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Abstract 

The 18Ni300 maraging steel is arguably the standard material for mould and die production employing 

laser powder bed fusion (LPBF). Owing to its good processability via the LPBF process and high strength 

after the aging treatment, 18Ni300 maraging steel has been widely employed for producing complex 

moulds with internal conformal channels. In order to fully take advantage of the cooling channels within 

the mould, these channels should respect the geometrical and dimensional requirements. An apparent 

issue concerning the internal channels is the geometrical deformations occurring during the process. With 

other alloys used in LPBF such as stainless steel, the circular horizontal holes tend to deform in tension 

around the upper arch, resulting in hole enlargement around this region. However, the 18Ni300 is highly 

sensitive to the thermal history during the LPBF process and can deform differently according to the 

channel geometry. The use of supports in horizontal channels as a remedy is not suitable due to the 

difficulty of their removal. Alternatively, the use of non-circular profiles may act as stress accumulation 

zones during the lifetime of the die. Accordingly, this work studies the deformation mechanisms during 

the LPBF 18Ni300 maraging steel concerning two types of channel profiles, namely circular and 

diamond shaped. Samples with different channel widths and lengths were produced and geometrical 

deviations were measured. Powder bed monitoring data and microstructural analyses were made to 

construct a phenomenological description of the deformation mechanism. The results indicate that the 

final form of the channel depends also on the thermal history of the successive layer once the horizontal 

channel is closed. The influence of volumetric expansion in martensitic transformation was found to be 

relevant on the generation of an apparent compression field. An analytical model was used to estimate 

an equivalent stress value starting from the experimental data showing a compression state. The results 

confirmed that the 18Ni300 deformation depends on the channel form and dimensions, moreover occurs 

differently compared to other LPBF alloys such as stainless steels, Al-, Ni-, and Ti- alloys, which deform 

outward in a tension state. 

 

 
Keywords: Additive manufacturing; laser powder bed fusion; phase transformation induced deformation; part deformation; 

mould making 

1 Introduction 

Laser powder bed fusion (LPBF) has opened up several possibilities in tool and mould making with 

several application fields such as automotive, aerospace, and consumer products. The geometrical 

flexibility provided by this additive manufacturing (AM) technique allows for producing high 

performance moulds with better lubrification and cooling properties [1]. A key feature of LPBF is the 
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possibility to obtain conformal cooling channels in the complex mould shapes. The conformal channels 

can ease the heating and cooling cycles in injection moulding dies for instance [2]. Despite such 

advantages, for a broader use of the AM technology in mould making, several aspects require attention. 

The feasibility of producing these intricate internal channels with the required geometrical fidelity 

remains an important issue. Indeed, design [3], manufacturing, finishing [4], and inspection [5] of the 

internal channels produced by LPBF require a different way of reasoning compared to the conventional 

mould manufacturing.  

In LPBF, several design rules exist in order to provide the feasibility of producing the desired product. 

Such rules regard the extension of overhang regions, part orientation and the inclination of the produced 

walls with respect to the build platform plane [6,7]. Despite being one of the simplest forms to be 

produced, the generation of a circular channel requires attention [8]. Commonly the horizontal circular 

holes tend to curl upwards around the upper arch [9][10], which is due to the thermal stresses generated 

during the build [11]. As a generic rule horizontal circular channels require supporting on the upper arch, 

when the diameter exceeds 10 mm. Support structures can help resolve the channel deformation issue, 

while for long and complex geometries their removal becomes a very complicated task. A common 

consideration is to redesign the channel geometry similar to a teardrop to avoid acute angle formations 

on the upper arch [3]. The teardrop shape can overcome the geometrical deviations from the nominal 

shape. However, the sharp corners are stress accumulating zones and can be prone to crack formation. 

The modification of process parameters to compensate the deformations through a priori modelling has 

been proposed as a solution [12]. Another approach regards the modelling of the deformation mechanism 

and compensating the geometrical deviation at the level of the digital model [13]. Recently, commercial 

codes have been made available to the end-users for compensating part deformations especially 

concerning the large components [14][15]. The deformation characteristics of internal channels have 

received relative less attention from this point of view. On a future prospect, the use of online closed 

loop control strategies can also overcome such deformations in the overhang regions [16][17]. 

The extent of the geometrical distortions in LPBF is related to the thermal field induced by the process 

parameters such as the laser power, scan speed, layer thickness, hatching distance and rotation [18], but 

also the scan strategy [19–21] and the preheating [22,23] used in the process. The influence of the 

processed material is intrinsic but requires more attention from the scientific literature. For tool and 

mould making several steel grades are available commercially such as the AISI 316 austenitic stainless 

steel [24], 17-4 PH precipitation hardening stainless steel [25], 15-5 precipitation hardening martensitic 

stainless steel [26], H13 hot work tool steel [2], and 18Ni300 maraging steel. All these alloys provide 

specific advantages where the 18Ni300 maraging steel has been proven to be the primary solution as it 

provides superior mechanical properties and high wear resistance after the designated heat treatment.  

