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ABSTRACT ARTICLE HISTORY
Lattice structures are crucial for weight reduction, and laser powder bed fusion (LPBF) is an efficient Received 31 March 2024
fabrication method. However, there’s a notable research gap in understanding the residual Accepted 6 June 2024

deformation of LPBF-fabricated lattice structures. This study investigates the residual

deformation of three basic lattice structures, body centre cell (BCC), face centre cell (FCC), and L .
X . . . . R . aser powder bed fusion;

diamond cell (DC), fabricated via LPBF to reveal their deformation mechanisms. Analysis covers Lattice: Finite element

horizontal direction, building direction, and total deformations, unveiling complex structural analysis; Residual

responses. Lower relative densities exhibit a prevalent structural deformation mode (SDM) Deformation

causing significant deformations, while higher densities shift to an intrinsic deformation mode

(IDM) dominated by contraction during fabrication. The FCC structure shows optimal stability

with minimal residual deformation across most densities. This study offers insightful findings

and a detailed mechanistic analysis of residual deformation in LPBF-fabricated lattice structures,

applicable across various configurations, ensuring design process uniformity and reliability.
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BD-p  positive building direction
BD-n  negative building direction
DC diamond cell

Eqv equivalent

FCC face centre cell

HD horizontal direction

IDM intrinsic deformation mode
JFDM  joint fusion deformation mode
LPBF  laser powder bed fusion

SDM  structural deformation mode

1. Introduction

Lattice structures have garnered extensive attention
from both academia and industry since their inception,
emerging as a pivotal strategy for weight reduction in
various components across different sectors. Their
chief advantage lies in their capacity to ensure com-
mendable mechanical properties[1-3], efficient heat
transfer characteristics [4], and exceptional energy
absorption capabilities[5], while effectively reducing
the overall weight of the structure. The widespread
applications of lattice structures span diverse industries
[6], including but not limited to biomedical [7,8], aero-
space [9], and rail vehicles [10].

Despite their remarkable benefits, the fabrication of
these intricate lattice configurations poses significant chal-
lenges using conventional production methodologies.
Laser powder bed fusion (LPBF) technology is an
advanced approach that offers a distinct and innovative
manufacturing method [11-13]. LPBF operates by layering
3D models and incrementally processing them, granting
excellent design freedom and manufacturing flexibility
[14,15]. Within this context, LPBF stands out for its
unique advantages in crafting metallic lattice structures.

The last decade has witnessed a surge in scholarly
exploration dedicated to the LPBF fabrication of lattice
structures [16]. A primary focus of these studies has
been the meticulous examination of the mechanical
properties exhibited by these lattice formations. Scho-
lars have delved extensively into understanding the
tensile [17,18], compressive [19,20], bending [21,22],
and creep behaviours [23] displayed by various lattice
configurations. Furthermore, comparative studies evalu-
ating mechanical properties pre — and post-heat treat-
ment have been undertaken [17,24]. Raffaele De Biasi
et al [25] conducted research that underscored the pro-
nounced influence of lattice orientation during the
molding process on fatigue properties. Expanding
beyond mechanical assessments, researchers have ven-
tured into assessing the biological properties of lattice
structures in the context of medical applications [26-28].

Over recent years, the focal point of research concern-
ing LPBF fabricating lattice structures has gradually
shifted towards enhancing processing quality. Yinchuan
Wang et al. [29] highlighted the divergence of the LPBF
forming process for lattice structures from the conven-
tional cubic forming due to the restricted molding area
inherent in a single layer of lattice structures. Conse-
quently, tailoring the LPBF process for molding lattice
structures becomes imperative. Furthermore, scholars
have observed a higher incidence of forming defects
in LPBF lattice structures compared to their ordinary
cubic counterparts[18,30,31], significantly impacting
the mechanical properties of these lattice structures
[32]. Likewise, distinct disparities in the microstructure
of LPBF lattice structures in contrast to ordinary cubic
specimens have been noted [30,33]. Moreover, Fabio
Guaglione et al. [34] extensively investigated the strut
diameter limitations in LPBF moldable lattice structures,
achieving a remarkable 2% relative density in lattice
structures. Similarly, J. NORONHA et al. [35] explored
the manufacturability of LPBF within hollow lattice
configurations with varying outer diameters, wall thick-
nesses, and inclinations, concluding that the manufac-
turing process for hollow lattice structures should
entail an angle greater than 22.5° between the lattice
branches and the horizontal plane. Collectively, these
studies signify the relative maturity of the LPBF
process in shaping lattice structures, encompassing con-
siderations of metallurgical defects, microstructural
nuances, mechanical properties, and other influential
factors. Such comprehensive investigations have sub-
stantiated the utilisation of LPBF lattice structures in
industrial applications.

In the realm of shape control, limited research has
been conducted thus far. Surface quality issues have
emerged as a prominent concern in LPBF lattice struc-
tures. Lorena Emanuelli et al. [36] observed a pervasive
unmelted powder situation within these structures, sig-
nificantly impacting surface quality. Yinchuan Wang
et al. [29] identified varying process parameters as influ-
ential factors affecting surface quality, where these con-
cerns directly impact molding accuracy [37]. Beyond
surface quality investigations, Junhao Ding et al. [38]
delved into the molten depth-induced staircase effect,
compression-induced thickening effect, and scrape-
induced thinning effect, proposing corresponding com-
pensation strategies. Additionally, Chaolin Tan et al. [39]
scrutinised the impact of laser track width, beam com-
pensation, and contour distance on the dimensions of
LPBF lattice structures. While a handful of studies have
focused on dimensional accuracy, they predominantly
revolve around surface quality or dimensional deviations
due to scanning strategy stemming from the forming



process. Regrettably, there is still a significant lack of
research on the overall deformation of the structure,
which is more critical to the control of the shape of
the LPBF lattice structure.

