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Abstract

This paper presents an improved mathematical model for calculation of distortion vectors of two
aligned surface meshes. The model shows better accuracy when benchmarked to an existing model
with exceptional mathematical conditions, such as sharp corners and small radii. The model was
implemented into a developed distortion compensation digital tool and applied to an industrial
component. The component was made of Inconel 718 and produced by laser powder bed fusion 3D-
printing technology. The digital tool was utilised to compensate the original design geometry by pre-
distortion of its original geometry using the developed mathematical model. The distortion of an
industrial component was reduced from approximately +400um to +100um for a challenging thin
structure subjected to buckling during the build process.

Keywords: distortion compensation; mathematical modelling; geometric predistortion; additive
manufacturing; 3D-printing

1. Introduction

Additive manufacturing (AM) represents a large number of processes covering a wide range of
materials. For many of the AM processes, the material is deposited layer-by-layer. Metals are
processed based on the principle of melting or sintering the material. The material for a wide range of
AM processes is in the form of a powder. The melting is achieved by applying a heat source (i.e laser
or electron beam) which melts the powder and builds the physical part (King et al., 2015). The
workflow for AM includes the following digital steps. The design for additive manufacturing (DfAM) of
functional industrial parts involves the use of computer-aided design (CAD) algorithms and
functionalities for the creation of a digital representation of the physical object which will be additively
manufactured. The AM constraints should be considered in the design stage. For example, in laser



powder bed fusion (L-PBF) and other metal AM processes, the overhang should be less than 45° to
prevent the use of supports (Garaigordobil et al., 2019). The next step is to create a scan path for the
laser with a set of instructions for the location of the laser, its speed and power input. The scan path
is created by slicing the geometry. Slicing the CAD could represent difficulties due to the complexity
of mathematical functions used, including splines and NURBS (Bracco et al., 2018). To reduce the
complexity in slicing, a surface meshing is used to represent the surfaces of the geometry. A common
practice is to use stereolithography (STL) format which is a representation of a surface mesh with
triangular elements. Support structures are modelled if required. The machine volume and reference
coordinate system is selected. The slicing is then applied to the STL mesh using mathematical
algorithms (Steuben et al., 2016). Once the geometric object is sliced, the scan path is generated by
applying scanning strategies. The instruction code is then generated to move the laser in space with a
velocity and a specified power. Once all instructions are completed by the machine, the physical part
is 3D-printed.

One of the key challenges in metal AM is that the parts distort during the build process which might
affect their performance in terms of designed functionalities (Chahal and Taylor, 2020). In addition,
distorted part might not fit within a system due to dimensional tolerances. Researchers have used the
approach of applying greater amount of support structures to increase the geometrical stiffness and
reduce distortion (Jiang et al., 2018). Eisenbarth et al. (2019) have suggested to add stock material
which can be milled as a possible solution for mitigation of distortion in direct energy deposition (DED).
However, this approach increases the waste and cost of the print through increasing the amount of
printed material (Thomas-Seale et al., 2018). Pre-distortion of the geometry is another approach to
address the distortion problem of printed parts. Pre-distortion of simple in shape geometries have
been approached with analytical methods. For instance, Huang et al. (2015) developed a theoretical
framework for optimal deformation compensation of 3D shapes through a minimum volume deviation
criterion. Cheng et al. (2018) proposed a two-stage analytical method for in-plane distortion mitigation
of 2D geometries and validated it against experiments. However, their method still needs to be
extended to be applicable to 3D geometries. Xu et al. (2017) proposed a method for distortion
compensation in which measurements on the fabricated nominal and offset models are needed to
calculate the required pre-distortion. Afazov et al. (2017a) used optically scanned data to compensate
the geometry represented by a surface mesh. They demonstrated that the concept of applying pre-
distortion to reduce the distortion in L-PBF of an impeller and a blade made of Inconel 718. They also
suggested that computer tomography (CT) scan could be also used in addition to the optical scans.
Afazov at al. (2017b) and Yaghi et al. (2019) used finite element-based approaches to compensate the
distortion of industrial components made of L-PBF. Biegler et al. (2020) used a transient finite element
thermal model coupled with mechanic analyses to predict distortion and compensated for the DED
process. The main challenge with the finite element-based approach is that for some geometries and
metal alloys with complex material composition and presence of phase changes, the modelling
complexity can increase, leading to challenges in the accurate prediction of residual stresses and
distortion. The commercially offered distortion compensation toolkits are based on the finite element
approach (e.g. ANSYS Additive, Netfabb Simulation, Simufact Additive, Additive Works). Despite the
trend of the development of physics-based predictive finite element models for residual stress and
distortion compensation by the software vendors, this paper presents a data-driven mathematical
approach to deliver the distortion compensation in additive manufacturing. As the data-driven
approach uses measured data, the method is applicable to any additive manufacturing process and
material without the need of inputs for the physics-based models. This is a significant benefit in
industry, as the method does not require to model the specific physics for the additive manufacturing
process and material. This advantage makes the approach easier to apply to any process, material and
geometry. However, errors due to measurements and calculations can accumulate and, therefore,
they need to be controlled and kept to a minimum.