The 18Ni300 belongs to a class of iron-nickel steels featured by a very low content of carbon [27]. They 

are characterized by a lath martensite matrix hardened by the precipitation of intermetallic compounds 

after an ageing heat treatment. A peculiarity of the martensite transformation in these steels is that it 

happens independently from the cooling rate. The precipitation occurs during the ageing treatment, that 

consists in heating the material to 450-510°C for 3 to 9h. Excessive holding duration can result in the 

reversion of the martensitic matrix to austenite, which can also be exploited to improve toughness [28]. 

Usually, to favour the precipitation hardening, a solubilization is done before the ageing. The 

solubilization is a heat treatment done typically at 815°C for 1h every 25 mm of thickness to homogenizes 

microstructure of the component inherited from previous treatments and to control the final 

microstructure by controlling the cooling rate and to place the alloying elements in solid solution before 

cooling.  

The properties of the 18Ni300 maraging steel render it the principal material choice for additively 

manufacturing dies and moulds for especially for injection moulding and die casting applications. 
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Amongst the conventional alloys used in LPBF, the 18Ni300 provides higher strength upon the dedicated 

heat treatment, adequate resistance to corrosion and cyclic heating and cooling with good processability 

rendering it preferable over other alloys such as AISI 316, H13, and 17-4PH [29]. With LPBF high 

performance dies and moulds can be produced with internal channels using 18Ni300 [30]. In injection 

moulding of polymers and die casting of low melting point alloys (eg. Al-alloys), the conformal channels 

allow the die to be cooled down after the injection process quickly reducing the time required for 

solidification. Hence, the overall cycle time for the production can be reduced. Moreover, the conformal 

cooling allows to reduce overheating in the zones where conventional cooling channels cannot reach. 

Hence, higher material temperatures could be used and injection moulded or die cast products with thin 

to thick section variations could be produced with greater ease. The greater control over the temperature 

among the mould would also allow to employ materials with lower flowability in a similar fashion. 

Another benefit of the greater thermal control is the he reduction of shrinkage porosity [31]. The faster 

cooling phase can reduce the porosity formed due to the interdentritic porosity formed at slow cooling 

rates observed in Al-Si alloys for instance [32]. Within the lifetime of the single die the heating and 

cooling cycles reach several hundreds of thousands for injection moulding and several tens of thousands 

for die casting. The cyclic heating and cooling renders the internal channels susceptible cracking due to 

thermal fatigue. The cooling channel profile should be conformal also to the mechanical resistance 

requirements avoiding sharp edges. Hence, the geometrical integrity of the internal channels is of 

paramount interest. 

The processability of the 18Ni300 maraging steel has been widely studied in the literature concerning its 

processability via LPBF. Continuous wave (CW) emission has been principally employed in the 

presented works [33–35]. LPBF systems operating with pulsed wave (PW) emission have been found 

also effective to produce fully dense components [36,37]. Several works depict specific heat treatments 

for improving or even tailoring the mechanical properties [38–40]. It can be expected that the 

microstructure of the LPBF produced 18Ni300 can greatly differ from the conventionally manufactured 

alloy. The alloy is highly sensitive the thermal history, which indicates high sensitivity also to the process 

parameters, the platform preheating and the scan strategy [41–43]. Indeed, the response to the heat 

treatment stages can also change depending on the initial microstructure resulting from the LPBF process 

[44]. These factors indicate that 18Ni300 can exhibit peculiar stress fields when processed by LPBF. 

Despite the wide use of this alloy in mould and die production, to the authors’ knowledge a 

comprehensive study concerning the geometrical deviations of horizontal channels has not been 

previously carried out. 

On the other hand, several works have studied the deformation behaviour of holes, overhang regions and 

internal channels in LPBF. An outward deformation of the upper arch of horizontal holes due to the 

tension field were observed for some of the most common alloys used in LPBF such as AISI 316L [9], 

17-PH [13], and IN718 [45]. This behaviour was explained by the formation of an overall tension field 

bending the two free ends of the arch outwards [13]. Such tension field was also verified through 

cantilever geometries on AlSi10Mg [23] and  Ti6Al4V [46]. Recently, Bugatti and Semeraro showed 

that the bending behaviour of cantilever geometries produced in 18Ni300 with an LPBF system using 

pulsed wave laser and no platform preheating can result in negative (inward) deformation indicating a 

compressive stress field [47].  

Accordingly, this work aims to carry out a comprehensive study on the geometrical deviations generated 

in circular and diamond shaped horizontal channel profiles produced by LPBF in 18Ni300 maraging 

steel. In particular, a systematic experimental study was carried out to quantify the geometrical 

deviations. The analyses were assisted with powder bed monitoring images and microstructural analysis 

to construct a phenomenological model. The results confirm that the channel geometry plays a marked 

role on the material’s microstructural evolution. The resultant partial channel closure differs from other 
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conventional LPBF materials and was attributed to the local microstructural changes occurring on the 

successive layers and leading to a volume expansion. An existing analytical model proposed by Kamat 

and Pei [13] was used inversely to estimate an equivalent stress field. Unlike the other LPBF steels used 

in the fabrication of dies and tools that show a positive equivalent stress (tensile stress), horizontal 

circular channels built without supports in 18Ni300 reveal an unexpected behaviour with negative 

equivalent stress (compressive stress). The work aims to provide insights to the the deformation 

mechanism of horizontal internal and indications towards the corrective actions in the design step. 

