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ABSTRACT

Electron beam powder bed fusion (EB-PBF) is effective for producing complex geometrical
components with minimal residual stress because of elevated powder bed temperatures;
however, it faces challenges in achieving dimensional accuracy due to nonlinear shrinkage. We
systematically investigated the thermal shrinkage behaviour of large-scale EB-PBF components
and developed 3D nonlinear compensation strategies. A thermal-mechanical model was
developed to simulate residual stress and deformation during printing and cooling, revealing
that nonlinear shrinkage is linked to thermal history, stress distribution, and material properties.
The proposed method improved dimensional accuracy, reducing maximum errors from 1.81 mm
to 0.16 mm, meeting industrial tolerances for components sized 77 x 48 x 326 mm. Hereafter,
we developed a comprehensive digital workflow encompassing topology optimisation and
compensation, validated through a case study on a topology-optimised satellite component.
This approach enhances manufacturing precision and significantly reduces trial-and-error
iterations in product design, resulting in substantial time and cost savings.
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1. Introduction . .
expansion, when powders are heated to melt, causing

The global rise in demand for metal additive manufac-
turing (AM) to produce complicated engineering com-
ponents is nowadays driving the growth of market size
and cutting-edge research [1,2]. Industries, such as aero-
space, healthcare, automobile, tools and moulds
segment, consider AM as a key alternative to conven-
tional manufacturing technologies since it enables
freedom in design complexity and effectiveness of
making near-net shape metallic components [3,4].
However, challenges like cost, quality, scalability, and
geometric inaccuracy caused by thermal distortion or
shrinkage in the layer-by-layer process hinder broader
industry adoption [5]. Current solutions, such as iterative
printing and rework, are time-consuming and costly,
particularly for parts requiring high dimensional accu-
racy. Residual stress generated in the metal AM
process is regarded as one of the root causes of part dis-
tortion [6-8]. The temperature gradient and the cool-
down phase are two formation mechanisms of residual
stress [7]. The former is associated with melt pool

upward bulging. This expansion is constrained by the
surrounding cooler material, creating residual stress. At
elevated temperature, metal easily yields, converting
thermal strain into plastic strain. The latter refers to
shrinkage of each newly deposited layer when material
cools, constrained by the previously deposited layer.
This results in tensile stress in the newly deposited
layer and compressive stress in the preceding layer.
Among various metal AM processes, electron beam
powder bed fusion (EB-PBF) process, based on metal
powder and a high energy electron beam, can build
parts with low residual stress [8] largely due to its
advanced preheating capability and vacuum environ-
ment [9,10]. This has made EB-PBF widely adopted for
manufacturing industrial components with decent as-
printed accuracy and minimal need for supports [10].
Nevertheless, recent research reported that printing
dimensional error of an EB-PBF part cannot be neglected
nor precisely predicted, especially in truss, thin-wall and
overhanging structures, with structural geometry,
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material properties and processing parameters playing
an important and interacting role. Peng et al. [11]
reported that geometrical discrepancy led to anisotropic
mechanical behaviour of EB-PBF printed Gyroid
scaffolds. Wang et al. [9] found heterogeneous and loca-
lised deformation behaviour of thin-wall structures with
thicknesses of less than 2 mm. Chen et al. [12] examined
thin-walled rectangular profiles, finding that defor-
mation primarily occurred along the length, with the
maximum deformation at the mid-point of the height.
Ghaoui [13,14] and Cheng et al. [15] described thermal
distortions of overhang structures, such as side loss
and curling. Although these studies highlighted special
shapes that caused undesired distortion, no specific
rationale was revealed between deformation and
residual stress. Zafar et al. [16] summarised key powder
material properties affecting residual stress levels in
the EB-PBF process. Dong et al. [17] numerically corre-
lated T-6Al-4V part distortion with residual stress
profile and heat accumulation. Franchitti et al. [18]
stated that the dimensional accuracy of EB-PBF
samples was affected by orientation and height position
of the sample in the build chamber. Zhao et al. [19]
reduced the plastic strain by using a proper layer
rotation scanning strategy. Overall, current studies dis-
cussed the effects of heat source, supports, process par-
ameters and material properties individually, but did not
address the interactions between multiple thermal and
mechanical factors. The complexity of part deformation
was recently summarised as a stress-deformation-frac-
ture-recovery process, making research expensive and
impractical [20,21]. Hence, more efforts are needed to
discover universal rules in prevalent industry circum-
stances, such as large-scale assembly and components,
because the complex principles of EB-PBF distortion
are not fully understood.

Two categories of solutions have been investigated to
improve as-printed dimensional accuracy in metal AM.
One approach is to minimise thermal shrinkage and dis-
tortion in metal AM by re-designing geometry, improving
supporting structures and optimising processing par-
ameters [9,22]. The other way is to compensate for
shape distortion by scaling the part prior to being addi-
tively manufactured. Khrapov et al. [23] applied scaling
factors to compensate for the distortion of EB-PBF Ti-
6Al-4V gyroid scaffolds. Afazov et al. [10,24] developed
an improved mathematical model for calculation displa-
cement vectors for pre-distorting the geometry based
on 3D optical scanning measurement data from Laser
Powder Bed Fusion (L-PBF). Hong et al. [25] and Smith
et al. [26] highlighted that linear scaling was not appli-
cable for compensating geometrical defects of trusses
in metal AM. Zhang et al. [27] developed a geometric

compensation of L-PBF Ti-6Al-4V thin-walled parts by a
data-driven algorithm from optical scanning data. Dalpa-
dulo [28] studied distortion modelling and numerical
compensation of PBF products considering design inte-
gration. These compensation methods have their respect-
ive advantages and disadvantages. Applying global
scaling factors is easy and practical, but such an approach
only accounts for total dimensions in a small length scale.
Generally, mathematical methods based on in-advance
measured data are developed specifically for one shape,
which is not transferable to other geometries. Compen-
sations based on finite-element (FE) analysis strongly
rely on assumptions and constitutive laws of the
coupled thermal-mechanical algorithm [29]. The models
developed for L-PBF are not naturally applicable to the
EB-PBF process and lacks experimental validations.
Data-driven and artificial intelligence-assisted methods
always lack high-quality training data [25]. Therefore, it
is necessary to develop an operationally feasible compen-
sation method based on general distortion rules of
varying shapes in EB-PBF processes, considering the
enhancement of both in-plane and out-of-plane assembly
accuracy of large-scale industry components.