Several studies have examined the residual defor-
mation characteristics specific to LPBF, highlighting
differences compared to conventional machining. LPBF
typically fabricates parts on a substrate. Research by
Zaeh et al. [40] demonstrated that removing the
support structure from the part induces warping and
deformation. Ahmed et al. [41] investigated the impact
of wall thickness on residual deformation in LPBF thin
walls, finding that residual deformation decreases as
wall thickness increases. Jayanath et al. [42] observed
maximum residual deformation in LPBF box parts at the
midpoints of the part edges, attributing this to compres-
sive stresses from the underlying material and
substrate. X. Liang et al. [43] proposed an intrinsic strain
method to study the residual deformation of thin-
walled braced complex structures fabricated by LPBF, pri-
marily focusing on regular structures. F. Calignano [44]
analyzed the effect of supports on overhanging struc-
tures deformation and proposed effective methods for
optimising the supports.

Most existing research focuses on LPBF forming basic
geometries, largely omitting comprehensive studies on
residual deformation in LPBF lattice structures. Distor-
tion in lattice structures affects both dimensional accu-
racy and shape precision, leading to deviations
between the molded and designed parts and posing
challenges during assembly and use. Additionally,
dimensional distortions significantly impact the mech-
anical properties of lattice structures [45]. However,
comprehensive investigations into these deformation
phenomena specific to LPBF lattice structures are
notably absent from the current body of research.

In summary, residual deformation in additively manu-
factured lattice structures can lead to significant per-
formance degradation and is likely to accumulate with
an increasing number of lattice cells in large parts.
Research in this area has not yet been reported, high-
lighting the need for innovative methodologies to
study residual deformation in the additive manufactur-
ing of intricate structures. Understanding the mechan-
isms governing residual deformation in these
structures is crucial. This paper introduces a novel
finite element analysis approach that focuses on the
residual deformation of unit cells using a layer-by-layer
equivalence method. By investigating various cell
models and relative densities, this study reveals the
unique distribution patterns and mechanisms of residual
deformation in lattice structures. This research lays the
groundwork for understanding dimensional accuracy
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in additively manufactured lattice structures. The pro-
posed finite element model can predict and analyze
residual deformation in complex lattice structures used
in LPBF. The results of this predictive analysis can be
used to improve the design and manufacturing consist-
ency of additively manufactured complex structures by
employing design pre-compensation methods, thereby
enhancing their quality and performance.

2. Finite element analysis model
2.1. Model assumptions

This investigation employed ANSYS to formulate the
finite element model, integrating the thermodynamic
indirect coupling method. The entire finite element
solution process is realised through a secondary
APDL language. Initially, the temperature distribution
was resolved by applying the Fourier heat transfer
equation. Subsequently, this temperature data was
incorporated into the structural solution through the
stress governing equations. The element birth and
death technique was used to simulate the case
where the unprocessed layer does not transmit temp-
erature and stress. Herein, the unit representing the
unprocessed layer was deactivated, assigning infinite-
simally small mechanical properties. These inactive
elements were reactivated upon the element tempera-
ture Teiem is greater than melting temperature Treitings
reinstating their mechanical properties. In terms of
time step loading and evolution, an asymptotic time
step strategy is used in order to ensure the conver-
gence of the computation. Using excessively large
time steps can impede the convergence of transient
computational processes, while overly small time
steps can hamper computational efficiency. In the
context of LPBF, where material temperatures can
change at rates up to 10° °C/s during heating and
cooling phases, it's essential to adjust time steps
accordingly. Small time steps in the order of micro-
seconds (us) are appropriate during rapid temperature
changes, while larger time steps ranging from millise-
conds (ms) to seconds (s) can be utilised during the
cooling phase, depending on the size of the model.
The heat source loading time and cooling duration
depend on the process parameters and the equivalent
layer scanning volume.

Currently, common finite element models for additive
manufacturing can be categorised into three types
depending on the research object: single-track model,
single-layer model, and multi-layer model. Due to their
different research objects, their research focuses are
usually different [46]. Due to the limitations of
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computational efficiency and data volume, these three
models have different mesh sizes, resulting in different
spatial resolutions. The single-track model is usually
used to study the melting behaviour at every tiny
moment of a single-track [47-49]. Single-layer models
are usually used to study the effect of different
scanning strategies on the temperature or stress field,
ignoring the melting behaviour of single-track [50-52].
Multi-layer models are usually used to study the residual
stress distribution and dimensional accuracy of a given
structure, without considering the effects of scanning
strategies and single-track melting behaviour [40,53,54].

The object of this study is a complex structure, so the
multi-layer model was used, as shown in Figure 1. The
thickness of the powder layer in LPBF processing is
usually 0.02 mm-0.06 mm [55,56]. For the lattice with a
height of tens of millimetres, the use of actual layer
thicknesses would result in an extremely large amount
of data and low computational efficiency. Therefore,
we used the equivalent method of combining multiple
real powder layers into one equivalent layer to simplify
calculations. Multi-layer models are usually used to
study the residual stress distribution and dimensional
accuracy of a given structure, without considering the
effects of scanning strategies and single-track melting
behaviour, which was also used in other studies
[57,58]. The lattice structure is rotationally symmetric
and the effect of the scanning strategy is not considered
in our model. Therefore, the results in the X-direction are
usually completely equivalent to those in the Y-direc-
tion. In the subsequent analysis, we call the X-direction
and Y-direction the horizontal directions (HD) for the
convenience of description, and the Z-direction the

Building
Direction

Figure 1. The multi-layer model used in this work.

building direction (BD). If not specified, the horizontal
direction takes the X-direction results as representative.