 

2 Materials and methods 

2.1 Material 

The powder utilized in this work was a gas atomized powder of 18Ni300 Maraging steel (Trumpf, 

Ditzingen, Germany). The powder size ranged between 15-45 µm and the powder morphology is shown 

in Figure 1. The material nominal chemical composition and measured one through EDX are reported in 

Table 1. 

 
Figure 1. SEM image of the powder used in the experiments. 

 
Table 1. Nominal and measured chemical composition of the 18Ni300 maraging steel powder (wt%). 

Element Ni  Co Mo Ti Fe  

Nominal 18-19 8.5-9.5 4.6-5.2 0.5-0.8 Bal. 

Measured 16.9 0.4 9.50.2 5.00.3 0.80.2 67.90.9 

 

 

2.2 LBPF system 

The employed LPBF system was a Trumpf TruPrint 3000 (Ditzingen, Germany). The system employs a 

single mode fibre laser (RedPower Qube, SPI, Southampton, UK). The laser runs in continuous wave 

(CW) emission mode with a 450 W power reaching the powder bed. The optical system is composed by 

a 3-axis deflection system. In this system, the laser output is connected to a collimating unit. The 

collimated beam is launched into the zoom optics, where a moving lens compensates the focus position 

before a focusing lens. After passing through the focusing lens, the beam is deflected by two 

galvanometric mirrors. The system therefore compensates the curvature of the focusing plane and moves 

the beam position relatively to the powder bed. The nominal minimum beam diameter in this 

configuration is 100 µm. The build platform is cylindrical with 300 mm diameter and 400 mm build 

height. Build plate preheating could be carried out up to 200°C. Prior to the build the chamber is flooded 

with N2 and the O2 content is kept under 3000 ppm. The machine is equipped with a powder bed 
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monitoring system, which takes powder bed images before and after the scanning of each layer. The 

position of the camera and the illuminating lights are shown in Figure 2. The main characteristics of the 

system are reported in Table 2. 

 
Table 2. Tumpf TruPrint 3000 main features. 

Parameter Value 

Maximum laser power, Pmax  500 W 

Minimum beam diameter, d0 100 m 

Build volume  ø300 mm x 400 mm 

Platform preheating up to 200°C 

 

 
Figure 2. Schematic representation of the powder bed monitoring system.  

 

2.3 Characterization equipment 

The mechanical properties of the material were tested using a tensile test machine (MTS Alliance). The 

specimen geometry was prepared according to ISO-6892-1. Specimens were tested without any surface 

polishing. The deformation of the cooling channels was determined acquiring the 2D profile with an 

optical microscope (Mitutoyo Quick Vision ELF QV-202, Kanagawa, Japan). The image of the profile 

was then analysed by a Matlab routine, applying first binarization and then profile extraction through 

edge detection. 

 

3 Experimental plan 

3.1 Mechanical properties 

The mechanical properties of 18Ni300 maraging steel has been shown to be susceptible to the processing 

conditions as seen in literature. Hence, it was required to assess the experimental conditions compared 

to the mechanical properties reported in literature. Tensile specimens were prepared employing the 

process parameters providing an apparent density above 99.5%. The tensile specimens were oriented 

vertically on the build plate. Three replications were tested in as-built condition and three others were 

tested after an aging heat treatment. A direct ageing treatment was employed, which consisted in the 

maintenance of the samples at 490°C for 6 hours, followed by an air cooling to room temperature.  
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Table 3. Process parameters used for studying the mechanical properties. 

Fixed parameters 

Parameter Level 

Laser Power, P (W) 275 

Hatch Distance, h (µm) 90 

Layer Thickness, z (µm) 50 

Scan speed, v (mm/s) 1000 

Build plate preheating (°C) 200 

Scan Strategy Meander 

Variable parameters 

Parameter Levels 

Heat Treatment None, Aging 

 

3.2 Horizontal channel deformation 

The deformation analysis was carried out on samples specifically designed to simulate the production of 

the horizontal cooling channels. Different geometries were produced without any support structures using 

the same process parameters employed for the tensile specimens. The images of the powder bed 

monitoring system were also collected to clarify the deformations occurring during the process. Two 

different channel geometries were selected namely circular and diamond shaped. For each geometry the 

characteristic dimension (the diameter for the circular channels and the slope of the wall for the diamond 

shaped channels) was varied together with the thickness. The experimental conditions are summarized 

in Table 4.  

 
Table 4. Design of the Experiment of cooling channel deformation. 

Fixed parameters 

Factor Level 

Laser Power, P (W) 275 

Hatch Distance, h (µm) 90 

Layer Thickness, z (µm) 50 

Scan speed, v (mm/s) 1200 

Build plate preheating (°C) 200 

Scan strategy Meander 

Varied parameters 

Circular Channel Diamond Shaped Channel 

Parameter Levels Parameters Levels 

Diameter, D (mm) 5 – 7.5 – 10 Wall Inclination,   (°) 45 – 50  

Thickness, b (mm) 10 – 15 – 20  Thickness, b (mm) 10 – 15 – 20  
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a)  

b)  
Figure 3. a) Circular and b) diamond shaped channel geometry. 

