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Abstract

Triply periodic minimal surface (TPMS) lattices have drawn great attention
both in academic and industrial perspective due to their outstanding mech-
anical behaviours. Additive manufacturing (AM) modalities enable the pro-
duction of these lattices very easily. However, dimensional inaccuracy is still
one of the problems that AM still faces with. Manufacturing of these lattices
with AM modalities, then measuring the critical dimensions and making design
changes accordingly is a costly process. Therefore, it is necessary to predict the
dimensional deviation of TPMS lattices before print is a key topic. This study
focused on prediction of dimensional deviation of laser powder bed fusion
(LPBF) produced gyroid, diamond, primitive, IWP and Fisher-Koch lattices by
using thermomechanical simulations. TPMS type, unit cell size, volume frac-
tion, functional grading and part orientation were selected as design variables.
Results showed that all the design inputs have effects on dimensional accuracy
of LPBF produced parts and TPMS type has the most critical factor. Based on
analysis of variance analysis, an optimum lattice configuration was proposed
to obtain the lowest dimensional deviation after LPBF build.

Keywords: LPBF, TPMS, unit cell size, volume fraction, functional grading,
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1. Introduction

Triply periodic minimal surface (TPMS) lattice structures are one of a kind structures which
can be modelled by mathematical expressions and contain unit cells with periodic and reg-
ular arrangements [1]. Due to their high energy absorption, specific strength, acoustic and
thermal behaviours, these structures are nowadays used in different industrial applications [2].
Different TPMS structures show different mechanical behaviours under axial loading con-
ditions. For instance, primitive structures show stretch-dominated, and gyroid and diamond
structures show bending-dominated behaviour under axial loadings [3].

In spite of their outstanding characteristics, the manufacturing of TPMS lattices can be
costly and time consuming or sometimes impossible with conventional manufacturing meth-
ods, but due to the advancements in different additive manufacturing (AM) modalities, it is
now easier to produce these parts from different material alternatives [4]. Laser powder bed
fusion (LPBF) is one of the AM processes where metal powders are deposited on a build plat-
form layer by layer and selectively melted by using laser energy. When one layer is melted
according to CAD geometry, build platform is lowered with an amount of layer thickness, then
new metal powder layer is deposited onto the previous one and this process continues until the
part is fully built [5]. LPBF method enables the manufacturing of TPMS lattices however it has
some drawbacks one of which is the high dimensional/geometric deviation during manufac-
turing when compared with the nominal geometry. In LPBF, dimensional/geometric deviation
from the CAD model can be occurred due to residual stress and surface roughness which
are directly related with process parameters, build orientation, powder inhomogeneities etc
[6]. Apart from dimensional deviation, eccentricity differences throughout strut cross section,
thickness waviness or in some cases missing walls can be observed [7]. In scientific literature,
researchers attributed the dimensional deviation observed in LPBF method to different causes.
Davoodi et al stated that one of the causes of dimensional deviation in LPBF process is the
aggregation of non-fully melted powder particles bonded to overhang surfaces [8]. El Elmi
et al and Vrana et al stated that non fully melted powder particle adhesion, stair step effect or
porosities are some of the causes of dimensional variation [9, 10]. Stair step effect was also
mentioned in Al-Ketan et al’s study [11]. Incomplete melting of metal powders, lack of fusion,
entrapped gas porosity can also cause dimensional variations [12]. Bagheri et al and other
researchers attributed the dimensional deviation in TPMS lattices during LPBF process to dif-
ferent thermal gradients between solid walls/struts and neighbour powders [13—16]. Another
cause of dimensional deviation in TPMS lattices during LPBF process is balling phenomena
[17, 18]. It is the phenomenon of spreading of metal powders on the build platform espe-
cially when high laser velocity or low laser power values are used [19]. Balling phenomena
causes mass agglomeration especially at the nodes in lattice structures which results in ellipt-
ical shapes of struts during build instead of cylindrical shape [20-22]. Powder particle size
difference [23] and data loss during stl export from CAD data [24] were reported as the causes
of dimensional deviations.

Dimensional inaccuracies obtained in LPBF method is very important since it directly
affects mechanical properties of built part during its service life [25]. Dimensional deviations
can be measured after build and related substantiation can be made to effectively use the built
part. However, LPBF manufacturing and testing of TPMS lattice structures are costly and
time-consuming processes. To eliminate this, thermal and mechanical simulation based finite
element modelling, or thermomechanical modelling [26] can be used to predict dimensional
deviation before build.