Certainly, here is an expanded description of the LPBF
process concerning the multi-layer model:

e Within each equivalent layer, a uniform heat flow
density is uniformly applied. Consequently, the
entirety of the equivalent layer experiences heating
and cooling in unison, optimising computational
efficiency.

e In meshing, a single layer of mesh is used in each
equivalent layer, and this approach ensures that the
deformation within a single equivalent layer remains
consistent. Topology sharing nodes are performed
between equivalent layers to ensure good transfer
of physical quantities.

e The bilinear isotropic (BISO) hardening strategy of
ANSYS was used in this study. Under the BISO harden-
ing criterion, the position and shape of the yield
surface remains unchanged when in the loaded
state, but simply expands or shrinks proportionally
in size. The bilinear isotropic hardening criterion is
described by a bilinear effective stress versus
effective strain curve. The initial slope of the curve is
the modulus of elasticity, and above the yield stress,
a plastic strain occurs and the slope is the plastic
tangent modulus. This option uses the von Mises
yield criterion and the von Mises stress 0.4y Can be
calculated by Equation (1):

E[(Ux —0y)’ +(0y — ;) + (0, — 03)° )

Oeqv =
+ 6(rfy + tfz +72)]

Real layer



where o, 0, 0,, and O.q, represent the X-component,
Y-component, Z-component stress and the von Mises
equivalent stress, respectively. Ty, Ty, and T, are the
Xy shear stress, yz shear stress, and zx shear stress,
respectively. As a representative parameter of residual
stress, the von Mises equivalent stress has been
widely used in many studies [59-61]. The secondary
developed APDL language flowchart is shown in
Figure 2.

2.2. Governing equations and heat source

2.2.1. Thermal analysis

Since LPBF has a large temperature gradient and cooling
rate, the Fourier heat transfer equation was used in
solving the temperature field [59]:

ikg+ikg+£kg+
ax\ ox) ay\Poay) az\ “az qa
aT
= p,C— 2
Pm™ 5 )]
where k is the thermal conductivity. g is the power
density of the heat source. p,, is the density, and C is
the specific heat capacity of the material.
In addition, the heat transfer between the solid and
the surrounding fluid medium and the thermal radiation

material settings
Deactivate the powder layer
clement

Activate element in the
i_layer equivalent layer

|

Load the heat source and
solve at the i step time step

>T

2
glem melting |

i step+1

Thermal analysis Structural analysis
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from the powder bed and the entity need to be con-
sidered, which are expressed by the following equations,
respectively [62]

oT
_knn Al = hconv(T - Tf) (3)
on|p
aT
_knn% F= O'SBSe(T4 - Tgmb) (4)

where T; is the temperature of the fluid medium sur-
rounding the entity and T, is the ambient tempera-
ture, both of which are room temperature 25 °C. heony
is the convective heat transfer coefficient; osg is the
Boltzmann constant; and €. is the emissivity of the
material. We combine the two into a composite heat
transfer coefficient:

heomb = heonv + O'SBSe(T2 + Tgmb)(T + Tamb) (5)

2.2.2. Structural analysis

In the deformation of metal under stress, the metal
usually goes through three stages: elastic deformation,
plastic deformation, and fracture. Therefore, elastoplas-
tic models were used for structural analysis. The basic
governing equations were the set of stress—strain

Store structural analysis
File (rst)

Solve at the i_step
time step

Activate elements in
the £ _%i_step%

i step+I

#Step > preset heatiies

Convert material
properties from
powder to entity

e number o
elements in the
%i_step% >(),

l_l

Delete the heat source and
solve at the i_step time step

Record the elements converted
form powder to entities at the |~

Load the temperature at
the i_step time step

1 _step > preset cooling
time step?

i_step time step as E_%i_step% T

Deactivate the powder
layer element

1

file (.rth)

Store thermal analysis

Read thermal analysis
File (.rth)

Figure 2. The secondary developed APDL language flowchart.
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equations for thermo-elastoplastic bodies [63,64], which
consisted of equilibrium, geometric, and physical
equations, respectively:

doy 0Ty = 0Tk

ox ay z
0Tyy @ 0Ty _o (©)
ox ay 0z
0t 01, do; _ 0
ox  dy oz
au ow " ov
& =—, = —+4+—
T Ty T
_ v _ au n aw 7
& ay’ Yo = 57 T ax
_ aw _ av n ou
2T Y T Ty
1 p Tyz
Ex = E[U'x - V(O'y + 0,)] + AT + & Vyz = G + ’}";Z
1 T.
g = E[O'y —v(oz + oy)] + AT + 85, Vo = 2*2_ + 9,
1 T,
8z = gloz —viox + o)l + alAT + &, v, = 2—Xé+ Y%

(8)

where o is the normal stress and 1 represents the shear
stress; € is the normal strain and y represents the shear
strain; E, G, and v are the modulus of elasticity, shear
modulus, and Poisson’s ratio, respectively. & is the
plastic normal strain; y* is the plastic shear strain, a is
the coefficient of thermal expansion, and AT is the
amount of temperature change.

2.2.3. Heat source

In our finite element analysis, heat input is facilitated
through the creation of a heat source. We omitted
the laser transmission process, instead directly apply-
ing a heat flux density with a distinct distribution to
the laser spot position. Among prevalent heat source
models — surface heat source, body heat source, com-
bined heat source, and equivalent heat flux density
[57,65], extensively utilised in finite element analyses

Table 1. The compositions of GH4099 [68].
Element Cr W Mo Co Al Ti C Ni
Compositions (wt%) 188 6.1 42 6.6 2.1 1.3 0.04 Bal

- we specifically opt for the equivalent heat flux
density model. This choice is instrumental in achieving
simultaneous processing across multiple real powder
layers within the context of our multi-layer model.
The equivalent heat flux density [66,67] is as follows:

AP
2rHn

qL=m (9)
where m; is the heat source coefficient, and H is the
scanning spacing. The value of m, is corrected by com-
paring the experimental results to get the accurate
heat input. A is the absorbtivity of powder material,
and P is the power of the laser. n is the laser pen-
etration depth, usually taken as the powder layer
thickness. r is the laser spot radius. In this model, the
several real powder layers are equated to one equival-
ent powder layer, which is heated and cooled simul-
taneously. The number of equivalent layers is
recorded as N. The smaller the N is, the lower the
efficiency and the higher the accuracy. The confir-
mation of the N value will be explained in the next
section.