 

 

Figure 3 shows the designed channel geometries. The samples were designed so that the channel 

geometry grows with the same surrounding conditions: 10 mm from the sides and the bottom and 2 mm 

from the top. In particular, the sidewalls were designed so that the overhanging is built as a cantilever 

clamped to one end. Each condition was replicated three times for a total of 45 specimens. Supports were 

placed under each sample in order to facilitate the removal from the base plate. Standard rectangular 

supports were employed with 2 mm x 0.5 mm section and tooth shaped connection to the built specimens. 

The size of the specimens allowed avoiding the influence of the support structures on the deformation of 

the horizontal channels as they were sufficiently far from the bottom side of channels (10 mm). 

The analysis of the deformation was carried out separately for the two analysed geometries, but in a 

similar way. Firstly, the difference between the measured profile and nominal were quantified. 

Deformation profiles are modelled using the average yield stress of as built material. The first step to 

analyse the deformation of the measured profile was to find the centre of it. The lower part of the profile, 

considered non-deformed, was fitted with the nominal lower profile by minimizing the total sum of 

squares of the errors.  

The analysis on the circular channels was initially performed evaluating the difference in radial direction 

between the nominal and the real profile, as in equation 1, with respect to a polar reference system centred 

in the centre of the channel (see Figure 4.a). 

 

 ∆𝑅(𝜃) = 𝑅(𝜃) − 𝑟 1 

 

where, ∆R(θ) is the difference between the nominal profile and the measured one in radial direction, R(θ) 

is the radial coordinate of the measured profile and r is the nominal radius of the profile. To have a 

quantitative factor to compare the deformation of the various profiles, the upper arch of each channel 

was fitted with an ellipse and then the vertical semi-axis of each ellipse was used as indicator of the 
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deviation from the designed channel of each sample. The fitting ellipse was chosen by fixing the 

horizontal semi-axis equal to the radius of the channel and varying the vertical one (e in Figure 4.a). The 

deflection occurred for the different channel diameters was measured finally in terms of percentage 

difference between the vertical semi-axis of the fitted ellipse and the radius of the designed profile. This 

parameter, called normalized deviation Dn% is calculated as in equation 2: 

 

 𝐷𝑛% =
𝑒 − 𝑟

𝑟
∗ 100 2 

 

 
Figure 4. Scheme of the measurement method for a) circular and b) diamond shaped channels.  

 

The analysis of the diamond shaped channels was performed considering the average distance between 

the nominal and the measured profile, calculated as the actual average of the distance between the two 

profiles (Da). This analysis was performed on both the walls of the channel separately (i.e. left and right) 

and then the two were compared to see if any difference exists. The distance of each wall profile from 

the nominal profile was calculated referring to a reference system centred on the bottom corner of each 

wall and oriented as the nominal wall (see Figure 4.b).  

  

4 Results 

4.1 Mechanical strength 

Figure 5 shows typical tensile curves of the specimens in as-built and aged conditions. Table 5 

summarizes the extracted mechanical properties. In Figure 6 the mechanical properties achieved are 

compared to the samples produced without preheating and another LPBF system operating with pulsed 

wave emission [40]. It should be noted that the results are not completely comparable due to several 
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differences in the employed LPBF systems. However, the use of preheating and a continuous wave (CW) 

laser appears to provide better ductility with lower UTS. The effect of increased ductility with preheating 

in as-built conditions has been shown previously [42]. The CW emission has also been shown to induce 

a larger melt pool and potentially slower cooling rates [48,49]. Along with providing the material 

properties required for the modelling phase, these results confirm the heat sensitivity of the material 

observable in a global scale. 

 

 
Figure 5. Stress-strain curves before and after the heat treatment. 

 
Table 5. Mechanical properties of the as-built and aged specimens. 

Parameter As-built Aged 

Elastic modulus, E [GPa] 1480.6 1641.7 

Yield strength, YS [MPa] 7573.5 18765 

Ultimate tensile strength,UTS [MPa] 10031 19291 

Elongation at break, ε [%] 12.41.6 3.10.3 

 

 
Figure 6. Influence of the heat treatment, preheating and laser emission profile on UTS and  of 18Ni300. Literature values are 

extracted from [40]. 

 

4.2 Deformation behaviour of the horizontal channels 
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Figure 7 shows the build plate with the specimens. It can be noticed the specimens were positioned 

randomly, while they were rotated by 45° around the z axis in order to reduce the coating wear. 

Specimens were removed from the plate and cleaned to remove the excess powder. No sand-blasting was 

applied to reduce the surface roughness. All horizontal channels were produced without any issues 

concerning the overhang regions around the downskin regions. The channel dimensions were 

appropriately chosen with diameters not exceeding 10 mm in the circular case and with build angles 

higher than 45° in the case of diamond shaped channels. Hence, the support structures could be avoided 

and the channels did not show signs of sagging. 

 

 
Figure 7. Produced samples with internal channels on the build plate. Build plate diameter is ø300 mm. 

 

4.2.1 Deformation amplitude 

Figure 8 depicts the numerical values of the geometrical deviations. It can be noticed that the circular 

channels are characterized by much larger deflections compared to the diamond shaped ones. 