In this study, we aimed to address the part defor-
mation and shrinkage issues encountered in the EB-
PBF process. A series of experiments were conducted
to investigate dimensional errors, validated by both
small-scale test specimens and large-scale industrial
components. Additionally, a thermal-mechanical model
was applied to better understand the stress distributions
obtained during printing. A 3D compensation method
was proposed based on the experimental findings to
mitigate shrinkage. This approach was subsequently
integrated into a digital workflow from design for AM
to full print, showcasing reduced product development
cycles, increased printing accuracy and subsequent
cost savings for industrial applications.

2. Materials and methods
2.1. EB-PBF process and materials

The EB-PBF equipment utilised, an Arcam A2X, has a
build platform of 200 mm x 200 mm and a build
height of 380 mm. It can operate at significantly higher
powder bed temperatures than the L-PBF process at
up to 1100 °C and is therefore well suited for printing
long and slender components with minimal warpage.
Ti-6Al-4V Grade 5 spherical powder with a size range
from 45 to 106 um [30] was used for all parts and
demonstrators, with the printing parameters listed in
Table 1. The EB-PBF process was carried out at a
vacuum level of ~2x1073 mBar, using high purity



Table 1. Printing parameters for Arcam A2X system.
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Accelerating voltage (kV)  Preheating temperature (°C)  Speed function

Layer thickness (um) Line offset (um) Focus offset (mA)  Hatch depth (um)

60 730 98

50 100 3 50

helium as a regulating gas to prevent powder charging.
The base plate for the EB-PBF system consisted of a
10 mm thick stainless steel plate, which was heated to
730 °C prior to the process start. In each layer, the
powder bed was preheated first using a defocused
beam, so that the powder was at a semi-sintered
stage. Following this, the electron beam performed a
high-energy scan over the designated areas of each
layer to fully melt the powder. This process selectively
melts the powder according to the desired part geometry,
layer by layer, to build up the component. After the melting
step, the build platform is lowered, and a new layer of
powder is spread across the previous layer, repeating the
cycle until the component is completed. After finishing
the build job and cooling the chamber to below 100 °C,
the surrounding semi-sintered powder particles from the
build were removed and recycled via a specialised Arcam
Powder Recovery System (PRS). Here, the recovered
powder from the PRS underwent sieving with a sieve
mesh size of 150 um. The recycled powder particles were
added back to the hoppers for the next print.

2.2 EB-PBF beam samples and components

Figure 1(a) and (b) show sketches of beam samples
designed to study part shrinkage in the rectangular
coordinate system along orthogonal directions. The L-
shaped beams were designed for studies along X and
Y directions, with dimensions described in previous
study [31]. The vertical beams were designed to be
142 mm in height to study shrinkage along the printing
direction. The beam thickness was varied from 1, 2.5, 5,
10 to 20 mm, denoted as T1, T2.5, T5, T10 and T20,
respectively. Arrays of measuring marks were designed
with identical intervals of 25 mm. The positions of pilot
holes with a diameter of 3 mm were measured after
completing the EB-PBF process build. To eliminate any
edge and build platform effects, the distortion was
identified within a given gauge length so that the pos-
itions of each hole were normalised with regard to
Hole 1. The gauge lengths were designed to be
100 mm for the vertical beams. Figure 1(a’) show
respective photos of the as-printed L-shaped com-
ponents. Figure (b’) show as-printed vertical beams
with thickness of 1 mm (side view) and 2.5 mm (front
view). In this study, we hypothesise that the overall
thermal deformation of the part is a combination of
local shrinkage along each coordinate direction.

Figure 1(c) shows demonstrators designed from a
topology optimised bracket, which has a high fly-to-
buy ratio and a large slenderness ratio. The part requires
extensive bolt hole machining at three faces, with a high
degree of alignment accuracy. Pilot holes with a diam-
eter of 3 mm and an interval of 25 mm were printed
along the part length, which was a total of 326 mm. Pro-
trusion features around holes were reserved for post-
processing. Overhang features were structurally opti-
mised for assembly. As shown in Figure 1(c’), the print
orientation of the long bracket must be upright, given
the build platform dimension limits. In addition,
upside-down orientations were proposed for compari-
son (marked as Orientation #1 and #2) to assess the
potential orientation effect and floating supports
effect. Finally, a systematic support optimisation was
conducted to provide structural integrity, avoid
unwanted distortion in the X and Y directions, and
ensure uniform heat distribution between the parts
during the EB-PBF printing process.

2.3. Coordinates measurement

Coordinate-measuring machine (CMM) is a traceable,
well-established contact-based measurement tech-
nique that can be used to measure accessible external
features. A Werth multi-functional CMM was used to
measure centre positions of the discrete measuring
marks on all components. Measurements were evalu-
ated via scanning mode, as presented in Figure 2(a).
The theoretical accuracy of the scanning mode is
2.15 um; however, the exact value depends on the
optical magnification and resolution. In this study, the
tolerance of the CMM measurement was up to 90 ym,
considering the typical rough surface (Ra=31.7 +
1.9 um [32]) finish obtained from the EB-PBF. To
measure the position of the pilot hole shown in Figure
2(b), individual points were captured from the edge
based on image contrast to generate a circle. Corre-
sponding coordinates of the circle centre were regarded
as the centre position of the measuring marks. Obtain-
ing centre coordinates of the measuring marks, the
dimensional error was calculated as the coordinate
difference between measured value and designed
value. All measured coordinates were normalised with
regard to Hole 1. The accumulated shrinkage was
defined as the distance between each pilot hole and
Hole 1. Measurements for each sample were carried
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Interval 1 0

Gauge Length 110
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I Hex measuring
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—
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Face |
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43
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Figure 1. Sketch of (a) L-shaped beam with measurement marks, (b) vertical beam and (c) a long bracket component design with

holes as measuring marks. (a’-c’) Photos of as-printed specimens.

out twice for averaging. Due to the different points cap-
tured for fitting, the difference in centre positions
between repeated tests was overall less than 20 um.