2.3. Material properties

In this study, the substrate material is 316L, and the
powder material is GH4099. The components of
GH4099 are shown in Table 1 [68]. At present,
GH4099 already has a mature LPBF manufacturing
process, and there have been related heat treatment
[56] and mechanical [68] research. GH4099 can
already be used to manufacture complex structures
through LPBF. The thermophysical parameters required
in the above thermal governing equations are the
volume enthalpy H and the thermal conductivity
K. The thermal conductivity of GH4099 was obtained
from the Chinese Aerospace Materials Handbook [69].
The thermal conductivity of GH4099 powder was calcu-
lated using the Yagi-kunii model [70]. The detailed cal-
culation procedure can be found in our previously
published literature [70]. The thermal conductivity
and volumetric enthalpy of 316L were obtained from
the Ref. [71]. The volumetric enthalpy of GH4099
lacked the relevant literature and was calculated
using the JmatPro physical parameter calculation

Table 2. The mechanical properties of the GH4099 entity [56,68,69].

Temperature (°C) 20 400 800 850 900 950 1000 1390
Elastic modulus, E (GPa) 210 195 147 134 121 60 5 0.1
Thermal expansion coefficient, a (x107%/°C) 12 13 15.1 15.2 15.3 16.35 17.4 249
Poisson’s ratio, v 037 0.36 033 0.34 0.36 0.31 0.36 0.4
Yield strength, 0, (MPa) 601 - 725 - 392 - - 0.1
Plastic tangent modulus, Ep (GPa) 1.233 - 0.746 - 0.339 - - 0.01
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Figure 3. The volume enthalpy H [69]and the thermal conductivity K [72] of GH4099 and 316L.

software. The temperature-dependent mechanical
properties of GH4099 are shown in Table 2. These
mechanical properties are synthesised from Ref.
[56,68,69] Figure 3.

3. Lattice modeling

Three quintessential lattice structures were chosen as
the samples: the body centre cell (BCC), face centre
cell (FCC), and diamond cell (DC). Recognising the preva-
lent utilisation of lattice structures for weight reduction
purposes, we opted to maintain a consistent relative
density, denoted as p, rather than fixing the strut diam-
eter. The relative density of the lattice structures was set
at 5%, 15%, 25%, 35%, and 45%. The relative density is

Body Center Cell
(BCO)

(a)

Face Center Cell
(FCO)

calculated as follows:

_ Viatice (10)

Veubic
where V) tice is the volume of the lattice, and Vi is the
volume of the cube at the same size as the lattice. The
choice of relative density takes into account the
molding difficulty of the lattice as well as the weight
reduction performance. Lattice structure with 5% or
less relative density will have a strut diameter of less
than 1 mm, which puts high demands on the fabricating
process. Lattice structure with 45% or more relative
density will have a poor weight reduction effect, and is
usually not considered for lightweight design. We've
added the details to the manuscript. In the actual
study, we considered the maximum deviation of the

Diamond Cell
(DO)

(b) (c)

Figure 4. Three typical cells and their meshing selected for this study (a) BCC, (b) FCC, (c) DC.
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volume fraction within 3% as compliant for the conven-
ience of fabricating. We considered this deviation in the
quantitative data analysis and plotted it in the images.

In practical applications, the lattice structure rarely
exists solely as an individual cell. Hence, it becomes
imperative to account for the neighbouring cells’
impact on the studied cell. Departing from a unit cell
lattice, our modelling approach involves an 8-cell
lattice, depicted in Figure 4. This 8-cell lattice can be
envisioned as a single cell situated at the structure’s
core, encompassed by an adjoining segment of the sur-
rounding lattice directly linked to that central cell. Our
analytical methodology extracts and scrutinises out-
comes solely from the single central cell for focused
analysis and interpretation. The substrate spans 15 X
15x 10 mm?, while the unit cell's outline measures
10X 10 X 10 mm”.

Finite element models commonly employ tetrahedral
or hexahedral elements to represent the solution area
[52,59,73]. Given the intricate nature of our research
object, we opted for tetrahedral elements due to their
superior geometrical adaptability. For the transient
temperature field solution, we utilised the SOLID291
quadratic shape thermal effect element, while the corre-
sponding SOLID187 structural effect element was
employed for transient structural analysis.

The configuration of the lattice structure’s struts and
joint components is delineated in Figure 5. For expedi-
tious referencing in Section 4, the joints and struts of
the BCC are designated for descriptive convenience.
The central joint is labelled as O. Any point where mul-
tiple struts converge is acknowledged as a joint. Due
to the lattice’s periodic nature, certain joints may equiva-
lently correspond to one another under specific
circumstances.

Given that each equivalent layer contains only one
element in the building direction, the mesh size is

(@

contingent upon the number of equivalent layers N.
Consequently, comparative simulations were conducted
for the BCC with a 35% relative density, varying the
values of N to ascertain the optimal parameter. The
simulations encompassed values of N spanning from
20 to 80.

The results of the residual deformation are explained
here. A positive deformation value indicates a direction
aligning with the coordinate axis, while a negative
value indicates an opposite direction as shown in
Figure 6. For deformations along the X and Y axes (hori-
zontal direction), positive and negative values are sym-
metrical. The maximum residual deformation is
determined by averaging the absolute values of positive
maximum residual deformation and negative maximum
residual deformation. However, in the Z-axis (building
direction), the positive and negative residual defor-
mations differ. These are designated as BD-p and BD-n,
respectively. The maximum residual deformation in
each direction is separately calculated. Subsequent dis-
cussion reveals that dgp., generally surpasses dgp.,

Coordinate axis direction

d[?N ----------------------- du N
n™ equivalent layer
J Actual contour e
pmax
d, oy FOTTIOPPI d,,
d 2nd equivalent layer

15t equivalent layer

Design contour

Figure 6. Schematic diagram of deformation.