This paper aims to advance the mathematical model for distortion calculation presented in Afazov et
al. (2017a) in order to deliver more accurate distortion compensation, particularly in sharp and
rounded corners as well as when the surface meshes are created with large transition of large to small
elements or vice versa. This is a very common case for many of the commercial software packages
available for build preparation.

This work compares two mathematical models: the first one, surface method (S-method), is the model
developed by Afazov et al. (2017a) with an advanced criterion for element detection proposed in this
study, while the second one, hybrid method (H-method), is an improved model proposed in this paper,
which is the novelty in this paper. The two models are benchmarked against exceptional mathematical
conditions which are common for many industrial geometries with complex surfaces and features.
The improved mathematical model is then applied to an industrial component, made of Inconel 718
and produced by L-PBF, to demonstrate the feasibility of distortion compensation.

2. Distortion compensation - a concept

In AM as well as in manufacturing as a whole, the desirable outcome is that the designed parts are
produced within required tolerances. In metal AM, the parts distort due to the induced residual
stresses. Researchers have studied the residual stresses on Inconel 718 (Papadakis et al., 2014),
stainless steel 316L (Saboori et al., 2020; Liu et al., 2016), AlSi10Mg (Salmi et al., 2018) and steel (Li et
al.,, 2016). Figure 1 illustrates a distortion compensation concept where a designed geometry is
manufactured using metal AM. The geometry after manufacturing is distorted which do not satisfy
the required tolerances. In many industrial applications, distortion in complex geometrical shapes is
measured by optically scanning the part using white or blue light technologies (Martinez-Pellitero et
al., 2018). The intention in distortion compensation is to pre-distort the original designed geometry
such that when the pre-distorted geometry is manufactured, the final measured geometry is close in
dimensions to the original designed geometry.

Designed Distorted Pre-distorted Final
Geometry Geometry Geometry Geometry

Figure 1 Distortion compensation concept

The key step in the distortion compensation process is how to pre-distort the geometry. In AM, the
original designed geometry is represented by a surface mesh in STL format. This means that the pre-
distortion can be achieved by changing the coordinates of the STL mesh. To achieve this, the
displacement vectors need to be computed. The first step is to align the original designed geometry
to the distorted geometry (see Figure 2). For each measured point from the distorted geometry, the
displacement vectors need to be calculated. Once all vectors are calculated, the nodes are inverted by



changing the coordinates of the measured points. This is how the measured geometry can be pre-
distorted.