2.4. Thermo-mechanical modelling for EB-PBF
process

The EB-PBF processes of the demonstrators were mod-
elled using a coupled thermal-mechanical method. The

finite-element codes were commercially available in
Altair® InspireTM Software (version 2022.1) with the
Print3D module and Radioss solver [33]. The thermo-
mechanical analysis enables the determination of a
temperature field in the AM process, which is sub-
sequently used to estimate thermal stresses and associ-
ated deformations through mechanical analysis. The
basic and constitutive rules can be found in references
[34-36].
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Figure 2. (a) Dimensional measurement in the scanning mode with CMM and (b) the fitting method for pilot-hole measuring marks.

Figure 3 shows the modelling steps and printing
orientation set for the EB-PBF process simulation of the
demonstrator. Printer parameters and material proper-
ties were set according to experiments, as shown in
Table 2. Cubic voxel meshing was applied to the geome-
tries and supporting structures. The element size was set
as 0.6 mm, giving the minimum wall thickness of the
demonstrator was 1.9 mm, while the element size for
the base plate was 10 mm. The time step includes print-
ing, cooling, support cutoff and spring-back, as per
Figure 3. In the printing step, the voxel elements were
activated layer by layer with heat energy applied. The
thermal-mechanical iterations of activated elements
were driven by thermal conductivity and emissivity,

while the convection coefficient was assumed to be
zero in the EB-PBF processes. Stress relaxation was con-
sidered in the spring-back step.

Material properties as a critical input for simulation
and affect simulation results significantly when non-
linear approaches are over-simplified [16,29]. However,
various properties of AM powder materials are tempera-
ture-dependent and difficult to measure experimentally
beyond room temperature (RT). Even Ti-6Al-4 V, which
is widely studied in the literature as a powder and
printed material, does not have a set of standardised
material inputs that are universally accepted. In this
study, several modifications of material properties
were made based on default values from Altair Inspire

Geometry and material input

~

Configuration of printer setting

\

Printing

Printing orientation setup

-

) Print3D codes /

direction

accuracy control

Generation of supports

\.

Time Step G

Slicing and slicing review

A}

Printing (build-up)

\
Process parameters defined i
as boundary conditions

Cooling

Voxel meshing

Supports cutoff

N7

Voxel elements

Thermal-mechanical analysis

3 N

i Spring-back

\

Figure 3. Simulation steps, model setup and mesh strategies for thermal-mechanical simulation of demonstrator.
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Table 2. Printer parameters and printing process parameters
used for EB-PBF process modelling.

Printer Parameters Value Process Parameters Value

End path latency time 1 Scanning speed [mm/s] 2440
[s]

Hatch width [mm] 0.2 Heat source power [W] 720

Hatch space [mm] 0.1 Powder layer thickness 0.05

[mm]

Electron beam diameter 0.2 Heat absorption [%] 90
[mm]

Recoating time [s] 8 Cooling time [hours] 8

Printing chamber size 200x 200 x  Base temperature [K] 1003
[mm3] 380

database [33] for Ti-6Al-4V material, as shown in Table
3. The modifications were selected using values com-
monly seen in Ansys database [37,38] and other refer-
ences [39-41]. The parameter studies were conducted
in a fast mode of the solver to identify material prop-
erty input that significantly affect thermal deformation
in EB-PBF process. The correlation of each material
input data and resultant deformation were analysed
to minimise the prediction error when comparing to
experimental results. With the chosen input data (criti-
cal factors), an accurate mode of the solver was acti-
vated, so that the thermal and mechanical analyses
were solved simultaneously at every time step. More
output was therefore requested for calculation, increas-
ing model accuracy and computational time. Therefore,
Table 3 presents the choice of input data in this study,
which was based on parameter studies and literature
survey.

2.5. Dimensional compensation method

A compensation method was developed based on
experimental observations along printing directions,
assuming that the rules were consistent for the Ti-6Al-
4V part printed with the given process parameters in
Section 2.1. The basic algorithm, built-in MATLAB, is suit-
able to modify the coordinates of an STL object in the
global coordinate system. Give Z direction as an
example, we defined a unit vector . Given node O as

Table 3. Material properties input for thermal-mechanical
modelling.

Material Properties Value Process Parameters Value
Young's Modulus at 109 [9] Emissivity at preheating 0.7
RT [GPa] [34,37]
Poisson’s ratio 0.34 [33]  Convection Coefficient 0 [34,36]
Yield Strength at RT 826 [9] Specific Heat [J/(kg-K)] 553 [33]
[MPa]
Plastic Modulus 350 [33]  Conductivity [W/(m-K)] 7.1 [38]
[MPa]
Plastic Exponent 0.3091 Coefficient of Thermal 8.78E-6

[33] Expansion at RT [K™'] [41]

Density [g/cm?] 4.4 [39] Melting Temperature [K] 1933 [38]

the gauge length starting point with its Z coordinate,
0., Z coordinate of any surface node P; (i=1... n) from
an STL file, we have the normalised Z position of node
P; as a vector

Pi=(P—0)Z(i=1...n) (1)
Hence, compensated vector
P, =nP;(i=1...n), 2)
or
P, =P,—(Ad)Z (i=1...n), (3)

where 7 is a scaling factor calculated by ratio of total
part height between the designed shape and shrunk
shape after EB-PBF printing, and Ad is a dimensional
error of each node between its position in the shrunk
shape after the EB-PBF process and designed shape. In
this study, the dimensional errors Ad was obtained
from CMM measurement and process simulation,
respectively. The compensated STL object is written to
a new file in binary STL format for printing. Hence,
three compensation methods were compared. In the
first method, by applying Equation (2), a scaling factor
assumes the dimensional error was distributed linearly
along the part height. In the second method, Ad was
obtained through interpolation of the coordinate differ-
ence of the pilot hole measured with CMM, as described
in Section 2.3. After their respective nonlinear compen-
sation, the parts were fabricated using the same EB-
PBF process and measured with CMM again. In the
third method, Ad was computed as the displacement
of each node in the process simulation model. The com-
pensated shape was analysed using the same material
input and boundary conditions. Dimensional errors of
compensated parts were hence compared as results of
both experimental and numerical methods.