Figure 5. (a) The struts and joint parts of the lattice structure, (b) Naming of joints and struts.
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Figure 7. Max displacement for different numbers of equivalent
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significantly. Therefore, the focus lies on residual defor-
mations in the X (dupgy) and Y (dupyy,) directions, along-
side the dominant residual deformations in the building
direction dgp., and total residual deformation d;, as
depicted in Figure 7. The d; is the vector sum of the
drpgr Aoy and dgp, calculated as:

ds = \Z/d.‘z-ID(x) +dipy) + dip an
The maximum deformation d,,.y is

dpmax - dnmax
2 12

dmax =

The analysis reveals a trend of stabilisation in maximum
residual deformation with horizontal direction dypg) and
dupy) beyond N=40, while the building direction
residual deformation dgp,, and total residual defor-
mation d; tend to stabilise after N> 50. When N =80,
the computation time for one simulation case is about
90 hours, which is an unacceptable computational
efficiency. Balancing calculation accuracy and compu-
tational efficiency, we opt for N =50, establishing an
equivalent layer thickness of 0.4 mm for the lattice struc-
ture. The edge length of the tetrahedral elements is set
to 0.7 mm. Similarly, for the thin wall structure utilised in
model validation, we adopt N =50, establish a same
equivalent layer thickness and elements size with
lattice structure These settings align with our consider-
ations regarding both accuracy and computational
efficiency across the diverse structures under analysis.
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4. Results and discussion
4.1. Experimental verification of the model

The primary aim of this section is to calibrate the simu-
lation model by aligning it with experimental data,
specifically to derive precise values for the m; par-
ameters within the equivalent heat source. The speci-
mens used for experimental verification were
fabricated by a self-developed LPBF machine which
was named TS300A. An IPG-YLR-500 fibre laser with a
maximum laser power of 500 W was used as the laser
source. Before the experiments, GH4099 spherical
powders with particle sizes of 15-53 um were dried in
a vacuum drying oven. Argon was circulated as a protec-
tive gas in the molding chamber during the fabricating
process, and the oxygen content was controlled below
100 ppm. The process parameters utilised for exper-
iments were the same as the simulation, i.e. 340 W laser
power, 1400 mm/s scanning speed, 0.04 mm layer thick-
ness, and 0.11 mm hatch spacing. After fabrication, the
YOZ sides of the specimens were sandblasted for residual
deformation. The measurement process met the Chinese
national standard GB/T 21389-2008. The simulation and
experimental results are shown in Figure 8.

In finite element structural analysis, results fall into
two categories: direct and indirect. We rely on defor-
mations to validate the accuracy of our model as the
deformation is the only direct result of finite element
structural analysis. The dimensions used for model verifi-
cation include a substrate size of 60 x 20 x 10 mm? for
the thin wall structure. The thin wall itself measures
50x 50 x2 mm>. In the experiment, the X direction
dimension along the building direction was measured
every 10 mm. Each point was measured five times and
averaged. The experimental deformation d, is defined
as:

de = M (13)
2
where Lyesign and L, are the design and experimentally
measured dimensions, respectively.

The experimental deformation was obtained by
making a difference with the design dimension of 50
mm. In the simulation, since the four prongs in the z-
direction are completely equivalent, we extracted all
the residual deformation data on the prongs at x=10
mm and y=4 mm. After several calibrations, the final
equivalent heat source coefficient m; was determined
to be 0.5. Notably, both experimental and simulated X-
component residual deformations exhibit a concave C-
shaped trend. The maximum deviation between exper-
imental and simulated residual deformations is 11.52
pum (14.4%). It means that the model is highly accurate.
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Figure 8. (a) Scanning strategy of experimental validation (b) Experiment specimen (c) X-component residual deformation distri-
bution of simulation and experimental measurement position (d) comparison between experiment and simulation.

4.2. Horizontal residual deformation

4.2.1. Residual deformations distribution

The assessment of lattice residual deformation encom-
passes four facets: horizontal residual deformation dyp
and dypy, building direction residual deformation dgp,
and total residual deformation d;. Given the complexity
of lattice structure deformation, a supplementary
dynamic figure in the Appendix offers a more intuitive

demonstration of these observations. The Appendix
contains the deformation kinematics of the forming
process for three lattice single-cell structures with 5%
relative density and 45% relative density.

We extracted contour maps to analyze the distri-
bution of residual deformation. Given the lattice’s
rotational symmetry, we utilise absolute values for quan-
titative analysis. Figure 9 and Figure 10 present the
contour map of dypy) and dypgy), respectively. In these
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Figure 9. X-component residual deformation distribution at different relevant densities and different lattice types. The red arrow
points to the position with the largest positive residual deformation and the blue arrow points to the position with the largest nega-
tive residual deformation. (a) BCC, (b) FCC, (c) DC. SDM: structural deformation mode, IDM: intrinsic deformation mode, JFDM: joint
fusion deformation mode.
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Figure 10. Y-component residual deformation distribution at different relevant densities and different lattice types. The red arrow
points to the position with the largest positive residual deformation and the blue arrow points to the position with the largest nega-
tive residual deformation. (a) BCC, (b) FCC, (c) DC. SDM: structural deformation mode, IDM: intrinsic deformation mode, JFDM: joint

fusion deformation mode.
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Figure 11. The maximum horizontal residual deformation with
the relative density change.

maps, red arrows denote locations with the largest posi-
tive residual deformation, whereas blue arrows signify
areas with the largest negative residual deformation.
Notably, the distribution of dyp() and dypy), as observed
in the contour maps, remains almost identical, differing
only in the direction of residual deformation. Examining
the variation in different relative densities of lattices
involves extracting the maximum residual deformation
from each computational case, depicted in Figure 11.
The trends of maximum X-component residual defor-
mation dypp)-max and maximum Y-component residual
deformation d ,pg)-max pParallel the relative density p.
Therefore, dyp will next be used as a proxy for both,
taking the value of dypy).