In practice, the optically scanning technologies cannot access all surfaces of industrial parts. For
instance, internal surfaces could not be scanned because the light cannot reach them. The
displacement vectors are calculated on the measured points followed by an interpolation to map the
calculated displacement vectors onto a surface mesh representing the original designed geometry.
Once the mapping step is done, the coordinates of the surface mesh are updated by inverting the
displacement vectors and changing the coordinate. For example, if a node from the surface mesh has
coordinates in x, y, and z direction (100, 50, 10) and the mapped displacement vectors in x, y and z
directions are (0.5, -0.2, -0.8), the updated coordinates of that node will be (99.5, 50.2, 10.8). The
mapping can be done using interpolation techniques. The method using field of points is used in this
study (Afazov et al., 2012).
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Figure 2 Distortion inversion concept

2. Mathematical models for distortion calculation and inversion
2.1 Distortion inversion

The raw 3D optical scanning measurement data is represented as a surface mesh with triangular
elements defined by three nodes. This surface mesh is referred to as distorted surface mesh. Figure 3
shows three nodes (A, B and C) representing an element from the original designed surface mesh,
while node P is a node from the distorted surface mesh.
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Figure 3 A schematic description of the mathematical model. Note that the notations in blue show a
scenario where node O, which is the projection of node P, is located outside the triangle ABC.

The key task is to identify to which element from the original designed surface mesh the projection of
Node P (denoted Node O in Figure 3) belongs, in order to invert the coordinates of Node P in the
opposite direction of the Plane a (Afazov et al., 2017a). The position of Node P is checked relative to
all elements of the original designed surface mesh using a search algorithm with indexing described in
section 4.

The direction vectors AB , AC and AP can be calculated from the coordinates of nodes A,B,Cand P
from the distorted and original designed surface meshes by:

AB = (B(x) - A()Ji + (B(Y) - A(Y))i + (B(2) - A@) k (1)
AC =(C(x) - AX))i +(C(y) - AY))j +(C(2) - A@) K 2)
AP = (P(x) - AX))i + (P(y) - A(Y))j +(P(2) - A(2) 3)

or expressed in abbreviated forms:

AB=aji+a,]+ak (4)
AC =bji+b, j+b,k (5)
ﬁ;:pli"'pzj"'psk (6)

The normal vector to the plane a can be calculated by taking the cross product of vectors AB and

_—

AC:
n=ABxAC = (a,b; —agb, )i + (agh, —ayb; ) j + (ab, —a,b, k (7)

or expressed in abbreviated form:

ﬁ:n1i+n2j+n3k (8)



The unit normal vector to the plane a can be calculated by:

z h n. n,. N
A==+ 2 j+2kK (9)
n N |[n n

—

where ‘n‘ is the magnitude of the normal vector and it can be calculated by:

= [ 2 2 2
n=4n_+nN, +N, (10)

The abbreviated form of Eq. (9) is given by:

—
A

A= +n,j+nk (11)

The distance from node P to the plane a, denoted as d, in Figure 3, is defined as a scalar product of

the unit normal vector N and vector AP :

_) ~ ~ ~ ~
dg = AP -l = pyfiy + pyfi; + pafiz (12)

The location of Node P can be on the opposite side of the plane a when the calculated distance d has
a negative value. It is worth indicating that the calculation of the distance d, is used to represent
distortion deviation between two aligned geometries, which is used in commercially available
packages. However, for distortion compensation, the calculation of distance d, is not sufficient to
conduct a distortion compensation.

The coordinates of the projection Node O are needed in order to employ a criterion for identification
to which element node P belongs. The coordinates of Node O can be obtained from the intersection
between the Plane a and the line PO. The equation of the Plane a can be given by:

nX+n,y+n,z+d=0 (13)
where
d = —~(nA(X) +n,A(y) +n,A(2)) (14)
The equation of the line PO can be given by:
X=P(x)+nt
y=P(y)+n;t (15)
z=P(z)+n,t

The intersection between the Plane a and the line PO can be determined by substituting Eq. (15) into
Eqg. (13):

n, (P(x)+nt)+n, (P(y)+n,t)+n,(P(z) +n,t)+d =0 (16)
where the parameter t can be expressed by:

_nP(X)+n,P(y)+n,P(z) +d

t=
n’+n’+n,’

(17)

The coordinates of the node O can be obtained by substituting Eq. (17) into Eq. (15):



O(x) =P(x)+n;t

O(y) = P(y) +n,t (18)
O(z) =P(z) +n,t

Once a surface criterion is employed to identify to which element Node O belongs through the search
algorithm using indexing, the inverted coordinates of Node P can be calculated by:

Prvertea (X) = O(X) = P(x)
Poveriza (¥) = O(Y) = P(y) (19)
Proverea (2) = 0(2) - P(2)

2.2 Surface method (S-method)

The criterion used to decide whether Node O is inside the triangle ABC can be obtained by the
summation of the areas of the triangles AOB, AOC and BOC, which shall be equal to the area of the
triangle ABC (Afazov et al., 2017a):

Sasc = Saos +Saoc + Seoc (20)

The area of a triangle can be defined as a half of the cross product of the two direction vectors, given
by:

Ssoc =5 |AB x AC| = Z\/(@:b, —ab,  +(asb, —ab, ) +(ab, —a,b,f (21

Similarly, the areas of triangles AOB, AOC and BOC are given by:

Son :%\axcﬁ\ (22)
S e = ~[0AxOC (23)
AOC:E‘OAXOC
Suoe = ~|lOBxOC (24)
Boc=§\ BxOC

To overcome exceptional conditions when a node is on the outer side of a curvature, Afazov et al.
(2017a) introduced a tolerance coefficient m into Eq. (20), which was a constant value:

MSaec = Saoe T Saoc + Seoc (25)

In this paper, the constant value for m is replaced by the criteria in Eq. (26) which determines the
minimum value for m:

min(m) = min((Saos + Saoc + Spoc)/Sasc) (26)

For example, following Figure 3, the values for m are calculated for all elements of the original design
surface mesh and the minimum value is used to indicate the closest element. The min(m) criterion can
lead to exceptional conditions for elements far away from Node P. Therefore, a filter was introduced

to exclude the elements far away by searching the elements with minimum distance min(da) and

min(m).

2.3 Hybrid method (H-method)



This is an improved mathematical model for distortion compensation, which is a novel element in this
study and is applicable to challenging part like thin structures. The hybrid method is based on the use
of an element shape function and a minimum distance to an edge in a 2D coordinate system as a
criterion to identify the element to which node P belongs. Once the coordinates of Node O are
calculated from Eq. 18, the element shape function is employed to decide to which element node O
belongs. The shape function for a triangular 2D element requires a two-dimensional coordinate
system. Therefore, a new local coordinate system is created. Figure 4 shows the coordinate system
and the vectors used to define them.

Figure 4 Coordinate systems used in the H-method. Note that the notations in blue show a scenario
when node O is located outside the triangle ABC.

—_—

The normal vector N to the Plane a is used for the z" axis for the local coordinate system. Vector AB

—_

is selected as the x" axis. The unit vector of AB can be obtained by:

@:@,:inihik 27)
‘AB‘ ‘AB‘ ‘AB‘ ‘AB‘

or in abbreviated form:

—_—

Npg = ﬁABli + ﬁABZ i+ ﬁAB3k (28)

—_ _

The cross product of the normal N and the AB vectors gives the direction vector AF, which is

—_—

perpendicular to the normal N and the AB vector and lies on the plane a. The direction vector AF
is used for the y" axis of the local coordinate system:

AF =nxAB = fji+ f,j+ f,k (29)
The unit vector ﬁf is given by:
AF . _
nAF=ﬁ=LI+£J+_3k (30)
‘AF‘ ‘AF‘ ‘AF‘ ‘AF‘



or in abbreviated form:
Ao = e+ e+ M K (31)

To transfer the coordinates from the global coordinate system x-y-z to the local coordinate system x’-
y’-Z’, the direct cosines are obtained from the unit vectors. The transformation matrix is given by:

!