It is observed in the literature that most of the studies focused on compressive properties
of TPMS Iattices, little attention was given to dimensional deviation prediction [27, 28]. To
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address this issue, in the present study, dimensional deviation of five different TPMS lattices
produced by LPBF method was predicted by using thermomechanical modelling. TPMS type,
volume fraction, unit cell size, functional grading and part orientation were selected as design
variables and max. dimensional deviation was selected as the design output. To understand
the importance of each variable on design output, analysis of variance (ANOVA) analysis was
performed.

The rest of the paper is organized as follows. Lattice geometries, design of experiment,
thermomechanical simulation details are explained in section 2. The findings are presented in
section 3 and detailed discussions are also given in this section. Section 4 focuses on ANOVA
analysis results to understand the effect of each parameter on dimensional deviation and the
optimum design parameters to get the min. dimensional deviation. The summary and main
conclusions are presented in the Conclusion section.

2. Materials and methods

2.1. Specimen geometry and design of experiment preparation

MsLattice software [29] was used to prepare TPMS lattice geometries. Gyroid, diamond, prim-
itive, IWP and Fischer-Koch TPMS lattices (figure 1) were used in the present study. These
different TPMS types have different surface continuities and different mechanical behaviours
under axial loading conditions. Their mathematical expressions are given in equations (1)—(5)
below,

Gyroid = sin (X) cos (¥) + sin (¥) cos (Z) + sin (Z) cos (X) (1)
Diamond = cos (X) cos (¥) cos(Z ) + sin (X) sin (¥) sin (Z) (2)
Primitive = cos (X) + cos (Y) + cos (Z) 3)

IWP = 2[cos (X) cos (Y) + cos (Y) cos (Z) + cos (Z) cos (X)]
— [cos (2X) + cos (2Y) + cos (2Z)] €))
Fischer — Koch = cos (2X) sin (Y) cos (Z) + cos (X) cos (2Y) sin (Z)
+ sin (X) cos () cos (22) 5)

where X = 27w\, Y = 27wy/A, and Z = 27w\, A is the unit cell dimension and x, y and z are
the number of unit cells in related directions [27].

Due to the thin wall manufacturing limitation of LPBF process [30], unit cell size and
volume fractions were selected such that the thinnest features have 0.5 mm wall thickness.
By considering this limitation, 4, 6 and 8§ mm unit cell sizes, 6, 4 and 3 number of unit cells,
25, 35 and 45% volume fractions were selected. All the specimens have outer dimensions of
24 x 24 x 24 mm. In general, TPMS lattices do not need any support structure during build
since they have continuous surfaces with zero mean of curvature. However, in this case, build
orientation play an important role on quality of the built part [31]. To understand the effect
of build direction on dimensional deviation, the specimens were oriented with four different
orientations: 0, 30, 45, 60 degrees (figure 2). To obtain functionally graded specimens, start
and end volume fraction values were selected as 25% and 45%, respectively. Therefore, five
different functionally graded TPMS lattices with volume fractions changing between 25%—
35% were obtained. In total, 57 specimens were modelled and investigated in this study. Table 1
shows the design of experiment consisting of 57 specimens.

3
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Figure 1. The specimens with 24 x 24 X 24 mm outer dimensions: (a) gyroid,
(b) diamond, (c) primitive, (d) IWP, (e) Fischer-Koch.
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Figure 2. Gyroid specimen with four orientations: (a) O degree, (b) 30 degree,
(c) 45 degree, (d) 60 degree. Black lines represent the upper surface of build platform.
Green arrows represent the build direction.

2.2. Simulation and mesh convergence study

Thermomechanical simulations were performed in Simufact Additive 4.1 commercial soft-
ware. To perform back to back comparison, all specimens were simulated by using Inconel
718 alloy powder parameters in Simufact Material library.

Simufact Additive software uses voxel elements to discretize the geometry. The most
important selection in thermomechanical simulations is the voxel element size. When lower
voxel element sizes are selected, higher accuracy results can be obtained, however, in this case,
computation time would be higher. Therefore, in thermomechanical simulations, it is neces-
sary to perform a mesh convergence study by considering accuracy and computation time as
design outputs. For this purpose, 0.7, 0.6, 0.5, 0.4, 0.3 and 0.2 mm voxel element sizes were

4
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Table 1. Design of experiment used in the present study.

