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Abstract: Additive manufactured interlocking structures often face challenges in achieving suitable joinability
due to thermal deformation. This issue becomes particularly interesting when fabricating structures that
require high density but not fully connected layers, such as soft-magnetic materials. This study focuses on
systematical investigation of the deformation as a function of finger thickness and building direction in model
interlocking structure. In the perpendicular direction to the build plate, the distortions of joint part were
significantly reduced due to lower thermal stress. In addition, the effect of laser power and scan speed on
interlocking structure are systematically discussed. Additionally, through stress and thermal simulations of
additive manufacturing process, it was confirmed that the compensated model can enhance the joinability of
interlocking structures. These findings contribute to the development of optimal design for additive
manufactured parts of soft magnetic materials such as stators in electric motor components, which needs
insulations and density.

Keywords: additive manufacturing; interlocking structure; Design for Additive Manufacturing
(DfAM) ; Netfabb Local Simulation

1. Introduction

Additive manufacturing was developed to address the need for producing complex structures
on 3D design models [1,2]. While early 3D printing primarily focused on prototyping, there has been
a recent surge in the use of metal 3D printing for production [3,4]. Design for additive manufacturing
(DfAM) has been receiving attention due to its potential to decrease part quantities and cut down on
assembly time [5,6].

With the expanding applications of additive manufacturing, there is a growing need for robust
joint structures capable of connecting multiple printed parts [7]. These joint structures must be able
to accommodate high aspect ratios and incorporate heterogeneous materials, catering to specialized
requirements such as damage tolerance or core loss reduction [8-10].

Unlike traditional manufacturing, there is a lack of systematic research and established practices
specifically focused on the joinability of additive manufactured metal parts. The quality of joints is
influenced by surface roughness and thermal distortion [11]. For instance, when fabricating stacked
magnetic slits, insufficient air gaps might result in parts adhering to each other [12]. Shape
optimization methods can help mitigate these issues and minimize core loss [12,13]. However,
limitations in wall thickness pose challenges for high-density additive manufacturing. Ongoing
research aims to improve bonding, develop new materials and advance additive manufacturing
technologies to address these challenges.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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It is widely recognized that the generation and relaxation of thermal stress are dependent on the
direction of additive manufacturing. Therefore, taking into account the direction of stacking is vital
when producing products with the minimized thermal distortion [14,15]. Specifically, the finger joint
shape, created by connecting thin plates, is susceptible to the thermal distortion [16]. However, the
finger joint shape could significantly lower eddy currents in the stack of soft magnetic materials,
thereby enhancing the power efficiency of the electromagnet.

Therefore, this study aims to experimentally explore the manufacturing of interlocking joints
with varying thicknesses using SUS 17-4PH powder as a model material for such structures.
Feasibility and reliability are assessed through additive manufacturing simulations.

2. Materials and Methods

2.1. Design of interlocking structures

Investigating the effect of the building direction on the joinability, the model interlocking
structure was designed as shown in Fig. 1(a) [15]. The model consists of thick base and 11 highly
elongated arms. The thickness of arms (denoted as “t”) changes from 0.5 to 1.0 mm and the distance
between adjacent arms were fixed as 2.0 mm. Avoiding the dehiscence in the adjacent arms during
sample preparation, the base with 10 mm long was selected. Two interlocking structures can be
geometrically joined as shown in Fig. 1(a), which makes two overlapped rectangles. The joining
margin is necessary because of the precision margin of error and the distortion during
manufacturing. While the joining of two slimmest arm, 0.5 mm, leads 50% filling up the spacing, the
thickest arm, 1.0 mm, reaches full density if it connected. Two distinct building direction, a parallel
and perpendicular to build plate were considered. The other building directions such as 45, 60° to the
build plate were also fabricated but there was no significant difference to the perpendicular to the
build plate.

The inclined interlocking structure which leads trapezoid was designed as shown in Fig. 1(b) to
estimate the dehiscence, one of major reasons of failure in the interlocking structures. While it consists
of 11 arms with 2 mm spacing similar to the previous model, only Imm thick base structure was
applied to investigate systematically the distortion of arms with additive manufacturing conditions
such as laser power and scan speed. If the distortion is bigger than the margin, the interlocking
structures cannot be joined. To estimate the dehiscence, the difference between the length of base
part(al) and the distance between the outer arms(a2) shown in Fig. 1(b) were characterized.