X nAB1 nAB2 nAB3 X
Y (=0 Aar, far, || Y (32)
z n n, N |z

Eqg. (32) is applied to the nodes A, B, C and O where the coordinates in the z’ direction for the four
nodes are the same. Hence, ignoring the coordinates in the z’ direction, the transferred coordinates
in the x’ and y’ are used for the shape function of the triangular element with local coordinates ( g

and h ). The local coordinates can be obtained by solving a system of equations:
X, = (1—g—h)x, + gx; + hxc

1 ! 1 ! (33)
Yo =(@—g-h)y, +ays +hyc

After algebraic manipulation, Eq. (33) can be given by:

%% _[9] [%-% %%,
! ! = h X ! ! ! ! (34)
Yo = Ya Ye=Ya Yo Ya
The local coordinates J and h are obtained by analytically solving Eq. (34) using Cramer’s rule
(Mittal and Kurdi-Al, 2001).
The local coordinates span a range from 0 to 1 and their sum should not exceed a value of one for any
node inside the triangular element ABC. Node O is determined whether it is inside the triangular

element ABC if it satisfies the criteria in Eq. (35) where the min(d,) criterion is also used to filter the
closest elements to node P:

g+ h<1for min(d,) (35)

If Eq. (35) is not satisfied for a node due to exceptional conditions where node O is not inside any
element (see node O with blue notation in Figure 3), the minimum distance criterion to each edge of
the element is then utilised using Eq. (36):

min(h) = min(hyp, hgc, hca) (36)

The min(h) is found by searching all element of the mesh. The heights (h) to each edge of the
element are obtained as:

_1ys =y — (%6 = X )¥o + X6 — VeXi
Y0 = + (v - v

_ [0y — ye)%6 — (%6 — %5 )y6 +%c Y5 — Ve x|
o =x F +(ve - yo f

AB (37)

hec

(38)




_ 1Oy = ye)xo — (% —x¢ )yo + X, ¥e — yaxe|

hCA
YOG =X P + (v -y

(39)

3.4 Comparison of the methods

The two presented methods perform in the same way when node O is inside an element. The
challenge is to identify a suitable mathematical formulation when no elements are localised. Figure 5
shows two examples. The first example represents two elements with shared nodes while the second
example shows two elements with non-shared nodes. The scenario with non-shared nodes can be
result of meshing, therefore, it is considered in this study. The two scenarios are common, depending
on the use of a software package for generating surface meshes in STL format. Both examples show a
90° angle between the two elements representing a sharp corner. For both examples, the projection
of the external nodes (see the orange and blue doted areas in Figure 5) will be outside the two
elements. In this scenario, it is theoretically desirable that the external nodes between 0 to 45° belong
to the top element (blue) while the nodes between 45-90° belong to the side element (orange). Two
experiments were conducted to compare the S-method versus the H-method. The first experiment
was on the example of the two triangular elements with shared nodes where the surface area of the
top element (Sa) is changed by varying the height of the triangular element. The second experiment
represents the example with the two elements with non-shared nodes where the two triangular
elements are with different base size. The base of the side triangular (orange) is three times greater
than the base of the top triangle (blue). The aim of these experiments was to identify which of the two
methods can equally split the external nodes at 45° despite the size and shape of the triangles.