Concerning the circular channels, the overall results indicate that the majority of the specimens showed 

a negative deflection, i.e. the channels tend to reduce in size. Moreover, the replicates of each condition 

seem to show a good repeatability as the difference between them appears to be due only to the slight 

differences of roughness profiles. The only exceptions in these terms have to be made for the samples 

with a large channel diameter and large thickness, which show a profile close to the nominal one. The 

profiles show a visible trend of gradual increase in the deviation from the nominal profile which reaches 

its maximum value at the apex of the channel. Also, looking at the overall results, the deviation seems to 

be reduced as the diameter and the thickness of the sample increase. The deviations are significantly 

large going up to 0.5 mm from the nominal one.  

Concerning the diamond shaped channels, it can be seen that the channel profile is similar to the nominal 

one. Moreover, the measurements in Figure 8 show very small geometrical deviation amplitudes. Such 

differences can be attributed to the particle size of the powder sintered on the walls rather than significant 

geometrical deviations. The analysis in terms of average deviation was conducted considering as factor 

also the wall (left or right) since differently from what was done for the circular channels, in this case the 

parameter that quantifies the deformation was measured separately for the two walls. From the individual 

value plot, an apparent trend of deviation function of the specimen’s thickness is visible for 45° samples, 
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while the specimens printed at 50° inclination show no clear trend. Although a change of 5° may appear 

small, over the height of the diamond shaped channels it results in an extension of approximately 2 mm 

on the overall channel width. This results in a larger overhang regions per each layer, which can 

contribute to larger deformations with 45°. It should be noted that as the average differences in this case 

are small and should be interpreted more cautiously as deviations resultant from the internal stresses.  

 

 
Figure 8. Individual value plot for a) the normalized deviation analysis of the circular channels, b) the average deviation from the 

nominal profile of the diamond shaped channels. The dashed lines indicate no deformation conditions. 

 

These considerations confirm that the deformation behaviour of 18Ni300 is significantly different from 

other conventional alloys used in LPBF  namely AISI 316L [9], 17-PH [13], and IN718 [45]. Overall, 

the circular channels appear to reduce in diameter, which can be attributed to the difference in the sign 

of the equivalent stress being in compression rather than traction. The fact that the final profile is clearly 

deformed towards the bottom is attributed to the combined effect of the thermal deformation known from 

literature and to the phase transformation influence that causes an expansion of the layer. Concerning the 

diamond shaped channels, the deformation is close to null contrarily to what has been previously 

observed on 17-4 PH [13]. Such result indicates almost a self-compensating behaviour where the 

conventionally expected tension state is balanced by a compression field. 

 

4.2.2 Powder bed images 

Figure 9 shows the powder bed at the end of the laser scan at a build height of 19.95 mm (479th layer) 

and 21.95 mm (519th layer) respectively above the support structures. At the 479th layer the closure of 

circular channels with 10 mm diameter is visible, while at the 519th layer the diamond shaped channels 

are near closure. The images of the powder bed monitoring system showed uncoated material protruding 
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from the powder bed. This can be interpreted as the majority of the specimens showing an upward 

deformation. Such deformation is coherent with what is previously observed for other LPBF materials.  

As seen in Figure 9.a, the circular channels with the largest thicknesses resulted in the most visible 

deformations, and also visible for the highest number of layers. In other images not reported here for the 

sake of brevity, the circular channel specimens with the smaller diameters showed a visible deformation 

only at the very last layers before the channel closure. Similarly, the diamond shaped channels depicted 

a visible deformation with the same trend viewed for the circular ones. These results confirm the 

occurrence of the thermal deformation during the process even if not measurable at the end of the process. 

 

 
Figure 9. Powder bed monitoring after the coating of a) the 479th layer showing circular channels, and b) the 529th layer showing 

the diamond shaped channels. Insets show the magnified images of the protruding regions 

 

The presence of parts protruding from the powder bed can cause the damage of the coating system as 

discussed in the introduction, and it is interesting to notice that this phenomenon affects also 18Ni300 

maraging steels. While the upward deformation based on a tensile stress field is confirmed during the 

process, the final result of the downward deformation points to a physical phenomenon occurring after 

the closure of the internal channel. 

 

4.2.3 Microstructure along the channel borders 

One of the aspects that can be influenced by the geometry of the channel is the cooling rate in the 

overhanging part. For this reason, the microstructure of the material close to the channel borders was 

analysed, looking for any difference in terms of grain size. The grain size is compared for two specimens 

of different channel dimeter with 5 mm and 10 mm diameters. The grain structure was acquired at an 

equivalent location towards the final layers. Figure 10 shows the optical microscopy images near the 

channels and in the material bulk. The microstructure seems affected by the cooling conditions generated 

by the geometry itself causing a coarsening of the grains in the vicinity of the channel. This is expected 

to be due to the lower cooling rate, as expected by the fact that the overhanging part is scanned on loose 

powder which reduces the heat exchange. Considering the sensitivity of the 18Ni300 maraging steel to 

heat input, the final microstructure can be expected to be formed during the successive layers being fused 

on top of the channel. 
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It is known that during the phase transformation of steels a significant volume expansion can occur. The 

austenite to martensite transformation can generate a volumetric expansion up to 4% [50]. Within this 

work, such transformation is expected to occur around the channel borders, due to a change in the local 

cooling rates. The channel borders of the downfacing arch extend on the powder bed. These are the 

regions characterized by lower heat conductivity and heat accumulation, which can result in closure for 

smaller channels (D≤2 mm) [51]. In the case of 18Ni300, the heat build-up is expected to cause the 

volumetric expansion by phase transformation Hence, the channel geometry deviates with a negative 

sign with the formation of a compressive stress field.  

