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ABSTRACT

The aim of the work is to analyze and optimize the shaping of GTE blade in the process of fabrication using additive electron
beam technology. Using the method of computer simulation in the Simufact Additive software, the influence of technological
printing parameters on product shaping was investigated, and shrinkage phenomena that occur during the printing process were
analyzed. The printing simulation was performed and the results were compared to the reference model. The optimized com-
puter models of GTE blades were created. According to the calculation results, when optimized models are used, the deviation
in the geometric dimensions of printed blades does not exceed the product size tolerances of +0.3 mm.
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INTRODUCTION

When metal products are created by the additive man-
ufacturing method, local shrinkage phenomena occur
at the process of layer-by-layer heating and cooling,
resulting in overall residual deformations — distor-
tion of linear dimensions of the printed part [1-3].
In order to compensate for residual deformations, it
becomes necessary to correct the product model by
taking the expected deformations into account.

A number of factors influence the shape of prod-
ucts at the printing process:

e material from which a part is made;

e technological parameters of printing;

e spatial position of a product relative to the plat-
form,;

e location of a part in the product assembly;

e shape of technological supports;

e overall temperature of the product assembly and
the environment.

Given that products usually have a complex geo-
metric shape, it becomes problematic to fabricate the
end product with the required dimensions within tol-
erances. To solve this problem, it is planned to apply
computer simulation methods of the printing process
with the subsequent correction of the model, based on
which a product will be printed [2].

THE AIM

of this work is to analyze and optimize the GTE blade
shaping in the process of fabrication using additive
electron beam technology.

The software product Simufact Additive, devel-
oped by MSC Software, was used in the work. This
is a specialized software package designed to sim-
ulate 3D printing of metal parts using Powder Bed
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Fusion technology, including Selective Laser Melt-
ing (SLM), Direct Metal Laser Sintering (DMLYS),
Selective Laser CUSING of metal powder materials,
Electron Beam Melting (EBM) and a number of other
processes [4].

Simufact Additive provides an opportunity to:

e calculate deformations of a part and reduce or
avoid distortion of its shape;

e compare simulation results with the reference
shape;

e select the optimal printing direction;

e optimize the supporting structures (supports);

e obtain the state of a part after heat treatment,
removal of the base plate and supporting structure;

e minimize residual stresses.

The MARC solver [5] is the basis of the Simufact
Additive software. MARC has advanced capabilities
for conducting a coupled temperature and thermome-
chanical analysis of the stress-strain state of a product
at layer-by-layer printing, taking into account thermal
deformations and material properties depending on
temperature.

A special voxel mesh generator is used for calcu-
lations. Voxels are elementary cells that make up the
studied product model. A regular mesh is created, that
is used to simulate layer-by-layer printing of a part.
The MARC solver has added the ability to sequential-
ly activate voxel layers. New methods for simulation
of the cutting process have also been added, which
are necessary to simulate the process of removing the
base plate and supporting structure.

Simufact Additive uses two approaches for prompt
calculation of product deformations during printing
[4]: on the base of the approximate method of shrink-
age (Mechanical inherent strain approach) within the
mechanical problem of elasticity theory or as a result
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Figure 1. GTE stator blade model

of a more general coupled analysis of the thermoplas-
tic deformation of a product material during printing,
assuming the same simplified thermal printing cycle
for each voxel.

The first approach is based on the determination
of the shrinkage function (residual plastic deforma-
tions) from printing a single elementary volume (vox-
el) depending on the technological parameters of a
layer-by-layer product formation by means of exper-
imental calibration of the mentioned deformations on
a standard printed sample of a beam type of a limited
size. The heating kinetics of a product during printing
is not calculated; residual deformations and stresses
are determined as a result of solving the mechanical
loading problem of the finite element model of a prod-
uct by additional shrinkage deformations for each
printed voxel, which allows significantly reducing the
calculation time while maintaining sufficient accura-
cy from an engineering point of view.