3. Results
3.1. Experimental results

According to Figure 1(a")-(c’), no significant out-of-plane
distortion was observed for both thin-walled beam
samples, and bracket components, even down to
1 mm wall thickness. This is primarily attributed to the
in-situ heat treatment during the printing process. One
of the key advantages of EB-PBF is its ability to maintain
a high powder bed temperature, which effectively allevi-
ates residual stresses during the solidification process
[40]. In fact, the residual stress of as-built Ti-6Al-4V can
be as low as 50 MPa [42]. As a result, the process
enables the fabrication of thin-walled parts, particularly
those with high aspect ratios. Figure 4(a) presents the
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Figure 4. (a) Accumulated shrinkage measured from L-shaped beam samples along X and Y directions, respectively, and (b) compari-
son against cases of vertical beams along Z directions, as well as cases measured from bracket demonstrators printed in (c) original
and (d) flipped printing orientations. The average values from the beam sample from (a) were inserted into (c) and (d) for comparison.

dimensional error of beam samples accumulated along
the X and Y directions, respectively. The error was
defined as a difference between the measured and
designed centre coordinates of the prescribed marks.
Within the gauge length of 100 mm, averaged total
shrinkages of 0.69 % and 0.26 % were found along X
and Y directions, respectively, which corresponded to
magnitudes of 0.7 £ 0.07 and 0.24 £+ 0.05 mm, respect-
ively. Figure 4(b) shows the measured dimensional
errors of the pilot hole positions from the vertical
beam samples. The curves show shrinkage accumulation
along the Z direction after the EB-PBF process since no
obvious distortion or warpage had been seen in the X
and Y directions for vertically printed beams. The trend
was not linear as an approximate dimensional error of
0.61 mm was accumulated in the lower 50 mm height
from the first measuring mark, while total shrinkage for
the beam was approximately 0.93 mm by average
within a gauge length of 100 mm. The results were con-
sistent amongst samples with varying thicknesses, indi-
cating no obvious thin-wall thickness effect in this
study. Differences in magnitudes between samples
were close to the measuring tolerance of around

0.09 mm. It was found that the deformation rule along
the Z direction was nonlinear and, therefore, different
from the shrinkage along the X and Y directions under
the same process condition in our previous study [31].
In both X and Y directions, the overall trends were
approximately linear, with R? values of 0.976 for the X
direction and 0.997 for the Y direction in linear fittings,
respectively. The shrinkage magnitudes in the X and
the Y showed orthotropically discrepancy with smaller
values than the shrinkage along the Z direction.
Figures 4(c) and (d) show the dimensional errors
measured from pilot holes on three bracket surfaces of
the 326 mm long industrial components. Compared with
simple rectangular beams, the shrinkage of the brackets
followed the same nonlinear trends for the two different
printing orientation cases, with an averaging total shrink-
age of 1.81 mm within gauge length. Deviations amongst
the three faces were minor, while slightly larger shrinking
magnitudes were observed on Face Il. This is attributed to
the fact that the holes on Face Il were the furthest from the
edge to dissipate heat. It was found that when the com-
ponents were printed with original and reversed part
orientations, the position of overhang features had no
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Figure 5. Averaging shrinkage rate of each interval between adjacent measuring marks along (a) X, Y and (b) Z direction measured
from experiments. (c) Mapping of accumulated shrinkage percentage on XY plane considering the centre of the chamber as the origin
point at measuring marks’ height. (d) mapping of shrinkage rates of every voxel unit (10 mm x10 mm X 25 mm) in the 3D space of the
EB-PBF printing chamber, with (d’) the distribution along the diagonal plane and (d”) XY planes at different heights.

apparent effect on the shrinkage of the whole
bracket along the part height. Furthermore, the studies
of beams and industrial components reflected that shrink-
age of the part along the printing direction during the EB-
PBF process and cooling had a consistent trend, which was
not affected by overall part length, shape, wall thickness
and printing orientation of the part. The nonlinearity of
shrinkage led to more geometric errors in the part at the
lower half from the base plate than in the upper half
along the part height. The results explained why linear
scaling factors generally worked well for small-size com-
ponents when height was less than 60 mm, as shown in
Figure 4(b), but not suitable for large-scale components
and assemblies with part lengths over 300 mm due to
the distortion nonlinearity. The findings indicated the

shrinkage of the EB-PBF part was mainly influenced by
thermal history in the process and temperature distri-
bution in the build chamber.

Figure 5 presents the averaged shrinkage rate of each
interval between measuring marks. Along the X or Y
direction, the shrinkage of each length interval of
10 mm was less than 0.7 % on average. The averaged
absolute shrinkage values at each interval were
254 pum in X and 69.5 pym in Y, which was close to the
tolerance of measurement accuracy (0.09 mm) consider-
ing the influence of surface roughness [31]. Therefore,
the deviation between each interval is not statistically
significant, indicating a uniform shrinking behaviour of
the component along X and Y directions. Figure 5(b)
plots the shrinkage rate at every interval of 25 mm