 

 
Figure 10. Microstructure of the circular channel specimens observed around the channel border of a specimen with a) 5mm, and 

b) 10mm diameter. c) The microstructure of the bulk material.  

 

5 Phenomenological model of the deformation mechanism 

The results allowed the formulation of a phenomenological model which describes the deformation 

occurring during the process as shown in Figure 11.  
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Figure 11. Schematic description of the deformation mechanism of horizontal channels during the LPBF of 18Ni300 maraging 

steel.  

 

The first phenomenon acting on the layer in overhang is the shrinkage of it in the first phase of the cooling 

(stage 1 in Figure 11). The thermal deformation of each single layer happening in the initial cooling 

phase causes an upward bending which increases the angle from the nominal profile design (ϕ → α, stage 

2 in Figure 11 and Figure 9). Until this stage the deformation behaviour is similar to other conventional 

LPBF processed alloys such as AISI 316L [10]. Going on with the build, the accumulation of the 

subsequent warpage of the added layers causes the further increase of the deformation (α → α’, stage 3 

in Figure 11). At a certain point during the process the phase transformation inverts the trend of deflection 

induced by the shrinkage of each layer. This inversion occurs later on during the process, and starts in a 

region lower than the one being fused (stage 4 in Figure 11). The rescanning and remelting of the layers 

below the one being scanned is expected to cause phase transformation in a cyclic manner for the already 

deposited layer may experience multiple heating and cooling cycles. The martensitic phase 

transformation will occur in the layers below the one being scanned where the temperature is higher than 

approximately 220°C, finishing below approximately at 90° [40]. The phase transformation can start 

once the layers are allowed to cool down below 220°C, this happens when the part gets below the 

remelting region. The heating and cooling cycles are expected to proceed and progress through the layers. 

At this point the expansion of the successive layers, as well as an increased fraction of martensite in the 

previously deposited ones will cause the downward bending of the overhanging region. Finally, when 

the channel is closed the last layers scanned are not affected by the matrix expansion. Consequently, an 

upward deviation is expected for the ending part of the channel at this stage (stage 5 in Figure 11). Once 

the layers above the top of the channel are scanned these can transform and the expansion generates the 

final deformed shape visible at the end of the process (stage 6 in Figure 11). According to this model the 

deformation happens as a consequence of two mechanisms which occur at different times because of the 

delay generated by the remelting.  

 

6 Estimation of the equivalent stress generated during LPBF 

An analytical model based on that presented by Kamat and Pei [13] was used to estimate the deformation 

equivalent stresses generated by the end of the process. This model assumes that as a new layer is added 

it shrinks during the cooling generating a stress equal to the yield stress of the material being processed 

and the channel growing in overhang behaves according to Euler-Bernoulli’s theory. Consequently, each 
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added layer causes a deformation of the layers below. For the sake of completeness, some of the passages 

required for the model development are also reported here. 

The bending of each point along the profile is calculated as the result of the bending of a beam having 

thickness h(x) in Figure 12, which is the distance between the layer being added and the point of which 

the deformation is being calculated. Therefore, the cantilever thickness varies during the job as the layers 

are added and depends on the point of which the deformation is being calculated.  

 

 
Figure 12. Schematic description of the model geometrical assumptions: a) overhang geometry and b) free-body diagram 

(adapted from Kamat and Pei [13]).  

 

In Figure 12.a, Hj is the height of the part when layer j is added, Lj is the length of the jth layer being 

added, Fint and Mint are the resulting internal force and bending moment. Considering that the melt pool 

penetrates more than one layer, coefficient m defined as the ratio between melt pool depth and layer 

thickness is introduced to consider the fact that the material involved in the shrinkage is more than the 

single layer. Kamat and Pei proposed an m factor of 5.17, which has also been used in work [13]. Looking 

at the free-body diagram shown in Figure 12.b and considering a width of the channel b, the internal 

force Fint and bending moment Mint generated are:  

 

 𝐹𝑖𝑛𝑡 = 𝜎𝑦 ∙ 𝑚 ∙ 𝑡 ∙ 𝑏 
 

3 

 
𝑀𝑖𝑛𝑡(𝑥) = 𝜎𝑦 ∙ 𝑚 ∙ 𝑡 ∙ 𝑏 

ℎ(𝑥) + 𝑡

2
 4 

 

where t is the layer thickness. Considering these actions, the deformation happens as the result of axial 

compression and bending. The axial compression according to Euler-Bernulli’s beam theory for a 

cantilever with variable cross-sectional area A and Young modulus E is given by: 

 

 
𝛿(𝑥) = −

𝐹𝑖𝑛𝑡

𝐸
∫

𝑑𝑥

𝐴(𝑥)

𝑥

0

 5 

 

Considering that the area is expressed as 𝐴(𝑥) = 𝑏(ℎ(𝑥) + 𝑡) the resulting compression is: 

 

 
𝛿(𝑥) = −

𝜎𝑦 ∙ 𝑚 ∙ 𝑡

𝐸
∫

𝑑𝑥

ℎ(𝑥) + 𝑡

𝑥

0

 6 

 

Where δ(x) is the axial deformation as a function of x. The bending induced by the momentum instead 

is given by the momentum-curvature relationship: 
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 𝑀𝑖𝑛𝑡(𝑥)

𝐸𝐼(𝑥)
=

𝑑2∆

𝑑𝑥2
 7 

 

Where ∆ is the vertical deformation as a function of x. 