2.2. Additive manufacturing of interlocking structures

The interlocking structures were made with commercially available 17-4PH stainless steel (SUS
17-4PH, Koswire Co.). SUS 17-4PH is a good candidate model for predicting the distortion during
processing and releasing from the build plate as the material parameters for simulation were
available in Netfabb Local Simulation. Using Laser powder bed fusion (LPBF) machine, (Concept
Laser M2, General Electric), The interlocking structures to investigate the effect of building direction
were prepared with laser power of 370 W and scan speed of 1,350 mm/s in perpendicular and parallel
to the build plate shown in Fig 1(a).

By the way, the inclined structures were prepared with 14 different processing conditions to
estimate the effect of laser power density on the dehiscence. Laser power changes from 370 W to 200
W while Laser scan speed changes from 600 mm/s to 1500 mmy/s. The detailed processing conditions
are shown in the Table 1.prior to publication.
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Figure 1. Design of interlocking model with (a)flatten and (b)inclined structures consisting of 11 arms
with fixed arm spacing 2.0mm. 6 models with different arm thickness from 0.5mm to 1.0mm are
prepared for the flatten model.

Table 1. PBF printing process variables for SUS 17-4PH.

Laser power Laser scan speed Hatch distance Laser spot size Layer thickness
(W) (mm/s) (um) (um) (um)
370 600 90 130 50
370 900 90 130 50
370 1200 90 130 50
370 1500 90 130 50
350 600 90 130 50
350 1200 90 130 50
350 1500 90 130 50
300 600 90 130 50
300 900 90 130 50
300 1200 90 130 50
250 600 90 130 50
250 900 90 130 50
250 1200 90 130 50

200 900 90 130 50
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2.3. Joinability test and X-ray CT analysis

Two interlocking structures with distinct arm thickness were aligned in the designed plate. Two
parts was pushed within 0.1 MPa pressure to test the joinability measuring the distance between base
parts of them. If two interlocking structures are fully joined, the distance between base parts is around
10 mm while the distance is almost 20 mm if they do not join. We performed at least 5 tests for each
configuration and the results were classified as fully joined ('O’ less than 11 mm), half joined (‘A"
between 11 mm and 19 mm) and not joined ("X’ more than 19 mm). To investigate of the joined
structure, X-ray CT was introduced to characterize the blocking area carefully.

For inclined structures, the distortions were estimated by computer vision. From 1,200 dpi
scanned images of sample, the length difference in the base and arm parts were carefully measured
by pixel.

2.4. Simulation of the distortion in additive manufacturing

Netfabb Local Simulation (commercially available from Autodesk) was applied to predict the
amount of thermal strain as a function of building direction. The simulation parameters for laser
power, scan speed, thickness and scanning strategy were set to be identical with those used in the
experiment. The amount of deformation in the perpendicular direction of the joint arm is essential to
estimate joinability. Considerations were made to ensure accurate meshing and simulation results.
The voxel mesh size was set to be at least twice the minimum wall thickness and was maintained at
half the size of the slit. Preserving symmetry during the meshing process was crucial to avoid artifacts
and inaccuracies in the simulation. Thus, careful attention was given to meshing operations to
maintain reliability.

With the consideration of distortion, the compensated design could be obtained in Netfabb Local
Simulation. The displacement of each mesh was individually calculated, and the negative movement
was applied. Finally, the compensated structures for interlocking models were prepared.

3. Results

3.1. The effect of building direction on joinability of interlocking structures

The assembly experiments on joint specimens manufactured by PBF processes were conducted
with different thicknesses and orientations with respect to the build plate. The results were
summarized in Table 2.

Table 2(a) shows the results for specimens printed parallel to the build plate. The assembly
success varied depending on the thickness of the joint arm (denoted as "t"). For a joint arm thickness
of 0.5 mm, all dimensions were successfully assembled. However, as the joint arm thickness increased
to 0.6 mm, the assembly with 0.9 mm and 1.0 mm specimens was not perfect. Further, at a joint arm
thickness of 0.7 mm, only the 0.9 mm and 1.0 mm specimens failed to assemble, and for 0.8 mm joint
arm thickness, assembly failures occurred from 0.8 mm to 1.0 mm specimens. In the case of joint arm
thicknesses of 0.9 mm and 1.0 mm, the 0.5 mm specimen was completely assembled, while the 0.6
mm specimen only achieved partial assembly, and the remaining dimensions were not assembled.