between pilot holes of both long bracket samples. The
results showed larger deviations between the first
three intervals than the remainders. With a decreasing
trend from the maximum shrinkage rate of 1.22 % at
the first interval, a stable shrinkage rate of 0.42 % can
be found from interval 5 to 11, which was smaller than
the averaged rate along the X direction. The first three
intervals from the base plate represented the zone
with the highest shrinkage rate. The observed nonlinear
distortion rules affect the design for EB-PBF and its com-
pensation strategies, indicating the results have engin-
eering significance. In the case of bracket printing, the
distribution of dimensional deviations were different
because of opposite printing orientations. For instance,
the topological deviations were different because of
opposite printing orientations. For instance, the topolo-
gical optimised (TO) area in the bracket deformed
approximately 0.6 mm more in Orientation 1 than the
Orientation 2. Therefore, printing with Orientation 2
led to better dimensional stability for the critical load-
bearing features, highlighted in the dash-line box. It
can be advisable to position the critical features at a
height exceeding 125 mm within the chamber to mini-
mise thermal shrinkage. The findings must be con-
sidered in the nonlinear compensation of the
deformation. Moreover, the interactions between X
and Y directions were visualised in Figure 5(c). A planar
shrinkage percentage ¢; , was evaluated at the height
of measuring marks with an equation,

JE+ e
—_, 3)
V10% +10?

where ¢; and ¢; are the constitutive shrinkage magni-
tude at the i and j*" intervals along x and y directions
in mm, respectively. The contour mapping assumes
zero deformation at the centre (original point) of the
XY plane, showing a gradually increasing shrinkage
rate from centre towards the surrounding region. In
addition, the resultant shrinkage rate at various locations
in 3D space can be further estimated from the constitu-
tive findings at every unit voxel of 10 mm X 10 mm X
25 mm. The resultant shrinkage rate of one unit voxel
¥ j 1y €an be calculated with the equation,

, Ve e+ @
b= ,
102 £ 107 + 252

where ¢, is the constitutive shrinkage magnitude at the
k™ interval along the z direction in mm. Global mapping
of the resultant shrinkage rate is shown in Figure 5(d).
The contour indicated that the thermal deformation
was more obvious in certain areas of the chamber with

b, p =
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a height less than approximately 125 mm from the
base plate. In this area, shrinkage along the Z direction
was dominating, as illustrated in Figure 5(d). A higher
shrinkage rate was expected to be obtained when the
component was positioned closer to the base plate.
The height effect was also observed in Figure 5(d"”)
with contour maps at X-Y cross-sections with different
heights. There was no significant diversity in the resul-
tant shrinkage rate when the build height was higher
than approximately 200 mm because the effect of the
shrinkage component along the Z direction was
reduced, and planar shrinkage played a dominant role.

3.2. Thermal-mechanical simulation results

We developed a coupled thermal-mechanical model to
simulate the EB-PBF printing and cooling process to
further investigate the nonlinear shrinkage along the
part height direction. Figure 6(a) presents the computed
shrinkage of the bracket component and its correlation
with measured data. Overall, the simulation results cap-
tured the magnitude of the deformation with a non-
linear accumulation trend. However, the nonlinear
effect was underestimated, likely due to simulation sim-
plifications. The Mean Absolute Percentage Error (MAPE)
was calculated as 13.93 %, 18.97 % and 17.40 % for the
free faces, respectively, indicating a reasonable model
accuracy [43]. Figure 6(b) plots the contour of the displa-
cement, showing that the shrinkage rate along Z direc-
tion was also affected by the part width. The findings
agreed well with a slight deviation of measured data
from the three bracket faces (Figure 4(c) and (d). The
contour reflected that shrinkage near the edge was
smaller than in the centre area because heat dissipated
by loose powers was lower than that by solidified
materials. The edge effect was not considered in the pro-
posed compensation approach since the part width was
smaller than 60 mm and less significant compared to the
height in this bracket demonstrator.

Moreover, simulation results indicated the nonlinear-
ity was progressively formed from the printing stage. In
the EB-PBF process, when each new layer was additively
manufactured, previous layers started to cool and shrink.
The temperature history experimentally obtained at the
base plate is shown in Figure 7(a). It was preheated to
approximately 730 °C at the start of the print and nonli-
nearly cooled down to 622 °C while the part was con-
tinuously built. Computed temperature histories at the
height of each hole were also plotted, with similar decre-
ment patterns. Once the printing was completed, the
component continued to cool down at a higher
cooling rate until room temperature. At the beginning
of this stage, the temperature distribution was nonlinear,
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Figure 6. (a) Computed shrinkage of the demonstrator compared with CMM observations and (b) shrinkage contours on three faces.

although the hole interval was identical. Accordingly,
dimensional error and thermal stress distributions at
each hole interval were monitored during the process
simulation, and Figure 7(b) and (c) show results obtained

at the end of the printing stage and at the end of the
cooling stage, respectively. When the printing was com-
pleted, the first interval exhibited the largest degree of
shrinkage, attributed to the highest thermal stress and
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Figure 7. (a) Computed temperature history at the height of each pilot hole with measured temperature history at base plate, (b)
computed averaging strain of each interval and (c) thermal stress contour before and after cooling stage.



a longer duration of cooling at the lower region. The
deformation of the lower section was affected by con-
straints imposed by the supports and base plate. The
intervals 9-12 were expanded as the temperature of
those areas still exceeded 1000 °C and the thermal
stress was therefore relatively lower. At the cooling
stage, the dimensional error was attributed to both
temperature change and thermal stress relief. At the
end of cooling, residual stress was at a very low level,
except for the concentration found at the constrained
region between the component and base plate. Such a
high residual stress led to spring-back when the com-
ponent was removed from the base plate [44].