Substituting the equation of the moment of inertia of a rectangular cross-section, 𝐼(𝑥) =
1

12
𝑏[ℎ(𝑥) + 𝑡]3 the resulting equation is: 

 

 𝑑2∆

𝑑𝑥2
=  

6 ∙ 𝜎𝑦 ∙ 𝑚 ∙ 𝑡

𝐸
 

1

[ℎ(𝑥) + 𝑡]2
 8 

 

Finally, the initial conditions to solve this second-order ordinary differential equation are:  

 

 ∆= 0 𝑎𝑡 𝑥 = 0 9 

 

 𝑑∆

𝑑𝑥
= 0 𝑎𝑡 𝑥 = 0 10 

 

considering that the beam is assumed to be clamped at one end. 

These equations calculated the deformation induced by the melting of a new layer on the part below. To 

calculate the effect of each layer on the ones below, the overhang geometry is discretized attributing one 

node to the bottom corner of the overhanging part of each layer (see Figure 13). The deformation of the 

ith layer under the action of the addition of the jth layer is computed solving the equations above 

considering the discretization of the profile: 

 
𝑤𝑖𝑗 = 𝛿(𝑥𝑖) = −

𝜎𝑦 ∙ 𝑚 ∙ 𝑡

𝐸
∫

𝑑𝑥

ℎ(𝑥) + 𝑡

𝑥𝑖

0

 11 

 

 𝑣𝑖𝑗 = ∆(𝑥𝑖) 12 

  

where wij and vij are the deformation of the ith node induced by the jth layer in x and y direction 

respectively. Then the deformation of each node is computed as the sum of all the deformations induced 

by the melting of the layer and of the ones above it. 

 

 
Figure 13. Nodes of the model according to the layer discretization of the geometry (adapted from Kamat and Pei [13]). 

 

In this way the deformation of each layer is computed as: 
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𝑤𝑖 =  ∑ 𝑤𝑖𝑗

𝑛

𝑗=𝑖

 13 

 
𝑣𝑖 =  ∑ 𝑣𝑖𝑗

𝑛

𝑗=𝑖

 14 

 

where, wi and vi are the total deformation of the ith node in x and y direction respectively, and n is the 

total number of nodes of the profile. The final profile can be computed as the sum of the deformation 

and the initial coordinates of the node: 

 
𝑥𝑖

𝑑𝑒𝑓
=  𝑥𝑖 + 𝑤𝑖 15 

 𝑦𝑖
𝑑𝑒𝑓

=  𝑦𝑖 + 𝑣𝑖 16 

 

where, 𝑥𝑖
𝑑𝑒𝑓

 and 𝑦𝑖
𝑑𝑒𝑓

 are the resulting coordinates of node i in x and y direction respectively. Since the 

profiles in this work are symmetric, the calculations can be made on just one half and then mirrored. 

In this work the model was used inversely to estimate the equivalent stress acting on the layer starting 

from the resulting profile of the channel. The model was utilized iteratively varying the stress value, 

usually considered equal to the yield strength of the material, and the equivalent stress value is the one 

minimizing the total sum of squares of the difference between the predicted profile and the measured one 

calculated in radial direction. The equivalent stress is calculated according to the following equation: 

 

 

�̂�𝑦 = 𝜎𝑦 𝑡ℎ𝑎𝑡  𝑚𝑖𝑛 = ∑(𝑅(𝜃𝑖)𝑝𝑟𝑒𝑑 −  𝑅(𝜃𝑖)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)2

2𝑛

𝑘=1
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where, �̂�𝑦 is the equivalent stress calculated by the model, 𝑅(𝜃𝑖)𝑝𝑟𝑒𝑑 is the radius predicted at the model 

at the angle 𝜃𝑖 of node i, and 𝑅(𝜃𝑖)
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the radius of the actual profile measured at the angle 𝜃𝑖; 

the sum of the squares of the errors is calculated on the overall profile since the specimens can have 

asymmetry. The average elastic modulus of the as-built specimens was used in the calculations. 

It should be noted that several assumptions are present in order to keep a simple closed analytical 

solution. The model neglects the temperature-dependent material properties. Such assumption provides 

ease of calculation although this may cause inaccuracy especially for the Young’s modulus. The plastic 

deformation is also not included in the model. Such condition would also improve the fidelity of the 

model for estimating the deformation behaviour starting from the known model variables. The volumetric 

expansion, which is also not described in the current form, could be incorporated as a geometrical change 

to further improve the model. Incorporating a thermal model that is able to incorporate the heat build-up 

and changes in the cooling rates due to the part geometry would be of great benefit. Coupled thermo-

mechanical simulations can be a more appropriate method for such objective [32]. It is underlined that 

the model was employed in this work as a means to calculate the equivalent stress field at the end of the 

build process, in order to better define the observed phenomenon. 

