HY
®

applied mechanics

Article

Modeling De-Coring Tools with Coupled Multibody
Simulation and Finite Element Analysis

Melvin Mariadass 1'*, Roman Binder 1, Florian Ettemeyer 2 Wolfram Volk >3 and Daniel Giinther 2

check for
updates

Citation: Mariadass, M.; Binder, R.;
Ettemeyer, F.; Volk, W.; Giinther, D.
Modeling De-Coring Tools with
Coupled Multibody Simulation and
Finite Element Analysis. Appl. Mech.
2023, 4, 1206-1226. https://doi.org/
10.3390/applmech4040062

Received: 18 October 2023
Revised: 20 November 2023
Accepted: 21 November 2023
Published: 6 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Fill Gesellschaft m.b.H., Fillstrae 1, 4942 Gurten, Austria; roman.binder@fill.co.at

Fraunhofer Research Institution for Casting, Composite and Processing Technology IGCV,
Lichtenbergstrasse 15, 85748 Garching, Germany; florian.ettemeyer@mytum.de (EE.);
wolfram.volk@utg.de (W.V.); daniel.guenther@igcv.fraunhofer.de (D.G.)

Chair of Metal Forming and Casting, Technical University of Munich, Walther-Meissner-Strasse 4,
85748 Garching, Germany

*  Correspondence: melvin.mariadass@fill.co.at

Abstract: De-coring is an essential process in the casting process chain, determining the quality and
cost of production. In this study, a coupled multibody system (MBS) and finite element modeling
(FEM) technique is presented to study the mechanical loads during the de-coring process. The
removal of cast-in sand cores from the inner regions of the cast part by de-coring or knocking out
is a complex process with dynamic loads. Currently, the process relies upon empirical knowledge
and tests. Inorganic sand cores pose additional challenges in the success of the de-coring process.
Increasing complexity in geometry and stringent environmental regulations compel a predictive
process in the earlier stages of design. Predicting the process’ success is challenged by the dynamic
non-linearities of the system. The dynamic characteristics and the interaction between hammer and
casting were studied here for the first time using an industrial-based test rig, and a novel modeling
approach was formulated. The results of the developed model are in good compliance with the
experiments. The methodology presented in this study can be used to include a varying number of
hammers and loads. The proposed approach presents the possibility to discretize the process and
qualitatively assess the process parameters for optimization.

Keywords: de-coring process; inorganic sand binder; finite element modeling; multibody system;
flexible coupled simulation; non-linear; process dynamics

1. Introduction

The production of detailed interior cavities of iron or aluminum is possible using
sand casting methods. Sand cores bonded using organic or inorganic binders shape the
hollow regions of a casting and are removed once cast. Sand cores are produced using core
shooting or 3D printing technology. They must offer structural and thermal stability to
retain their shape before casting while easily disintegrating after casting.

1.1. Casting Inorganics

Application of inorganic binders in the production of sand cores is preferred due to
their environmentally friendly properties. However, inorganic binders lack the favorable
de-coring properties offered by organic binders [1]. Increasing environmental concern and
emission controls have resulted in the use of odorless and emission-free inorganic binders
being favored [2].

1.2. De-Coring Process

Industrially, sand cores are removed from casting cavities through mechanical load
and agitation [1], referred to as knocking out or de-coring. The process of de-coring a cast
part removes the inner sand core while leaving the cast section itself unharmed. De-coring
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behavior is mainly attributed to the design of the casting, especially the number and size of
openings, type of sand, and binder system; furthermore, hardening the core via baking,
exposing the sand core to more heat, and selecting suitable de-coring equipment enhances
the process [3].

Unlike organic sand cores, thermal stresses reached during aluminum casting are not
sufficient to break the inorganic sand core, thereby requiring external effort. Currently,
the de-coring process is empirically determined for each casting due to inadequate virtual
descriptions of the de-coring process.