The second calculation approach is more general
and is based on a coupled thermal and thermomechan-
ical analysis at layer-by-layer printing of a product.
However, to reduce the calculation time, the assump-
tion of an identical (simplified) thermal cycle for each
voxel of the printed material is used, which gives an
opportunity not to analyze the nonstationary thermal
conductivity problem for the entire model during the
printing process. As a result of the calculation using
this approach, the approximate kinetics of heating, as
well as stresses and deformations of a product are de-
termined.

Figure 3. Interface of the Simufact Additive software with the
integrated GTE blade model

In order to compensate for residual deformations
of a product, it is possible to export a model of the
deformed geometry with any scale factor. Therefore,
it is possible to select the initial shape of a part, which,
after the printing process, gives a minimum deviation
from the required shape, compensating for deforma-
tions that occur during creation of this part [3].

Using the Simufact Additive software product, it is
possible to determine the influence of printing techno-
logical parameters on the end product parameters and
predict deformations of the part shape. In this work, a
model of a gas turbine engine (GTE) blade was used
(Figure 1).

Using the Materialise Magics software product,
technological supports for further printing of a prod-
uct were generated. Several spatial positions of the
parts shown in Figure 2 were used.

The models in Figure 2, a, b provide the shortest
time for building a product in the printing process.
The model of Figure 2, ¢ provides an opportunity
to place on the printer platform and print the largest
quantity of parts in one production cycle.

The files of product models and technological sup-
ports were exported in STL format to the Simufact
Additive software.

The further actions are aimed at optimizing the
geometric shape of a part and obtaining information
on the impact of technological parameters on the
shaping of products and their properties.

a

Figure 2. Product models with technological supports
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Figure 4. Creation of elementary cells — voxels

In the Simufact Additive interface, a project is cre-
ated, settings are set, where the parameters of equip-
ment and technological process, part and platform
materials are specified, and product models are im-
ported along with technological supports (Figure 3).

The technological parameters like power, speed
and diameter of electron beam, powder layer thick-
ness, scanning method, thermal characteristics
of printing are set in the interface settings in the
Build-Properties tab.

Further, voxels (elementary cells that make up the
model of a studied product) were generated by the
software (Figure 4).

The next step was simulating the layer-by-layer
printing of a product. The graphical interface of Sim-
ufact Additive, which displays the printing process, is
shown in Figure 5.

Shrinkage strains were determined using a differ-
ent, more general approach to the analysis of ther-
moplastic deformation of the material. Therefore,
the procedure for calibrating shrinkage strains for
material voxels was not carried out, but the analysis
of the kinetics of the temperature problem of prod-
uct heating at layer-by-layer shaping and the coupled
thermoplastic analysis of the stress-strain state were
performed.

The colour corresponds to the temperature value
of a product, technological supports and platform at
each stage of the printing simulation. The colour pal-

Total displacement [mm]

Figure 6. Deviation of the printed product model dimensions
from the reference model

ette with temperature values is shown in Figure 5 in
the Temperature table.

Based on the simulation results, a file was ob-
tained (Figure 6), where deviations of the GTE blade
dimensions from the reference model were calculat-
ed. Deviations in dimensions arise due to the prod-
uct shape deformation at the printing process. The
values of possible deformations correspond to the
colour and are shown on the palette in the Total dis-
placement table.

The next stage of research is correction of the mod-
el, calculation of spatial deformations of the corrected
model and its comparison with the reference model.

The GTE blade model is corrected to compensate
for spatial deformations in the Shape comparison
menu of the Simufact Additive software. The mod-
el obtained as a result of the additive process simu-
lation is compared with the reference model. In the
programme interface, the deviation in the dimensions
of the corrected model from the reference one is dis-
played by the colour palette (Figure 7).

The obtained model is then processed by the soft-
ware. A new file is created taking into account the
shape optimization. The printing simulation process
is consistently repeated. The next GTE blade model is
created, which is compared with the reference model.

If the obtained model does not match the reference
model within the tolerances, the process is repeated.

Figure 5. Graphic representation of printing GTE blade in the
Simufact Additive software

Figure 7. Shape comparison menu of the Simufact Additive soft-
ware
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The dimensional deviation of printed products from
the reference model should not exceed 0.3 mm.

The corrected model file is exported in stl format
and accepted for printing.