Table 2(b) presents the results for specimens printed perpendicular to the build plate. Here, the
assembly success was generally better than those printed parallel to the build plate. For joint arm
thicknesses ranging from 0.5 mm to 0.7 mm, all dimensions were successfully assembled. At a joint
arm thickness of 0.8 mm, only the 1.0 mm specimen failed to assemble. With a joint arm thickness of
0.9 mm, partial assembly was achieved for the 0.9 mm specimen, while the 1.0 mm specimen was not
assembled. Finally, for a joint arm thickness of 1.0 mm, assembly was made up to the dimensions of
0.7 mm, and specimens from 0.8 mm to 1.0 mm was not assembled.

Table 2. Joint-test for printed parts of distinct thickness in (a) a parallel to the build plate and (b) a
perpendicular to the build plate.
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( O : Fully jointed, A: Partially jointed, X : Not jointed ).

It was observed that parallel printing exhibited more assembly failures and required sufficient
margin for successful assembly. In contrast, perpendicular printing showed minimal thermal
deformation and achieved successful assembly for most dimensions. This result can be understood
that the printing area of arms in perpendicular direction are smaller than those in parallel direction
at the given layer. It demonstrates the building policy can significant affect the joinability in the
interlocking structure.

To analyze quantitively the thermal stress and residual stress, additive manufacturing
simulations were performed using Netfabb Local Simulation [17]. In Fig. 2(a), two distinct building
directions to the build plate was shown. Figure 2(b) displayed the simulation results for a specimen
printed with the additive manufacturing direction parallel to the build plate. The red areas indicated
inward deformation of the joint arm, while the blue areas represented outward deformation. It was
evident that the joint arm experienced significant deformation inward due to thermal and residual
stress. In contrast, Figure 2(c) showed only the uniform displacement in joint arms when they printed
perpendicular to the build plate. Consequently, the building policy that the interlocking structure
prints perpendicular to the build plate was an effective approach to improve assembly properties, by
minimizing the influence of thermal stress and residual stress on the joint arm. These simulation
results are consistent with the experimental observations. maintain reliability.

(@)

w +0.1mm
i »

-0.1mm

Red: inward direction
Blue: outward direction

-0.1mm

Distortion structure (Scale Factor: x10) Distortion structure

Figure 2. (a)A schematic figure of two building directions to the build plate and displacements in
interlocking structures estimation in (b) parallel and (c) perpendicular to the build plate.

3.2. The effect of laser energy density on the dehiscence in interlocking structures

One of the major reasons for the failure to join the additive manufactured interlocking structures
is the dehiscence of arms when the original structure is not symmetrical. In Fig. 3(a), the simulation
result of the inclined models with 370 W laser power and 900 mm/s scan speed shows the dehiscence
of joint arms, 0.41 mm after releasing the build plate. The dehiscence can be measured by the
difference between base length(al) and total arm spacing(a2) shown in Fig. 3(a). It is found that the
open-up of the joint arms due to the thermal stress are expected.

Figure 3(b) shows the experimental and calculated dehiscence as a function of laser energy
density, laser power per scan speed. As the laser energy density increases, the calculated distortions,
represented as red dots, are increasing. It is common that the thermal distortion increases as the laser
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power is higher and scan speed is slower. The experimental measurements of the dehiscence in the
lower laser energy density, 0.35 W-s/mm, are reasonably consistent with the calculations. It indicates
that the materials parameters for simulation are well calibrated within the suitable processing
conditions. It is worth to mention that the one of recommendation values for laser power and scan
speed in SUS 17-4PH are 370 W and 1,350 mm/s, respectively, which leads is 0.27 W-s/mm. Therefore,
the dehiscence of joint arms can be predicted by simulations within the general processing condition.

However, as the laser energy intensity increases, the measured distortions in experiments are
much lower than the calculated one. This inconsistency can be understood that the high laser energy
density decreases the density with the key-hole effect and so on. The thermal stress model in the
simulation software does not significantly consider the decrease of density to the keyhole effect on
thin wall problems.

With the combination of calculations and model experiments, the dehiscence in the interlocking
structures is investigating systemically. It shows that the dehiscence in the interlocking structure is
strongly related to the laser energy density within the processing conditions and can be calculated
with the simulations [18]. The higher laser energy density, the difference between the experiments
and calculation increases which seems to be related to the decrease of density and so on.
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Figure 3. (a)Distortion of inclined interlocking structures and (b) the relationship between laser
energy density and estimated distortion by calculations and experiments.

3.3. Compensated structrue to improve joinability

These result shows that the design and control of thermal distortions are essential for
interlocking structures to improve joinability. One of practical approaches to reduce the distortion
is using the compensated structure with the simulation [19]. Calculating the displacement of each
mesh, compensated structure could be built with the negative movement in each position.