Elements with shared nodes Elements with non-shared nodes
AN %\
Sp
Side view

45° (desirable)

External
nodes

Figure 5 Design of experiment for calculation of exceptional conditions

Figure 6a and 6b show the change of the angle by changing the ratio S./Sy for both experiments. For
Sa/Sb = 1, the example with shared nodes results in an angle of 45° for both methods (S-method and
H-method), which is the desirable outcome. However, this is not the case for the example with non-
shared nodes where at S./Sp = 1, the calculated angle is greater than 70° for the S-method. The general
trend is that by increasing the S./Sp ratio, the angle increases for the S-method while the calculated
angle with the H-method shows a constant value for the angle of 45°. It can be noted that the S-
method is greatly dependent on the size of the elements as well as the base edge length for non-
shared nodes. In surface meshes combining large elements with very small elements, the large
elements will dominate, and the external nodes will belong to them. This is associated with
accumulation of mathematical errors, particularly in small radii (sharp edges). The H-method showed
that despite the element size, the desirable degree of 45° for splitting the external node was achieved
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after the conducted calculations. It can be concluded that the H-method introduces less mathematical
errors in calculation of distortion vectors used for distortion compensation in AM, hence this is the
preferable method to conduct distortion compensation.

90 90 .

80

70 -e-S-method 70 -o-S5-method

60 -~H-method 60 -o-H-method
g % . i
? 40 T ) ? 40 T T ]

30 30

20 20

10 10

0 0

0 5 10 15 20 0 5 10 15 20
S./Sy S./Sp

(a) (b)

Figure 6 Comparison of mathematical methods (S-method vs H-method): (a) elements with shared nodes; (b)
elements with non-shared nodes.

4. Indexed search

The presented methods need to find the element of the original designed surface mesh to which the
projection of each node of the distorted surface mesh belongs. This search can be very time-
consuming for large meshes if it is performed sequentially, i.e. by scanning the elements one after the
other without applying any spatial criteria. In order to perform this operation efficiently, a spatial
index on the original designed mesh is built, which allows to drastically reduce the time required to
map a node to its associated element, compared to a sequential search. The mapping of the distorted
surface mesh is also executed in parallel by splitting the mesh across multiple threads. A few different
mapping techniques, including a method using elements and a method using the element shape
function are implemented (Afazov et al., 2012). Spatial indexes have been widely used in diverse
applications in areas such as computer graphics, computer-aided design, finite element analysis,
databases and geographic information systems in order to facilitate search operations on spatial data
(Samet, 2006).

A type of spatial index called grid index, where the underlying space of a mesh is partitioned into a
three-dimensional orthogonal grid. Two types of grid indexes are available: one in which the grid cells
are of equal size and one in which they are not. More details on the construction and use of these two
indexes can be found, respectively, in (Scrimieri et al., 2014) and (Scrimieri et al., 2015). A grid index
is represented by a three-dimensional array, whose size reflects that of the grid. Each grid cell is
associated with a “bucket” of a fixed size that stores the elements and nodes of the cell. The
association between cells and buckets is many-to-one. The creation of an index on a mesh starts with
a grid of a predefined size, in which a bucket is associated with only one cell. Elements are indexed by
indexing their nodes, as described in the following. As nodes are indexed and buckets get filled, the
size of the grid grows, and new buckets are created.

11



Let us consider a grid index of size D; X D, X D5 and let min; and max; be, respectively, the minimum
and maximum i-th coordinate values of the nodes of the mesh. If the cells are of equal size, a node
(%1, x5, x3) is associated with the cell (¢;, ¢;, ¢3), where

mln
—[ - 'DiJ (40)
max;—min;

for 1 <i < 3 (|x] denotes the largest integer not greater than x).

If the cells are not of equal size, an additional data structure is required, for each dimension, to specify
the intervals into which the dimension is partitioned and to find the corresponding interval of the
node. A binary search tree can be used for this purpose (Scrimieri et al., 2015).

The same mapping from nodes to cells is used both when indexing a node and when searching the
element, a node belongs to. When searching, if the element is not found in the cell of a node, it is
searched in neighbouring cells at increasing distances. This can happen if an element overlaps a cell,
but the cell does not contain any of the element’s nodes.

In a grid index with cells of equal size, insertion and search take constant time, but the grid refinement
operation (described below) requires the splitting of all the cells to maintain the equal-size property.
A grid index with non-equal size cells that uses binary search trees does not need to split all the cells
during a refinement. However, insertion and search in this index take O(log, n) on average in each
dimension, where n is the number of nodes in the tree. With both index types, the time required to
create an index is negligible compared to the time saved for mapping all the nodes.