Comparing the reference (base) and optimized
models of the GTE blade, it can be noted that linear
dimensions of the end product model have been in-
creased from (35.1; 85.08 and 30.03) mm in the X, Y,
Z coordinates to (35.69; 85.378 and 30.411) mm. lL.e.,
the model has been enlarged with taking into account
the compensation of shrinkage phenomena and other
factors that lead to deforming the product shape at the
printing process.

INFLUENCE OF TECHNOLOGICAL
PARAMETERS ON THE SHAPE
OF PRODUCTS

The technological parameters of printing products
from titanium alloy Ti-6A1-4V ELI powders, which
are defined in [6] and given in Table 1, were used in
the study.

To simulate printing of the products shown in
Figure 2, a, three projects with different technologi-

Table 1. Technological parameters for printing products

cal parameters were created in the Simufact Additive
software. In each project, spatial deformations and
deviations of the GTE blade dimensions during print-
ing were determined, which differ depending on tech-
nological parameters of printing (Table 2).

The spatial deformations for each of the techno-
logical modes are individual. Therefore, it is neces-
sary to study printing of each of the products shown in
Figure 2, for all the modes indicated in Table 1. Then,
the shape of products should be corrected and the end
models of the GTE blade should be obtained. The cre-
ated models will be suitable for further printing.

OPTIMIZATION OF DIGITAL MODELS
OF THE GTE BLADE

Using the software product Simufact Additive, opti-
mized computer models of the GTE blade were ob-
tained in accordance with the applied technological
modes of printing and spatial position of the parts.
The simulation results are shown in Table 3.

The optimized models of product assembly with
technological supports are exported in stl format and
are suitable for further printing.

Product number Beam power, W Travel speed, mm/s | Trajectory shift, mm | Layer thickness, mm | Power density, J/mm?

1 240 270 0.2 0.1 444

495 540 0.2 0.1 45.8
3 675 780 0.2 0.1 43.3
Table 2. Spatial deformation values
Dimensional deviation, mm
Product number Beam power, W Travel speed, mm/s
from to

1 240 270 1.00 3.23

2 495 540 0.97 2.85

3 675 780 0.98 2.70

Table 3. Results of GTE blade models optimization

N Spatial pOS‘ltIOH‘ in ac- Beam power, W Travel speed, mms Dimensional deviation, mm
cordance with Figure 2 from to
1 a 240 270 —0.03 0.13
2 a 495 540 —0.02 0.08
3 a 675 780 —0.03 0.09
4 b 240 270 —0.05 0.11
5 c 240 270 —0.26 0.14
6 c 495 540 -0.25 0.14
7 c 675 780 —0.25 0.13

Table 4. Dimensions of the digital model and the product “GTE blade”

Parameter Digital model, mm Printed product, mm Dispersion, mm | Tolerance, mm Compliance mark
Height 35.1 35.21 0.11 +0.3
Width 30.03 30.16 0.13 +0.3 Matches
Length 85.08 85.06 —0.02 +0.3
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Figure 8. GTE blade

FABRICATION AND STUDY
OF THE GTE BLADE GEOMETRY

Based on the optimized computer model (Figure 2,
b), in accordance with the specified technological pa-
rameters (Table 1, product No. 2), GTE blades were
fabricated by the method of additive electron beam
surfacing (Figure 8).

An analysis of the product shaping was carried
out. The geometrical dimensions of the reference
computer model and the printed product “GTE blade”
are given in Table 4.

It was determined that dimensions of the printed
GTE blade match the digital model. According to the
calculation results, when using the optimized models,
the deviation of the geometric dimensions of printed
blades does not exceed the product size tolerances of
+0.3 mm.

CONCLUSIONS

In terms of the technological preparation for the addi-
tive manufacturing of experimental samples of GTE
working blades, a computer simulation of printing
was carried out using the Simufact Additive software
product and the obtained results were compared with
the reference model. The optimized computer models
of the GTE blade were obtained taking into account
the spatial deformations that occur during the printing
process. According to the calculation results, using
the optimized models, the deviation of the geometric

dimensions of printed blades does not exceed the tol-
erances for the product size of £0.3 mm.
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