The compensation for thermal shrinkage of the
bracket shape can be conducted based on the presented
simulation results. Every node was morphed towards the
opposite direction from the computed displacement
components. The compensated shape was then used
for process modelling with the same parameters. Fur-
thermore, the proposed nonlinear compensation
method was applied to the bracket component
derived from the interpolation of distortion measure-
ment along the Z direction. To compare with the
above two methods, a uniform single scaling factor of
1.0061, calculated from the total shrinkage of overall
part height, was also applied. After re-printing the com-
pensated components, the dimensional errors were
measured again with CMM. Figure 8 compares the
results of dimensional error along the Z direction from
three compensation approaches. It was found that the
linear scaling approach resulted in a nonlinear geo-
metric error, giving a maximum deviation of up to
0.34 mm from a build height of up to 300 mm, although
overall part shrinkage was minimised around zero. This
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fact indicated that nonlinear thermal shrinkage of EB-
PBF parts will not maintain a fully reversible deformation
compared to that from linear shrinkage. For the same
reason, as results of process modelling for compensated
shapes, the numerical solution of dimensional error was
non-zero after node-morphing compensation, with a
maximum deviation of up to 0.22 mm amongst the com-
puted positions of the measuring marks. The practical
outcome of simulation-based compensation strongly
depends on model validation because the MAPE
between simulation results and experiments may
further decline the effectiveness. In contrast, the pro-
posed nonlinear compensation showed its advantage
as the maximum error along the z-direction was success-
fully reduced to an average of 0.16 mm, smaller than the
result from the scaling method. Most of the measured
data fall within the zero-error threshold band, attributed
to the 0.09 mm measurement error of the CMM. More
importantly, the nonlinear compensation approach
managed to minimise the dimensional error at every
interval along the component, fulfilling the tolerance
requirement for part assembly.

4. Discussion

This study systematically investigated the orthogonally
anisotropic thermal shrinkage behaviour of Ti-6Al-4V
parts fabricated by EB-PBF and developed and com-
pared 3D compensation strategies to minimise dimen-
sional errors in large-scale industrial components. The
findings reveal that shrinkage rates in the X and Y direc-
tions remain relatively linear irrespective of build
flatform location, while the Z direction exhibits signifi-
cant nonlinear shrinkage as a function of build height.
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This discrepancy in shrinkage behaviour is primarily
attributed to the complex temperature gradients, the
accumulation and release of thermal stresses, and the
thermal expansion and contraction behaviour along
the Z axis during the EB-PBF process. In the XY plane,
although it is theoretically assumed that the tempera-
ture field is uniformly distributed, in practice, due to
the design of the EB-PBF build chamber, boundary
effects, and differences in thermal conduction between
the front-back and left-right positions, the temperature
gradients in the X and Y directions are not uniform
[45]. This uneven thermal conduction leads to asym-
metric shrinkage in the XY plane. While the variation in
shrinkage rates across the XY plane is relatively small,
the underlying thermal asymmetry is a critical factor
affecting dimensional accuracy. Our results were
obtained from an Arcam A2X machine and systemati-
cally validated. The validation process involved a set of
geometries with dimensions ranging from 30 to
345 mm, covering a diverse range of design configur-
ations. We believe that our conclusions can be extended
to the full build envelope of the A2X machine, which
measures 200 X 200 x 380 mm’. It is suggested that
different machines, such as those with larger build
chambers (e.g. Arcam EBM Q20plus [46]) or circular
build platforms (e.g. Spectra H [47]), may exhibit more
uniform shrinkage behaviour in the XY direction. The
nonlinear shrinkage behaviour in the Z direction is par-
ticularly pronounced in larger components, especially
those with a high aspect ratio. This phenomenon is
closely related to the gradual accumulation and
release of thermal stress during cooling. Our simulations
indicate that this nonlinear shrinkage develops progress-
ively throughout the printing process. In EB-PBF, as each
new layer of material is added, the previously deposited
layers begin to cool and shrink. Experimental data on the
substrate temperature history show that the substrate is
preheated to approximately 730 °C at the start of print-
ing and nonlinearly cools to 622 °C as the part is built
layer by layer (Figure 7(a)). A similar cooling pattern is
observed at various measured heights. After printing is
completed, the part cools rapidly to room temperature,
with a nonlinear temperature distribution throughout
this process, even though the spacing between the
measured points is constant. The nonlinear shrinkage
in the Z direction is primarily driven by the accumulation
of thermal stresses, the non-uniform temperature distri-
bution, and the temperature-dependent nonlinear
behaviour of the Ti-6Al-4V material.

While traditional linear compensation methods may
be effective for smaller parts such as acetabular cups
[48], impellers [49], and compliant mechanisms [50],
they fail to meet the dimensional accuracy requirements

of complex structures, particularly large components
with high aspect ratios, such as turbine blades or top-
ology-optimised lightweight designs [9]. In topology-
optimised structures, variations in dimensional accuracy
can result in uneven stress distributions across different
regions [51]. Significant shrinkage in certain areas may
alter the stress distribution, compromising the overall
structural performance and preventing the design
from achieving its intended optimal performance. The
3D compensation method proposed in this study effec-
tively reduces geometric errors (Figure 8). By accounting
for nonlinear shrinkage behaviour along printing direc-
tion and orthotropically discrepant shrinkage along X
and Y, this method is better suited for the printing and
optimisation of complex industrial parts. Nevertheless,
it is challenging to mitigate distortion of overhanging
structures through compensation. Instead, an appropri-
ate design of support structures is critical.

Ideally, high-fidelity process simulations could be a
precise way to predict the thermal deformation of AM
components and effectively compensate for the defor-
mation in the design stage. However, two major chal-
lenges affect the accuracy and efficiency of the
numerical methods. One challenge is associated with
length scales. Across multiple length scales, the constitu-
tive laws considered in modelling diverge. For instance,
heat source, powder stacking, and phase transformation
are commonly discussed in micro-scale models. Most
simulation studies on the macro scale are conducted
with simple shapes and voxel meshes with maximum
dimensions of less than 120 mm for adopting detailed
constitutive physical laws and better feasibility of exper-
imental validation. Furthermore, voxel meshes cause
fidelity loss when re-creating printing files. The other
challenge is the lack of commercial software packages
developed for the EB-PBF process and validated
through industrial utilisation. To the authors’ knowl-
edge, the majority algorithms were developed for the
L-PBF process, including Print3D. The process uncer-
tainty, in addtion to inaccurate boundary conditions of
EB-PBF AM, always impedes model validations. With
the above gaps, compensation based on simulation
results may not lead to an accurate part dimension
after printing. Therefore, cycles of measurement and
adjustment are still necessary. This study managed to
capture the nonlinear deformation we observed in
experiments with commercially available thermal-mech-
anical models, obtaining the averaged MAPE indicator of
approximately 16.8 %. Based on current findings, some
key learning points can be discussed regarding the
trade-off between model effectiveness and an accepta-
ble computational cost when defining process boundary
conditions and material property input.