Volume Part orientation ~ Unit Cell Number of
Specimen No Lattice type  fraction (deg) Size (mm)  unit cell
1 Gyroid 0.25 0 6 4
2 Gyroid 0.25 30 6 4
3 Gyroid 0.25 45 6 4
4 Gyroid 0.25 60 6 4
5 Gyroid 0.35 0 6 4
6 Gyroid 0.35 30 6 4
7 Gyroid 0.35 45 6 4
8 Gyroid 0.35 60 6 4
9 Gyroid 0.45 0 6 4
10 Gyroid 0.45 30 6 4
11 Gyroid 0.45 45 6 4
12 Gyroid 0.45 60 6 4
13 Diamond 0.25 0 6 4
14 Diamond 0.25 30 6 4
15 Diamond 0.25 45 6 4
16 Diamond 0.25 60 6 4
17 Diamond 0.35 0 6 4
18 Diamond 0.35 30 6 4
19 Diamond 0.35 45 6 4
20 Diamond 0.35 60 6 4
21 Diamond 0.45 0 6 4
22 Diamond 0.45 30 6 4
23 Diamond 0.45 45 6 4
24 Diamond 0.45 60 6 4
25 Primitive 0.25 0 6 4
26 Primitive 0.25 30 6 4
27 Primitive 0.25 45 6 4
28 Primitive 0.25 60 6 4
29 Primitive 0.35 0 6 4
30 Primitive 0.35 30 6 4
31 Primitive 0.35 45 6 4
32 Primitive 0.35 60 6 4
33 Primitive 0.45 0 6 4
34 Primitive 0.45 30 6 4
35 Primitive 0.45 45 6 4
36 Primitive 0.45 60 6 4
37 IWP 0.25 0 6 4
38 WP 0.35 0 6 4
39 WP 0.45 0 6 4
40 Fisher-Koch  0.25 0 6 4
41 Fisher-Koch  0.35 0 6 4
42 Fisher-Koch  0.45 0 6 4
43 Gyroid 0.25 0 4 6
44 Gyroid 0.25 0 8 3
45 Diamond 0.25 0 4 6
46 Diamond 0.25 0 8 3
47 Primitive 0.25 0 4 6
48 Primitive 0.25 0 8 3

(Continued.)
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Table 1. (Continued.)

Volume Part orientation ~ Unit Cell Number of

Specimen No  Lattice type  fraction (deg) Size (mm)  unit cell
49 Iwp 0.25 0 4 6
50 Iwp 0.25 0 8 3
51 Fisher-Koch  0.25 0 4 6
52 Fisher-Koch  0.25 0 8 3
53 Gyroid 0.25-0.45 0 6 4
54 Diamond 0.25-0.45 0 6 4
55 Primitive 0.25-0.45 0 6 4
56 Iwp 0.25-0.45 0 6 4
57 Fisher-Koch  0.25-0.45 0 6 4
_ = 0.18
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Figure 3. Mesh convergence study.

used in the thermomechanical simulation of one of the TPMS specimens (gyroid) and dimen-
sional deviations were measured. From figure 3, it is clear that after 0.3 mm voxel element
size, the max. dimensional deviation converges to a constant value. Therefore, all the 57 spe-
cimens were simulated by using 0.3 mm voxel element size. Figures 4(a) and (b) show CAD
geometry of one of the specimens and its discretized version with voxel elements, respect-
ively. The simulation data and CAD data were then aligned in GOM Inspect software and a
deviation map was prepared. Max. dimensional deviations were measured on these deviation
maps (figure 4(c)).

3. Results and discussions

3.1 The effect of TPMS type on dimensional deviation

Max. dimensional deviation results for different TPMS types with fixed volume fraction (0.25),
orientation (0 degree), unit cell size (6 mm) and number of unit cells (4) are shown in figure 5.
The highest and the lowest dimensional deviations were observed on diamond and Fischer-
Koch lattices, respectively. Different TPMS types have different surface continuities, and these
surface types and orientations directly affect the thermal distribution in each layer. Different
thermal distribution eventually leads different surface qualities in terms of both surface rough-
ness and dimensional deviation [32, 33].