At 5% relative density, the upper joints of all three
lattice types display deformation away from the lattice
centre, with the maximum horizontal residual defor-
mation dyp.max COncentrated in these areas. For BCC,
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FCC, and DC, dyp-max Measures 12.97, 5.03, and 5.89
pum, respectively. Notably, the dyp.max of BCC signifi-
cantly surpasses that of the other two lattices, indicat-
ing relatively poorer structural stability. Furthermore,
the dyp.max Of the BCC decreases and then increases
with rising relative density, reaching a minimum of
6.86 pm at 25% relative density before ascending to
7.72 pm at 45% relative density. The dyp max of FCC
and DC steadily increases with rising relative density,
reaching 8.22 and 11.07 um, respectively, at 45% rela-
tive density.

4.2.2. Deformation mechanisms

The deformation in the lattice presents two distinctive
aspects: structural deformation and intrinsic defor-
mation. Both are caused by thermal stresses present in
the LPBF process, creating significant residual stresses
due to rapid cooling rates up to 10%°C/s [74,75], and
just behave differently with different lattice types and
relative densities. The structural deformation is clearly
characterised by the shape distortion of the lattice struc-
ture that cannot maintain its original shape, while the
intrinsic deformation results in the radial contraction of
struts or joints on the basis of the shape maintaining
the original shape. The deformation modes that are
mainly characterised by structural deformation we call
structural deformation mode (SDM), and the defor-
mation modes that are mainly characterised by intrinsic
deformation we call intrinsic deformation mode (IDM).
The two deformation modes aspects represented by
5% relative density BCC lattice and 35% relative
density BCC lattice are shown in Figure 12. SDM is con-
spicuous in low relative density, attributed to the lat-
tice’s complex structure and its diminished resistance
to deformation with low relative density. When residual
stresses accumulate, structures with poor structural
stability can exhibit deformations that deviate from
their original shape. For instance, in the BCC lattice

*Deformation magnification: 50 times

Downward

(b)

Figure 12. The deformation mode: (a) structural deformation mode (SDM). and (b) intrinsic deformation mode (IDM). The red dotted

line is the design outline.
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Figure 13. The joint fusion phenomenon of (a) BCC with 45% relative density, (b) FCC with 45% relative density, and (c) DC with 45%
relative density. The area shown by the red cross-section or line is the joint fusion area.

with 5% relative density, thinner and less resistant struts
in low relative density lattices predominantly govern
overall deformation, leading joints E, F, G, and H, and
their connections to joint O to horizontally deform
away from it and sink toward the substrate (Figure 12
(@). In the BCC lattice, SDM is most characterised by
struts bending. As the relative density increases, the
increase in the cross-sectional area of the lattice leads
to an increase in the stability of the structure along
with an increase in the residual stresses, which in turn
leads to a contraction of the structure itself [42,76]. At
this point the deformation mode is converted from
SDM to IDM. In the BCC structure with 35% relative
density, maximum inward deformation occurs in the
strut’s centre, akin to the C-shaped shrinkage observed
in thin-wall model validation (Figure 12(b)), both of
which are intrinsic deformations. In the BCC lattice,
IDM leads to radial contraction in the middle of the
struts and subsidence at the bottom of the joints.

We specifically analyze the horizontal deformation in
the lattice structure using the BCC as a detailed example.
The dyp.max Of the BCC shows a fluctuating trend with
increasing relative density. From 5% to 25% relative
density, dyp-max ON joints E, F, G, and H is indicative of
structural deformation, representing a SDM. At 25% rela-
tive density, a slight shift occurs in the location of dyp.
max Moving from entire joints E, F, G, and H to the
upper surfaces of struts OE, OF, OG, OH (Figure 9 (a3)),

resulting from a combination of intrinsic and structural
deformation. As relative density increases, lattice
strength grows, nearly suppressing structural defor-
mation entirely. When the relative density reaches
35%, duyp-max relocates from the lattice top to the
middle of struts AO, BO, CO, and DO, signifying a tran-
sition from SDM to IDM. This relative density marks the
critical boundary between SDM and IDM, denoted as
Ps.. At 45% relative density, the position of dyp max
shifts form the middle of struts to the junction
between struts. Although akin to the location at 5% rela-
tive density, the direction is opposite due to joints E, F, G,
and H aligning with joints O in the Z-direction, leading to
a joint fusion phenomenon between joints A, B, C, D, and
O. This fusion is depicted in Figure 13, with BCC exhibit-
ing the least fused joint volume. Fusioned joint increases
shrinkage compared to individual joints and struts,
directing dyp.max to this overlapping section, represent-
ing a joint fusion deformation mode (JFDM). Despite
joint fusion, intrinsic deformation remains the primary
source of deformation in JFDM, characterising an
overall contraction towards the centre, resembling a
cubic shape.

The dyp.max in FCC demonstrates an escalating trend
with rising relative density. The deformation of FCC is
SDM at 5% and 15% relative density. However, the FCC
possesses strong structural stability. Notably, at 5% rela-
tive density, the dyp_max in FCC is merely 38.8% of that of



the BCC. However, at 25% relative density, FCC under-
goes a transition from SDM to IDM, with ps, smaller
than that of BCC. Interestingly, unlike the BCC, the dyp.
max Shifts from the lattice top to the middle of struts,
indicating a deviation in deformation behaviour. Upon
reaching 45% relative density, FCC displays joint
fusion, adopting the JFDM. Similar to BCC, dyp_max relo-
cates to the junction between struts. Notably, post
25% relative density, dyp.max in both BCC and FCC
becomes nearly identical due to their similar single-cell
configurations, both manifesting IDM characteristics at
this stage.