In order to create an index, there are three cases to be considered when indexing a node n in a cell
= (i,Jj, k) associated with a bucket b, depending on whether the bucket is full or shared by multiple
cells:

1. bisnotfull: nisadded to b.
2. b is full and non-shared: The grid is refined along one dimension (cycling through the three
dimensions) in a process that depends on whether the grid cells are of equal size or not:

2.1. Equal size cells: All the grid cells are split along the chosen dimension in two cells of equal
size. The size of the grid is, therefore, doubled therefore doubling the size of the grid in that
dimension.

2.2. Non-equal size cells: The grid is refined by creating a “slice”. Let us suppose that the chosen
dimension is the X-axis. All the cells (i, j’, k") are split along the X-axis in two cells of equal
size. The size of the grid is, therefore, increased by 1 in the X-axis.

Bucket b is also split in two, with one bucket for each of the two cells resulting from the split of c,
and the content of b is redistributed between the two newly created buckets, based on the
associated cell to which each node belongs. For each other cell being split, the two resulting cells
share the bucket of the original cell. Node n is added to the bucket of the newly created cell that
contains n, if not full, otherwise the grid is refined recursively.

3. bisfull and shared: b is split, creating a new non-shared bucket b’, which is associated with c. The
other cells associated with b are not altered. The content of b is redistributed between b and b’
based on the associated cell to which each node belongs. Node n is added to b, if not full,
otherwise the grid is refined recursively, as described in 2.

5. Distortion compensation — an industrial case study

12



A part of a manifold structure was designed with height of 210 mm and thickness of 1.5 mm. The CAD
model was used to create solid supports connecting the part to the build plate. The two CAD models
were meshed and sliced. The surface mesh is shown in Figure 7. It can be seen that large and small
elements are used.

An EOS M290 (EQS, Krailling, Germany) L-PBF AM machine was used to manufacture the part at 3T
Additive Manufacturing Ltd under an Argon atmosphere, a laser power of 190W, a laser scanning
velocity of 800 mm/s, a layer thickness of 40 um, a hatching distance of 90 um and a stripe scanning
strategy. The Inconel 718 powder from LPW Technology Inc. (LPW, Runcorn, UK) with average particle
size between 15-45 um was used for printing. The STL file was used as an input into the EOS 290
machine to build the part as shown in Figure 8.

Figure 8 Build plate of the EOS M290 with manufactured component on it.
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After the build completion, the part was optically scanned on the build plate using a blue light
technology embedded in the GOM ATOS Triple Scan optical measurement system equipped with two
12-megapixel resolution cameras capable of achieving an accuracy of 10 microns (Capture 3D, 2020).
This study used an approach similar to Piscopo et al. (2019) for processing the scanned data. The
scanned data representing a cloud of points was converted into a surface mesh. The scanned surface
mesh was aligned to the originally designed surface mesh from Figure 7 using the best-fit method
implemented in the GOM 3D Inspect software (GOM 3D Inspect, 2020). The distances from the
measured data to the designed geometry were calculated (see Eq. 12). The distances, also referred to
as surface deviations or distortion, are shown in Figure 9. It can be seen that the measured distortion
(minimum distance) is approximately £0.36 mm. The distortion is due to residual stresses causing the
thin structure to buckle as it can be seen on the side face. It should be noted that the optical scanning
technology has a limitation to scan internal surfaces. Therefore, the value of 0.36 mm on the inner
surface might not be representative. It should also be considered that the best-fit alignment method
was applied to all nodes, which is accepted practice in industry to represent the overall distortion
distribution on the entire part, but it can also show some misleading results at local level.

mm]

[

()
0.36
0.30

Figure 9 Calculated distortion (surface deviation) between scanned and original designed geometry