When applying various material properties from the
literature, the simulation results showed significant vari-
ations. In parameter studies, we compared computing
results with experimental observations. As illustrated in
Figure 9, through parameter studies, we identified the
critical material input, such as Young’s modulus, yield
stress and emissivity that would significantly affect the
prediction of shrinkage magnitudes and respective
degrees of nonlinearity. This is attributed to the tempera-
ture-dependent nature of these property values. Proper-
ties of the material at room temperature were not
applicable due to elevated preheating temperature of
the base plate in the EB-PBF process. However, a single
value of material input saves computational time. When
testing main temperature-dependent properties with a
single variable method, it was further implied that the
effects of density, specific heat, conductivity and Poissons’
ratio on deformation nonlinearity were not significant
compared with the ones listed in Figure 9. Similarly, the
scanning velocity and the power of the heat source
have also been found to be the main processing factors
that affect the shrinkage behaviour. The findings from
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simulation studies not only helped validation of the
model with a decent computational cost, but also indi-
cated significant factors that corelate to shrinkage behav-
iour. In future work, more detailed models of heat source
and scanning should be developed to improve EB-PBF
process simulation results. Moreover, current limitations
can also be found in simplifications of thermal boundary
conditions. Experimental observations indicated tempera-
ture distribution inside the chamber contributed to the
interaction between the powder bed and components,
leading to a nonlinear deformation.

The geometrical compensation for nonlinear defor-
mation is another topic that needs further investigation.
Different from linear deformation that can be compen-
sated entirely, there is no reversible mapping for non-
linear deformation. A node at a compensated position
follows a new deformation mapping, leading to a
remaining dimensional error. Therefore, it is crucial to
unveil nonlinear deformation rules, making the
mapping predictable. Current results indicated that the
rules are independent of the overall shape, height and
printing orientations of the component under a given
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Figure 9. Critical temperature-dependent material properties used for simulation in this study and comparison with varying sources
and software database [9,34,37-41]: (a) Emissivity, (b) yield stress, (c) coefficient of thermal expansion and (d) Young's modulus.
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material type and process parameter set. With a clear
nonlinear trend of deformation, the compensation
methods proposed in this study minimised the remain-
ing dimensional error to an acceptable level for large-
scale industrial components. However, more work can
be done to consider a mathematical description of the
deformation as functions of key material input and
process parameters, leveraging current findings to a
wide application for EB-PBF in the industry.

In the EB-PBF process, in addition to Ti-6Al-4V,
materials such as IN718 [40,52,53] and titanium alumi-
nide (including Ti-48Al-2Cr-2Nb [54], Ti-45Al-4Nb [55],
etc.) are also widely used in industrial manufacturing.
Their material properties, including coefficient of
thermal expansion, Young’'s modulus, yield strength,
and emissivity, differ significantly from Ti-6Al-4V, which
is expected to have profound effects on shrinkage
behaviour in various directions. Firstly, the powder-bed
temperatures for IN718 and titanium aluminide are rela-
tively higher, typically ranging from 950 °C to 1150 °C
[56,57], whereas Ti-6Al-4V is printed at a lower tempera-
ture. This temperature difference leads to variations in
how thermal stress is accumulated and released. For
instance, higher printing temperatures induce steeper
thermal gradients, potentially resulting in more pro-
nounced shrinkage [58]. Given that IN718 and titanium
aluminide exhibit higher yield strength and stronger
resistance to high-temperature creep, they tend to
retain greater residual stress during cooling, posing
more complex challenges for dimensional compen-
sation in the 3D directions. Moreover, the material-sub-
strate interface also affects shrinkage behaviour. For
example, in Ti-6Al-4V printing, a steel start plate is typi-
cally used as the substrate, where intermetallic com-
pound layers can form at the interface [59]. Due to the
mismatch in thermal expansion coefficients, this inter-
face is prone to delamination during cooling, thereby
releasing stress. However, when printing IN718 with
the same steel substrate, the transition layer formed at
the interface is more stable [60] and does not effectively
release the stress within the bottom region that easily,
which may result in greater deformation near the base
[58]. This suggests that the shrinkage behaviour in the
bottom region of IN718 parts requires particular atten-
tion and compensation. Therefore, while Ti-6Al-4V,
IN718, and titanium aluminides share certain character-
istics in the EB-PBF process, their differing material prop-
erties and printing conditions necessitate tailored
shrinkage compensation strategies alongside detailed
experimental validation. For IN718 and titanium alumi-
nides, the higher printing temperatures and distinct
mechanical behaviours result in a more pronounced
nonlinear shrinkage in the Z direction, while stress

release and deformation in the bottom regions require
more precise control. In addition to these high-tempera-
ture materials, other alloys, such as pure titanium [61],
beta titanium alloys [62,63], aluminium alloys [64], pure
copper [65], copper alloys [66], and high-entropy alloys
[67-71], may require printing temperatures similar to
or lower than that of Ti-6Al-4V. Each of these materials
has unique thermal and mechanical properties, demand-
ing distinct approaches to printing and shrinkage com-
pensation. Besides the material chemical composition,
another potential consideration is the powder character-
istics, as they have been shown to influence the melt
pool shape and laser absorption rate [69]. However, we
found that powder characteristics have only a minimal
impact on electron beam absorption, resulting in rela-
tively small changes to the overall temperature distri-
bution [56,66]. Therefore, we believe that powder
characteristics do not have a noticeable effect on the
final parts’ dimensional accuracy, given that the critical
factor for dimensional accuracy remains the temperature
distribution within the build envelope. With assump-
tions and methodologies validated in this study, the
3D compensation method can be leveraged to more
EB-PFB material systems.