Modelling Simul. Mater. Sci. Eng. 32 (2024) 045009 O Gilcan et al

[um]
0.10

0.08

0.06

Figure 4. (a) Fischer-Koch geometry, (b) discretized geometry with voxel meshes, (c)
dimensional deviation map based on superimpose of nominal and simulation geometry.
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Figure 5. The effect of TPMS type on dimensional deviation.
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Figure 6. The effect of volume fraction on dimensional deviation.

3.2. The effect of volume fraction on dimensional deviation

Max. dimensional deviation results for different volume fractions with fixed orientation (0
degree), unit cell size (6 mm) and number of unit cells (4) are shown in figure 6. It is clear that
for gyroid, IWP and Fischer-Koch lattices, increase in volume fraction increases the dimen-
sional deviation. On the other hand, for diamond and primitive specimens, dimensional devi-
ation first increases and then decreases when volume fraction increases from 0.25 to 0.35 and
then from 0.35 to 0.45, respectively. For the same unit cell size and number of unit cells,
increasing the volume fraction of a TPMS lattice results in an increase in wall thickness.
Therefore, in each cross sectional area, higher energy input is necessary to melt the related
cross section via laser energy which, at the end, causes different thermal deviations between
successive layers and finally different dimensional deviations [34]. The effect of volume frac-
tion directly affects compressive behaviours. Higher volume fractions and resulting higher
wall thicknesses lead to improved yield and ultimate stress values [35]. The volume fraction
directly affects producibility of TPMS lattices for the same reason as well [36].

3.3. The effect of unit cell size on dimensional deviation

Max. dimensional deviation results for different unit cell sizes with fixed orientation (0 degree),
volume fraction (0.25) and outer dimensions (24 x 24 x 24 mm) are shown in figure 7. It can be
concluded that for all TPMS types, unit cell size directly influences the dimensional deviation.
The higher the unit cell size, the higher the dimensional deviation based on fixed values for
other geometrical parameters.

When volume fraction is kept fixed, decreasing unit cell size decreases the TPMS wall
thicknesses. To scan lower cross sectional areas, lower scan vectors are used in LPBF method.
For this reason, successive scanning becomes quicker and faster. This results in lower time
given to the scan line to cool down and in general higher temperatures in lower scanning
areas. This high temperature enables fully melting of metal powders. Moreover, thin walls
due to lower unit cell sizes cool down more quickly and number of non fully melted powder
particle adhesion to these surfaces becomes limited which at the end results in higher dimen-
sional accuracy [37]. This dimensional deviation due to change in unit cell size directly affects
mechanical properties as well [38].
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Figure 7. The effect of unit cell size on dimensional deviation.
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Figure 8. The effect of functional grading on dimensional deviation.

3.4. The effect of functional grading on dimensional deviation

Max. dimensional deviation results for lattices with 0.25 and 0.45 volume fractions and also
with functional grading are shown in figure 8. Unit cell sizes (6 mm) and orientation (0 degree)
are fixed for these lattices. For gyroid, IWP and Fischer-Koch lattices, functionally graded
specimens showed higher dimensional deviations than the same type of specimens with 0.45
volume fraction. On the other hand, in diamond and primitive lattices, functional grading res-
ults in dimensional deviation values between that for specimens with 0.25 and 0.45 volume
fractions.

For the fixed volume fractions in TPMS lattices, the scanning area in each layer is similar.
However, in functionally graded TPMS lattices, the scanning area, energy input and residual
stress formation are different. These result in inhomogeneous thermal gradients and dimen-
sional deviations throughout the specimen. Functional grading in lattice structures have been
investigated in literature and different mechanical behaviours were observed when compared
with fixed grading lattices [39, 40].

3.5. The effect of part orientation on dimensional deviation

The effect of part orientations (0, 30, 45 and 60 degrees) on dimensional deviation results
are shown in figure 9 for gyroid, diamond and primitive specimens with different volume
fractions. For all TPMS types, it is clear that the highest and the lowest dimensional devi-
ations were observed on specimens with 30 degree and O degree orientations, respectively.

9
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Figure 9. The effect of part orientation on dimensional deviation.