The deformation mode in DC appears intricate in the
contour map but shares a resemblance to the aforemen-
tioned patterns. At 5% relative density, DC exhibits SDM,
with dyp.max cONcentrated at the top joints. Transitioning
to 15% relative density, SDM shifts to IDM, with ps;
smaller than that of BCC and FCC. Notably, at this
density, structural deformation in DC is entirely sup-
pressed, and dyp.max relocates to the bottom joints.
Advancing to 35% relative density, DC transforms into
JFDM, displaying a more pronounced joint fusion
phenomenon than BCC and FCC. Notably, a section of
the XOY cross-section of the entire 8-cell lattice forms
a cohesive whole (Figure 13 (c)), with dyp_max depicted
in Figure 9 (c4), (c5).

FCC consistently demonstrates the smallest dyp_max
among the three lattice types across various relative
densities. Notably, the difference compared to BCC
diminishes significantly at higher relative densities. At
45% relative density, DC's dyp.max SUrpasses that of
BCC and FCC by 43.4% and 34.7%, respectively. This dis-
parity primarily arises from a more pronounced joint
fusion phenomenon in DC compared to the other
lattice types.

This section concludes with a summary of the defor-
mation mechanism: Residual deformation is a common
occurrence in lattice structures during additive manufac-
turing, stemming from two primary sources: structural
deformation and intrinsic deformation. These sources
coexist in varying proportions, leading to different
types of residual deformation based on relative densities
and lattice structures. When structural deformation plays
a dominant role, the deformation can be referred to as
SDM. it is mainly characterised by the bending of the
strut which cannot maintain its original shape. The
main factor is the structural stability of the lattice.
When the intrinsic deformation plays a dominant role,
the deformation can be called IDM. its main character-
istic is that the lattice can keep its original shape but
the strut is prone to radial shrinkage. Among the IDM
deformations, there is a special kind of deformation,
JEDM, which mainly occurs in large relative density
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lattices where the joints fusion occurs. It is mainly
characterised by an overall contraction similar to that
of a 100% relative density cube.

4.3. Building direction residual deformation

4.3.1. Residual deformations distribution

The contour map of the extracted building direction
residual deformation is displayed in Figure 14. Analysis
of the contour map reveals that the building direction
positive residual deformation dgp._, predominantly mani-
fests when relative density is low, concentrating notably
on struts in the lower section of the lattice. Conversely,
the building direction negative residual deformation
dgp.n is concentrated at the bottom of joints across all
three lattice types.

Figure 15 displays the extracted building direction
maximum residual deformation. Notably, the maximum
building direction positive residual deformation dgp.
pmax across all three lattices is smaller than the
maximum building direction negative residual defor-
mation dgp.nmax. The majority of dgp.pmax Values are
below 5 pm. Specifically, dgp.pmax for BCC and FCC
experiences a slight decrease with rising relative
density, while for DG, it fluctuates around 2 pm. Conver-
sely, dgp.nmax for the three lattices showcases downward
deformation toward the substrate, notably observed in
the top joints across all lattice types at 5% relative
density. At this relative density, dgp nmax for BCC, FCC,
and DC registers 30.8, 6.19, and 10.89 um, respectively.
Notably, dgp.nmax for BCC initially declines and then
ascends with increasing relative density. After reaching
a minimum of 19.13 um at 25% relative density, it
climbs to 29 um at 45% relative density. Conversely,
dgp-nmax for FCC and DC increases consistently with
rising relative density, reaching 19.18 and 16.39 um,
respectively, at 45% relative density.

4.3.2. Deformation mechanisms

In terms of building direction deformation, both BCC
and FCC exhibit similar behaviours. Across all relative
densities, dgp.pmax Predominantly occurs at the joint
bottom, while dgp.pmax cOncentrates at the struts’
lower sections for both lattices. Deformation accumu-
lation diminishes as the distance from the substrate
increases.

Focusing on detailed analysis, we will elaborate on
BCC behaviour. At 5% and 15% relative density in BCC,
dep-nmax Surfaces at the bottom of joints E, F, G, and H,
while dgp.pmax cOncentrates at the lower portions of
struts AO, BO, CO, and DO. At 5% relative density, the
AO, BO, CO, and DO struts exhibit an overall upward
bending. By 15% relative density, structural deformation
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Figure 14. Building direction residual deformation distribution at different relevant densities and different lattice types. The red arrow
points to the position with the largest positive residual deformation and the blue arrow points to the position with the largest nega-
tive residual deformation. (a) BCC, (b) FCC, (c) DC. SDM: structural deformation mode, IDM: intrinsic deformation mode, JFDM: joint
fusion deformation mode.
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Figure 15. The maximum building direction residual defor-
mation with the relative density change.

in the struts diminishes, yet intrinsic deformation causes
strut contraction. This amalgamation of intrinsic and
structural deformation sustains dgp.pmax at the lower sec-
tions of AQ, BO, CO, and DO struts. This deformation pri-
marily stems from structural deformation, representing
SDM. Advancing to 25% relative density, increased
resistance to structural deformation prompts a shift to
IDM. Struts undergo self-shrinkage, accompanied by
joint contraction and downward deformation at their
base. Upon surpassing 25% relative density, dgp nmax
localises at the base of joint O, while dgp.pmax appears
at the lower segments of struts OE, OF, OG, and OH.

This mechanism unfolds as follows: downward defor-
mation at joints E, F, G, and H triggers a subsequent
downward contraction in the struts and joints beneath
them, cumulatively inducing a cascading downward
deformation along the building direction. Consequently,
joint O experiences more significant downward defor-
mation than joints E, F, G, and H. This amplifies the
overall downward contraction of struts AO, BO, CO,
and DO in contrast to OE, OF, OG, and OH struts.
However, this overarching downward deformation gets
counteracted by the upward shrinkage of the struts’
lower surfaces. Consequently, with identical strut con-
traction, dgp.pmax Manifests at the lower surface of
struts OE, OF, OG, OH. Regarding building direction
deformation, the joint fusion phenomenon exhibits
minimal influence. Notably, there is no manifestation
of JFDM in building direction deformation at higher rela-
tive densities.

The building direction deformation in FCC and BCC
showcases comparable traits, differing mainly in FCC's
excellent structural stability, resulting in a reduced struc-
tural deformation. When FCC is at 15% relative density,
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the transition in building direction deformation from
SDM to IDM is notable.