As it can be seen from Figure 9, the flat surfaces from the original geometry have distorted. This means
that to capture those distortions, a refined surface mesh is needed to represent the original designed
geometry in order to enable the compensation at all deformations. Figure 10 show a surface mesh
with 1 mm maximum edge length. The H-method was first used to calculate the displacement vectors
at the scanned points. The displacement vectors were mapped to the refined mesh in Figure 10 and
the coordinates were modified to account for the compensation. Figure 11 shows the calculated
distortion (minimum distance) after the compensation. Comparing Figure 9 and Figure 11, it can be
seen that the distortion is inverted. This indicates that the distortion compensation has been correctly
applied. It needs to be noted that the invention of the internal surfaces was done through the mapping
techniques using data from the outer surfaces which have been optically scanned.

The compensated mesh was printed again on the EOS M290 machine using the same process
parameters and build plate. The build was scanned using the same blue light technology and
methodology. The scanned data was aligned to the original designed geometry using the best-fit
method and the distortion values were computed. Figure 12 shows that the distortion has been
reduced from approximately +400 um to +100 um, resulting in approximately 75% reduction.
Conducting further distortion compensation iteration could further reduce the distortion below 100
pum leading to near-zero distortion in L-PBF. However, more iterations will increase the cost, but it
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might be justifiable for applications requiring high precision. Conducting multiple distortion
compensation iterations could increase the surface roughness too. Multiple iterations were not
investigated in this study, but future research is needed to understand whether there are benefits by
conducting more than one distortion compensation iterations.

The presented data-driven distortion compensation method does not have a limitation on its
applicability to electron beam laser powder bed fusion (EB-PBF), DED and binder jetting. However,
further research is needed to generate evidence for those processes. For instance, the DED process
can introduce some challenges due to the rough surface, which might require smoothing of the
scanned surface points before the mathematical calculations are applied. The binder jetting, in
particular the sintering step, is associated with large deformations due to large shrinkages as well as
deformation due to creep caused by the gravitational load. It should be mentioned that for complex
geometries the alignment between the measured and original geometries can be a source of error
generation. Another source of error generation is the measurement approach itself. The error can
accumulate with each distortion compensation iteration too. Therefore, further research should be
conducted to investigate whether the proposed method would work well with large deformations, as
well as to understand all the associated errors with this approach for different AM processes.

N
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Figure 10 Refined surface mesh used for compensation

15



[mm]

]
0.36
0.30
0.23
015
0.08
0.00
-0.08
-0.15
_ -0.23
-0.30
-0.36

|

Figure 11 Calculated distortion (minimum distance) between compensated and originally designed geometry
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Figure 12 Comparison of distortion between build and original design after compensation.

6. Conclusions

An improved mathematical model for calculation and inversion of displacement vectors for distortion
compensation was successfully developed and embedded into a digital tool.

The developed mathematical model was compared with a previously used method for distortion
compensation (Afazov et al, 2017a). The results showed that the improved method is more accurate
for calculating the mathematical exceptions which are observed in geometries with sharp corners or
small radii as well as in transitions of small and large elements.

The mathematical model was applied to compensate distortion of an industrial Inconel 718 manifold
component produced by L-PBF AM technology. The results showed distortion reduction from
approximately +400 um to £100 um.
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The development of a robust distortion compensation method could enable designers to use less
support structures as a distortion mitigation approach, leading to reduction of manufacturing time
and material waste in AM. This work paves the way for incorporation of an accurate distortion
compensation method in the design workflow as a key step towards addressing challenges in industrial
applications of AM.

Future research will be conducted on understanding the trade-off effect of multiple distortion
compensation iterations on the dimensional accuracy, surface roughness and associated costs.
Comparison of the different mathematical formulation on AM processes and industrial use cases are
scoped as a future research. The accumulation of errors using this data-driven distortion
compensation approach and their quantification is another research strand that needs further
attention.
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