation of martensite at the 
surface, which is confirmed in the simulations presented in Fig. 9. Few 
works comment on the effective laser power, which is shown to have a 
major influence on the deformation behaviour for parts produced in 
maraging steel. Moreover, the laser absorptivity depends on laser, 
powder and machine properties. Future numerical modelling and 
experimental investigations into additive manufacturing of maraging 
steel should take these parameters into account to generate a model 
capable of predicting the post-LPBF deformation. Additionally, the ef-
fect of the lumping strategy on the martensite formation in M300 is not 
fully explored yet either. Since the lumping strategy used for the pre-
sented simulations requires an entire layer to be exposed to a heat flux at 
once, the heat will be spread out, and cooling will take place at all sides 
of the domain simultaneously. However, in the real process, there is a 
significant gradient in temperature if one were to take a snapshot of this 
field. Regions which are scanned first will be cooler than later regions. 
This will also result in the martensite formation to be less homogeneous 
within one layer. The phase fractions in Figs. 9 and 12 therefore should 
only be used as an indication of the possible phases in certain positions, 
and additional validation of the phases is necessary, and should be 
executed in a future investigation, focussing on the effect of the laser 
absorption coefficient and effective laser power on the microstructure. 

3.4. Validation 

In order to estimate the accuracy of the simulations, a set of dedi-
cated experiments were performed. Four cantilevers were printed, and 
cut from the base plate. Subsequently, these cantilevers deformed due to 
the residual stress, and this deformation is compared to the deflection 
field found from the simulations. 

Fig. 14 shows the result from the scan of a deformed cantilever. The 
value of the deformation was calculated from the original CAD file, with 
the cutting plane serving as a reference plane. The scan shows a 
maximum deflection of approximately 0.25 mm, both in positive z-di-
rection at the tip of the cantilever, and negative at the opposite side. The 
upwards bending of the cantilever illustrates that an effective laser 
power of 47.5 W is a better approximation of the conditions during this 
particular real process. For the remainder of this paragraph, the second 
case will be used, since the reverse bending behaviour cannot be 
confirmed by the printed cantilevers. 

A quantitative comparison between the deformation is illustrated in  
Fig. 15. The displacement of the top surface with respect to the left-most 
edge is plotted, both for the simulation, and the average obtained from 
the calliper measurements on the real samples. Fig. 15 reveals, that even 
though the direction of the bending corresponds to the case with the 
lower effective laser power, the simulation over-estimates the 

Fig. 13. Z-displacement of the cantilever after cutting from the base plate. The beam was produced by simulation of the LPBF process with a reduced laser ab-
sorptivity. Note that the tip of the cantilever bends upwards. 
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displacement of the cantilever tip. Additionally, the slopes of both 
deflection curves are similar, but the simulated cantilever has a more 
continuous increase in deflection near the left-most, larger support, 
while the printed sample has a small contraction near this same support. 
Comparing the deflection curves with the contour plot in Fig. 13 reveals 
that this contraction is also present in the simulation, but absent at the 
top surface. 

4. Conclusion 

In this paper, production of a cantilever test specimen using laser- 
based powder bed fusion was modelled. The simulations focussed on 
300-grade maraging steel, which has good mechanical properties, such 
as hardness, but is reported to exhibit residual compressive stresses at 
the top of the part rather than tensile ones. This can lead to a downwards 
bending of the part after it is cut from the base plate. The simulations 
used well-established models to investigate the LPBF process of canti-
lever beams in M300 maraging steel for the first time. Dedicated ex-
periments were performed to validate these simulations. The results of 
the simulations show the following:  

• The behaviour of the deformation can be related to the effective laser 
power, which for this paper is defined as the product of laser ab-
sorption and laser power. When the effective laser power is set to 
95 W in the simulations, the beam is predicted to bend downwards, 
while an upwards deformation can be obtained by decreasing the 
effective laser power to 47.5 W. 

• The origin of this change in behaviour can be linked to the micro-
structure, according to the model presented in this work. With a high 
effective laser power, the stress at the top surface is compressive, due 
to a region which is calculated to become fully martensitic. The 
lower effective laser power resulted in a more homogeneous phase 
fraction distribution, and as a result, the part bent upwards.  

• The simulations with an effective laser power of 47.5 W matched the 
validation experiments most closely, although the model over-
estimated the deformation.  

• Due to the high sensitivity of the model on the absorptivity, further 
investigations, aimed at analysing the effective laser power, both in 
terms of simulations and experiments should be undertaken to 
ensure a good agreement of the simulation with the real process. 

The results from the simulations indicate that they represent the real 
conditions reasonably, but should not be used directly. The difference in 
the deformation between the measurement and the simulation indicate 
that the microstructural model requires additional modifications, espe-
cially with respect to the time-dependency of the reaustenitisation. This 
can reduce the overestimation of the calculated retained austenite 
fraction. 
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