The building direction analysis of DC reveals a more
intricate pattern. At lower relative densities, dgp_pmax in
DC concentrates at the top joints, with negligible posi-
tive deformation across the lattice. This indicates that
structural deformation in DC entails solely negative
deformation in the building direction. Upon reaching
15% relative density, the transition from SDM to IDM
becomes apparent. Post 15% relative density, dgp nmax
shifts to the base of joints at the lattice bottom, while
dsp-pmax localises at the base of joints atop the lattice.
Intrinsic deformation emerges as the primary defor-
mation source. A visual representation of DC's intrinsic
deformation is depicted in the GIF provided in the
Appendix. Notably, dgp., is significantly minor compared
to dgp., and can be disregarded. Both FCC and DC
exhibit smaller dgp.nmax cOmpared to BCC. FCC records
the smallest dgp.nmax at lower relative densities, while
at higher relative densities, DC displays the smallest

dBD—nmax~

4.4. Total residual deformation

The distribution of the extracted total residual defor-
mation is depicted in Figure 16, while the trend of the
maximum total residual deformation d;_,,.x concerning
relative density is illustrated in Figure 17.

The maximum total residual deformation of the BCC
structure first decreases and then increases with the rela-
tive density increase. The dq_,qx Starting from its peak of
35.5 um at 5% relative density, reaching its lowest point
at 19.8 ym at 25% relative density, and subsequently
ascending to 29.7 um at 45% relative density. Both the
FCC and DC structures exhibit an augmentation in d;.
max With increasing relative density. Specifically, the d;.
max Of the FCC structure escalates from a minimum
value of 7.5 um at 5% relative density to a maximum
of 19.7 um at 45% relative density. Similarly, the DC
structure sees an increase from a minimum of 12.9 ym
at 5% relative density to a maximum of 182 um at
45% relative density.

Examining Figure 17 reveals that d_,. coincides with
dup-max under lower relative densities, implying that
horizontal deformation predominantly influences total
deformation at this stage. However, under higher rela-
tive densities, ds nax aligns with the location of dgp.
nmaxe SUGgesting that building direction deformation
governs total deformation at this phase. When horizon-
tal deformation follows SDM, total deformation mirrors
this pattern, while the remaining lattices exhibit IDM.
Notably, joint fusion does not conspicuously impact
total deformation. Comparing the lattices, BCC records
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Figure 16. Total residual deformation distribution at different relevant densities and different lattice types. The red arrow points to
the position with the largest residual deformation. (a) BCC, (b) FCC, (c) DC. SDM: structural deformation mode, IDM: intrinsic defor-
mation mode.
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larger ds.max values than FCC and DC. At lower relative
densities, FCC exhibits the lowest d;_,,qx While at higher
relative densities, DC displays the lowest d;_,,ax among
the three lattices.

5. Conclusions

The finite element analysis model was developed to
explore the residual deformation distribution and mech-
anism of lattice structures during the LPBF process. The
experimental results agree with the simulated results in
the case of model verification, only a 14.4% maximum
deviation exists. Three distinctive lattice structures, i.e.
BCC FCC, and DC with varying relative densities were
simulated using this model. The conclusions can be
drawn as follows:

(@) The residual deformation during LPBF processing of
lattice structures can be categorised into two main
types: structural deformation and intrinsic defor-
mation. In lattice dominated by structural defor-
mation, shape distortion usually occurs due to their
poor structural stability, leading to the SDM. The
lattice dominated by intrinsic deformation usually
suffer from shrinkage due to their large cross-sec-
tional area, leading to the IDM. When the relative
densities of the lattice are large, lattice structures
may exhibit joint fusion phenomena, where the
primary shrinkage occurs due to intrinsic defor-
mation within the fused joints, referred to as the
JFDM.

(b) The deformation mode shifts from SDM to IDM as
the relative density increases. For total deformation,
the relative densities of deformation mode shifts

VIRTUAL AND PHYSICAL PROTOTYPING . 19

from SDM to IDM for the BCC, FCC, and DC struc-
tures are 35%, 25%, and 15%, respectively.

(c) At small relative densities, the maximum horizontal
residual deformation is at the same level as the
maximum building direction residual deformation.
In this case, the horizontal deformation dominates
the total deformation. When the relative density
increases, the building direction deformation will
increase significantly and dominate the total
deformation.

(d) Both the maximum horizontal residual deformation
and the maximum residual deformation in the build-
ing direction exhibit an increase with the elevation of
relative density for the FCC structure and the DC
structure. In contrast, for the BCC structure, the
maximum horizontal residual deformation and the
maximum residual deformation in the molding direc-
tion initially decrease and then subsequently increase
with the ascent of relative density. This suggests that,
at low relative density, the BCC structure demon-
strates inferior structural stability. In the comparison
of the maximum residual total deformation of the
three structures, the FCC is overall superior.

(e) At small relative densities, the location of the
maximum total residual deformation coincides
with the location of the horizontally oriented
deformation, proving that the total deformation
is dominated by the horizontal deformation. In
large relative density, the location of the
maximum deformation amount is consistent
with the location of the building direction nega-
tive deformation, proving that the total defor-
mation is dominated by the deformation in the
building direction.

The residual deformation pattern from finite element
simulation guides pre-compensation methods to
improve design and manufacturing consistency. Regard-
ing design and manufacturing, FCC structures are most
suitable for LPBF due to superior resistance to residual
deformation. Optimal manufacturing relative densities
for BCC, FCC, and DC lattices are 25%, 5%, and 5%,
respectively, not factoring in weight reduction and
mechanical properties. We intend to conduct a detailed
analysis of the evolution mechanism of residual stress
and the distribution of LPBF-fabricated lattice structures.
Additionally, investigating the accumulation behaviour
of residual deformation in multi-cell lattice structures is
also a worthwhile pursuit.
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