5. Integration of compensation methods into
the AM design workflow towards an end-to-
end solution: application through a case
study

Based on the anisotropic shrinkage rules of the EB-PBF
process concluded for Ti-6Al-4V in this study, we devel-
oped a 3D nonlinear compensation method for large-
scale components. The compensation method can be
integrated with design workflow for AM and close the
loop of the EB-PBF process to provide an end-to-end sol-
ution that avoids printing trials and iterations of error
measurement. Figure 10 illustrates a comprehensive
case study to demonstrate the application of re-design-
ing a component for the EB-PBF process and manufac-
turing it with minimal dimensional errors. The
component was inspired by a generative design case
for a satellite supporting bracket [72,73]. The original
design of the bracket was a metal flange structure invol-
ving a number of bolts or an extensive welding process
for assembly, as per Figure 10(a). The bracket is used as a
connector to mount various parts with the main body of
a satellite, therefore requiring dimensional accuracy for
mounting positions. Instead of using sheet metal, the
design space was defined as a bulk with symmetrical
constraints and various loading cases. An overhang
angle constraint of 60° was also included as featured in
the design to the EB-PBF process (Figure 10(b)). After
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Figure 10. An integrated digital workflow to (a) re-design a satellite component for EB-PBF processes as a case study. The workflow
starts from (b) analysis of the original shape, defining design space, topology optimisation for preliminary design, shape regeneration
and applying nonlinear compensation to obtain new designs with different heights (160 and 260 mm) for prototyping. (c) The com-
pensated shapes were ready-to-print with multiple measuring marks. (d) Dimensional errors were evaluated with CMM.

topology optimisation and structural reanalysis, a new
shape achieving around 20.3 % weight reduction was
obtained. The global size of the component was approxi-
mately 164 mm X 154 mm X 260 mm. To compensate
for the shrinkage, the same 3D compensation method
developed in this study, based on measurement results
from the beam samples and the long bracket, was
applied to each node of the STL file. Herein, the pre-
viously determined scaling factors for the X and Y

directions and interpolation equations in the Z direction
were leveraged to describe the predicted dimensional
error in the current case. By adopting such a method,
it is not necessary to repeat cycles of ‘print-measure-
compensate’ for different components under the same
fabrication conditions.

In this case study, pilot holes were designed as
measuring marks for dimensional check after printing,
as illustrated in Figure 10(c). The designed component
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was prepared in two heights, 160 and 260 mm, respect-
ively, denoted H160 and H260. Two shapes were com-
pensated and prototyped. After printing and removing
from the base plates, the coordinates of the holes
were measured and compared with designed values,
and the dimensional differences were presented in
Figure 10(d). Results from both H160 and H260 com-
ponents showed good dimensional accuracy with the
largest errors were approximately 0.44 and 0.47 mm,
respectively. Based on finding of the beam and bracket
shapes we measured, the max dimension error of H160
and H260 can be estimated as around 1.2 and 1.7 mm
respectively. Considering the influence of measurement
accuracy, the obtained errors were very minor, compar-
ing to the zero-error threshold. It was noted that dimen-
sional error in the Z direction was generally less than
those in the X direction, showing the benefit of using
the integrated design to nonlinear compensation
approach for preparing different shapes for the EB-PBF
process. Although the method was still applied to only
the same Ti-6Al-4V material and the same process par-
ameters in the case study, it has the potential to be
extended to more material powders and processes. To
achieve this, further experimental work is needed to cali-
brate the nonlinear shrinkage trends of various
materials. Correlation between material properties and
the shrinkage rules can be built with the assistance of
validated process simulations and data-driven
methods. Beyond EB-PBF, the approach proposed in
this study can be also leveraged to other AM processes
to investigate the applicability and feasibility of applying
the 3D compensation method.

6. Conclusions

This study systematically investigated orthotropic thermal
shrinkage of Ti-6Al-4 V parts fabricated by EB-PBF pro-
cesses and developed a 3D compensation method to
minimise dimensional errors of large-scale industry com-
ponents. A series of L-shaped beams (length up to
130 mm), rectangular vertical beams and thin-wall
bracket components (height up to 330 mm) were
designed with an array of measuring marks to capture
the basic thermal deformation along three global coordi-
nate directions. Specifically, the shrinkage magnitudes
and accumulation trends were analysed with CMM by
measuring the coordinates of marks with identical inter-
vals. It was found that the overall shrinkage rate was
stable at approximately 0.69% along the X direction and
0.26% along the Y direction, indicating a uniform shrink-
age accumulation in these directions. However, a non-
linear shrinkage was observed along the Z direction.
Here, a significant shrinkage rate of up to 1.29% was

found at the lower 125 mm from the base plate, while it
was progressively reduced to 0.6 % by averaging at the
higher end of the component. Along the Z direction,
the total shrinkage averaged 1.81+0.01 mm over a
300 mm part height, and this was consistently validated
across different shapes and printing orientations. Simu-
lation results from a coupled thermal-mechanical model
of the EB-PBF process indicated that the experimentally
determined nonlinearity arose from (i) thermal stress
accumulation and relief in the EB-PBF process, (ii) nonuni-
form temperature distributions at different layers of as-
printed parts, and (iii) temperature-dependent material
nonlinearity of Ti-6Al-4V. Furthermore, a 3D compensation
method was successfully developed to increase the print-
ing accuracy of the EB-PBF process. Compared with com-
pensation by applying a scaling factor and reverse-
morphing of simulation results, the proposed method
based on nonlinear shrinkage rules not only compensated
the total shrinkage but also reduced the dimensional error
of every interval, with a maximum error of 0.16 mm. This
method was integrated into a digital workflow and
applied in a case study where a satellite component was
re-designed and topologically optimised for EB-PBF. We
have hence demonstrated that the current approach opti-
mises the end-to-end solution for EB-PBF Ti-6Al-4V by
minimising geometric errors, reducing post-processing,
and shortening trial cycles, ultimately lowering costs.
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