Here, experimental tests demonstrated that specimens with compensated design achieved better
assembly compared to those manufactured in the previous parallel direction. The outward
deformation of the joint arm in the specimen by implementing compensated design were applied
based on predicted deformation amounts. Through the simulation, it was determined that the largest
deformation occurred with a joint arm thickness of 0.6 mm. Figure 4(a) depicted the assembly of
normal 0.6 mm and 0.9 mm specimens manufactured in the conventional parallel direction, while
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Figure 4(b) showed the assembly of compensated 0.6 mm and 0.9 mm specimens manufactured with
compensated design. The conventional parallel assembly achieved only about 1/4 assembly, whereas
the specimens with compensated design were perfectly assembled. The complex shapes of parts
manufactured through metal 3D printing often result in non-uniform stress distribution at the
assembly sites. Therefore, compensating of assembly parts, leading to increased stability and
durability.

To further evaluate the assembly quality and deformation in relation to the compensated design,
X-ray computed tomography (CT) was utilized. X-ray CT scans were performed on the assembly tests
of 0.6 mm and 0.9 mm specimens manufactured in the parallel direction (Figures 4c and e).
Additionally, X-ray CT scans were conducted on the assembly tests of 0.6 mm and 0.9 mm specimens
with the compensated design applied (Figures 4d and f).

The X-ray CT measurements revealed that, when comparing joint tests with the same thickness,
the assembly of specimens with compensated design exhibited superior results compared to those
manufactured in the previous parallel direction. This finding, obtained through X-ray CT analysis,
provided further evidence of the improved assembly quality achieved by implementing
compensated design.

L.

Figure 3. Joint-test of two distinct arm structures with arm thickness of 0.6 mm and 0.9 mm,

respectively. (a) arm structures without and (b) with compensation design. X-ray tomography results
show in x-y direction ((c),(d)) and y-z direction((e),(f)).

4. Discussion

The study focuses on achieving a high-density coupling structure in metal joints for product
assembly. Additive manufacturing techniques were employed to predict and analyze thermal
deformation during the manufacturing process, as well as the maximum deformation of the joint arm
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after cutting, using simulation. The results indicate that additive manufacturing in a perpendicular
direction to the build plate leads to improved assembly properties due to reduced deformation
caused by thermal strain during cutting, as compared to the parallel direction. Furthermore,
incorporating simulation predictions into the design stage resulted in enhanced assembly for the
compensated product, surpassing the parallel output.

Challenges arise when perpendicular manufacturing is not feasible or when the height of the
printed object increases, resulting in the accumulation of thermal stress within the printed structure.
In such cases, optimizing the printing height becomes crucial, and exploring the possibility of
assembly by adjusting the angle towards the parallel direction becomes significant. Obtaining
quantified values and results in this regard is vital to ensure reliability and stability in additive
manufacturing, save time, and enhance the precision of printed objects.

Additionally, the study highlights the importance of magnetic 3D printing, which enables the
production of parts with unique properties and functions not achievable with traditional 3D printing
materials. Magnetic 3D printing offers the advantage of creating objects with magnetic properties,
finding applications in various fields such as robotics, sensors, and electronics. It also allows to
produce parts capable of changing shape or behavior in response to a magnetic field, facilitating the
development of adaptable components and sensors. The ability to produce complex geometries that
are not feasible with conventional manufacturing methods leads to cost savings, improved efficiency,
and customization of parts for specific applications. Hence, research and development in magnetic
3D printing are crucial as it has the potential to revolutionize the manufacturing industry by enabling
the production of objects with unique properties and functions.

5. Conclusions

In this study, we systematically studied the joinability of additive manufactured interlocking
structures. Due to the distortion of interlocking arms during processing, the design margin is
necessary. With the combination of simulations and experiments, it was found that the thermal
distortion due to the building direction or the laser energy density play an important role in
joinability. This study demonstrate that the amount of distortion related to the manufactured area in
the layer and processing parameters such as laser power and scan speed can be estimated with
simulations in SUS 17-4PH, which is essential to design the margin of interlocking structure.
However, the inconsistency between calculated distortion and experimental observation occurs
when the laser energy density is high to reduce the density of parts.

Moreover, with the simulated distortion results, the quality of interlocking could be improved
with the compensated model. To ensure the joinability of the interlocking structure, it is noteworthy
that the careful choice of building strategy and simulation is necessary in the fabrication of
interlocking structures via additive manufacturing.
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