The diamond shaped channels were much closed to the nominal profile in the overall experimented 

conditions. This can be interpreted as the equivalent stress field is approximately null. Hence, only the 

circular profiles measured were analysed. The main effect and interaction plots of the equivalent stress 

measurements are reported in Figure 14. The results are coherent with the deformation analysis 
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concerning the overall trend. The negative sign shows that the material is under compression in the 

majority of the tested conditions. Moreover, deeper channels and larger diameters appear to provide the 

means to reduce the compression field. The estimated stress fields for the smallest channel diameters and 

shallower channels also exceed the material’s yield strength in as-built conditions with the tensile 

specimens. While this can be interpreted as the formation of permanent deformations, it can also indicate 

the variation of material properties in the vicinity of the channel profile. The strong variation between 

the different channel sizes indicate the influence of the channel geometry on the heating and cooling 

cycles. The shape of the channel determines the size of the scan path profile as well as the underlying 

mass that will dissipate the heat during the process. The smaller channels are expected to the cause a 

larger heat accumulation due to the shorter scan vectors resulting in a shorter temporal distance between 

the overlapping hatch lines [52]. Moreover the smaller surface area of the channels with smaller 

diameters can reduce the thermal conduction to the powder bed. With these combined effects, the phase 

transformation is expected to be more pronounced resulting in larger fraction of martensitic 

transformation around the channels. Hence the overlapping layers with larger fraction of martensite are 

expected to compress further into the channel. Resultantly, the larger geometrical errors are formed 

corresponding to a larger equivalent stress field. 

The equivalent stresses obtained with this model were also analysed with analysis of variance (ANOVA) 

with a statistical significance threshold of =5%. The results shown in Table 6 confirmed the 

significative influence of both the geometrical parameters and the non-significance of their interaction. 

In the light of all the results, it can be seen that the deformation behaviour of 18Ni300 is geometry 

dependant. It can be inferred that the thermal history, shrinkage and the phase transformation may have 

a great influence on the stress distribution. 

 

 
Figure 14. Main effects and interaction plots of the equivalent stresses estimates. 

Although the analysis confirms the change in the stress field behaviour to better explain the unusual 

deformation behaviour of 18Ni300 horizontal channels processed by LPBF, the model validation remains 

an open issue. The measurement of stress fields is highly complex on the as-built specimens due to the 

high surface roughness, which would be problematic for X-ray diffraction (XRD) measurements. Surface 

polishing and grinding would cause material removal and consequently a change in the stress field. Such 

principle can be exploited for measurements via stress gauges while the part is released via chip removal 

or wire electric discharge machining [11]. However, the measurement of the local stress field remains 
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problematic due to the size restrictions. In-situ measurements have been also discussed in literature, 

which can better shed light on this phenomenon [53,54]. 

 
Table 6. Analysis of variance on the equivalent stress. 

Source DF Adj SS Adj MS F-Value P-Value 

  D [mm] 2 1210196 605098 17.44 0.000 

  b [mm] 2 860066 430033 12.39 0.000 

  D [mm]*b [mm] 4 202438 50610 1.46 0.258 

Error 17 589931 34702       

Total 25 2827630          

 

7 Conclusions 

This work was aimed at studying the deformation occurring in the horizontal channels during the LPBF 

of 18Ni300 maraging steel for tooling applications with conformal cooling channels. The geometrical 

integrity of the conformal channels is fundamental for the efficient cooling having an impact both on the 

tool lifetime and the quality of the product quality. The systematic analysis showed several differences 

in the deformation behaviour compared to some of the conventional alloys used in LPBF. The main 

outcomes of the work can be summarized as follows: 

• A suitable set of parameters for producing maraging steel 18Ni300 was defined resulting in 

mechanical properties compliant to the expected ones both in the as-built and in the aged 

conditions; 

• 18Ni300 showed a peculiar behaviour of downward bending and a compressive equivalent stress, 

which were associated to the martensitic structure which is formed with a significative volumetric 

expansion. Such deformation behaviour was not observed with other conventional LPBF alloys; 

• The deformation was shown to be dependent on the geometry of the channel being produced, in 

particular shorter and smaller channels exhibit higher amount of closure; 

• For the circular channels a larger diameter resulted in a final profile close to the nominal one, 

while for the diamond shaped geometrical fidelity was higher; 

• The powder bed monitoring images showed that an upward deformation happens during the build 

causing the formation of parts protruding from the powder bed; 

• A phenomenological model was formulated stating that the deformation is a combination of the 

initial thermal deformation, which causes an upward deformation, followed by a volumetric 

expansion due to the phase transformation which inverts the previous trend. 

 

In industrial practice, the channels are expected to vary also in length, diameter and orientation. Hence, 

the final geometrical deviations will be the result of a complex interplay between the position, dimension 

and the shape of the channel. Although the diamond shaped channels appear to suffer much less in terms 

of geometrical deviations, their use is limited due the stress accumulation expected in the sharp corners. 

Such conditions are problematic for thermal fatigue problems. Finally, a more comprehensive analysis 

can be carried out to embed the channel deformation behaviour to finite element models starting from a 

semi-empirical approach such as the one defined here. The end users can define compensated models 

and work on finishing operations for the specific case in hand. 
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