For diamond and primitive lattices, dimensional deviation for 30 and 60 degree orientations
were nearly the same. It was stated in literature that the orientation of struts/walls in lattice
structures with respect to build direction is one of the key elements in surface roughness and
dimensional deviations [41]. Orientation of TPMS lattice with respect to build plate or build
direction directly affects the orientation of walls/struts which causes different heat transfer phe-
nomena. It was stated in the literature that oriented struts/walls have slower heat transfer due to
thermal gradients compared with vertical struts/walls which causes different amount of non-
fully melted particle adhesion to the surfaces and different amount of dimensional deviations
[42]. In LPBF process, larger melt pools or over-melting occurs on overhang features and this
phenomenon becomes more critical when struts or walls in TPMS lattices are more parallel
to the build platform which causes more non fully melted particle adhesion to the overhang
surfaces [43]. In some scientific studies, up to 100% diameter increase was observed on struts
parallel to the build platform [44]. Build orientation does not only effect diameter or thickness
but it also affects waviness of walls which results in low quality products [45, 46].

4. ANOVA analysis

To understand the importance of each variable on dimensional deviation, ANOVA analysis
was performed in Minitab 20 software. Main effects plot for TPMS type, volume fraction,
part orientation and unit cell size in terms of dimensional deviation is shown in figure 10.
The optimum parameters to get the minimum dimensional deviation based on existing DOE
is Fisher-Koch lattice, functional grading between 0.25-0.45 volume fractions, 0 degree build
orientation and 4 mm unit cell size.

Table 2 shows the ANOVA results. In this table, Adj SS (adjusted sum of squares) are
measures of variations, Adj MS (adjusted mean squares) means how much variation the related
parameter explains, F-value is used to calculate p-value and P-value defines significance level
which shows the accuracy of the design of experiment [3]. Here, a lower P-value means higher
significance. It is clear that lattice type is the most critical parameter in terms of dimensional
deviation. Among four design inputs, it has a contribution of 52.07% on dimensional deviation.
On the other hand, unit cell size is the least important factor with a contribution of 0.52% on
dimensional deviation.
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Figure 10. Main effects plot for design inputs and outputs. FG means functional grading.

Table 2. ANOVA results.

Source Adj SS Adj MS F-Value P-Value Contribution
Unit cell 0.005 584 0.005 584 1.80 0.186 0.52%
size (mm)

Volume 0.043 582 0.043 582 14.04 0.000 4.08%
fraction

Lattice type 0.311 715 0.077 929 25.11 0.000 52.07%
Part 0.316 884 0.105 628 34.04 0.000 29.67%
orientation

(deg)

Error 0.145 846 0.003 103 13.66%
Total 100.00%

5. Conclusions

The prediction of dimensional deviation in different types of TPMS lattices produced by LPBF
method is critical in terms of reducing time and cost of iterative trial and error builds. For this
purpose, this study focused on prediction of dimensional deviation by using thermomechanical
simulations. The effect of TPMS type, volume fraction, unit cell size, functional grading and
part orientation on dimensional deviation was investigated both numerically and statistically.
The main findings can be listed as below:

e Fischer-Koch lattices outperformed in terms of dimensional deviation. It showed the lowest
dimensional deviation. On the other hand, diamond lattices showed the highest dimensional
deviation due to different surface continuities.

e Increasing volume fraction by keeping the unit cell size fixed resulted in different behaviour
in different TPMS types. This can be attributed to the different energy input needed to fully
melt the related scanning area in each layer.

e For all TPMS types, an increase in unit cell size resulted in an increase in dimensional
deviation.

e Functional grading leads inhomogeneous scanning areas between successive layers. It was
shown that functional grading has a direct influence on dimensional deviation in different
ways for different TPMS types.

1
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e Part orientation causes different inclination of TPMS walls. This causes different heat trans-
fer phenomenon between walls and neighbour powders. Therefore, different dimensional
deviations were observed for different part orientations.

e Lattice type was found to be the most important parameter in terms of dimensional deviation.
An optimum combination of design inputs (Fisher-Koch lattice, functional grading between
0.25-0.45 volume fractions, O degree build orientation and 4 mm unit cell size) was proposed
to get the lowest dimensional deviation.

This study considered prediction of dimensional deviation in TPMS lattices numerically.
Experimental validation is very important to fully show the accuracy of using numerical meth-
ods. Therefore, future studies will focus on build and measurement of these lattices and com-
parison with numerical results.

In the present study, the maximum displacement was taken into account as a measure
of numerical simulation prediction acccuracy. However, the maximum displacement may be
insufficient in some of the industrial applications where a large region with moderate displace-
ments could be observed which is not desired during LPBF process. Future study will take the
area of the displacement into account.
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