1.3. Material Behavior

Stauder et al. studied the de-coring properties of sand cores for different sand binders
and thermal history and parameterized the material parameters in accordance with the
Mohr—Coulomb failure criterion [4-7]. He also quantified the de-coring properties of
sand cores based on residual strength and de-agglomeration rate. Core properties are
locally altered by the transient overlay of mechanical and thermal loads. In addition,
thermal stability and ambient conditions adversely affect the removal of inorganically
bonded sand cores [4]. The mechanical properties of inorganic sand cores vary locally
due to in-homogeneous structures and the influence of production parameters [8]. Dong
et al. described shell mold cracking by relating fracture stress and effective volume using
Weibull’s statistical method as a criterion to evaluate the strength of brittle materials [9].
Further, Lechner proposed a novel weakest-link-based Mohr-Coulomb failure criterion to
predict the fracture strength of inorganic sand cores [10]. Ettemeyer et al. characterized
the de-coring properties of inorganic sand cores and described the behavior using the
Drucker-Prager yield criterion [11].

1.4. Investigation via Knocking out

The process of removing the sand core via mechanical agitation is governed by several
parameters. A bob knock-out test is performed to quantify the de-coring using total impact
energy [1]. The casting geometry and size of the openings dominate the process towards the
end [5]. The effect of load intensities on the removal rate of cores is significant in predicting
the removal process [4]. Additionally, the internal friction and compression strength of
cast-in sand cores were identified as vital for de-coring [11]. Machine learning models were
trained to identify significant parameters for the de-coring process [12].

These pioneering studies determined the fundamental characteristics of sand cores that
result in better core removal properties. A high force and frequency of impulse is suggested
to enhance the material removal rate [1,5]. However, a meticulous investigation on the
interaction between hammer and casting is not present in this study. The distribution
of cyclic dynamic loads on the casting is critical in understanding the fracture regions.
Furthermore, the positional placement of the load to initiate fracturing and the material
for fixture are particularly significant for complex and filigree sand core geometries. The
characterization of de-coring devices is crucial in advancing knowledge of the process.

1.5. Simulation of FEM—-MBS Coupling

The dynamic forces during the described process are investigated for the first time
in this work. The experimental test rig is an industrial de-coring machine from the Fill
Gesellschaft, m.b.H., Gurten, Austria, equipped with a POLYTEC CLV 2534 Laser Doppler
Vibrometer (LDV), Polytec GmbH, Waldbronn, Germany The specimens cast for the experi-
ment were de-cored on the hammer station using a de-coring hammer, OMLER AF1470
MBL, OMERL s.r], Bandito CN, Italy. Additionally, a novel numerical approach is proposed
to formulate the process. This approach benefits from the coupled FEM-MBS technique
when studying the mechanical loads present throughout the process.

The de-coring hammer considered in this study is primarily a pneumatic hammer with
a telescopic cylinder and a reciprocating piston inside the cylinder. A detailed mathematical
model involving a non-linear valve area for a double-acting pneumatic cylinder was
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developed by Richer [13]. The impact energy of air chisel hammers was studied using the
rebound co-efficient and was validated [14]. A linear viscoelastic model for calculating
impact stiffness has been postulated [15].

A flexible coupled multibody system offers the combined advantage of multi-body
simulation and finite element analysis [16,17]. The contact forces due to rigid body move-
ments were coupled with FEM model to analyze the force and deformation in the process.
A reduced-order method was successfully implemented to study the mechatronic control
systems of machine tool dynamics [18]. Analyzing combined structural properties of an
experimentally identified model coupled to a simulated model is possible using dynamic
substructuring [19].

The mathematical formulation for coupled flexible body simulation is detailed in this
paper, and the process dynamic is characterized for the first time. The results convey ac-
ceptable agreement with measurements. The characteristics of the hammer and casting are
quantified, and the time-varied impact energy delivered to the casting can be determined
using this approach.

2. Materials and Methods
2.1. Casting

Hollow aluminum with a sand core was cast into the form of a bending beam (depicted
in Figure 1). This allows ease of measurement and provides direct comparison possibility
with existing research data. The production method and materials are elaborately dis-
cussed by Ettemeyer [11]. The cast specimen D from the work of Ettemeyer provides the
basis for the samples utilized in this work. The sand core specimen has dimensions of
224 mm x 224 mm X 170 mm, made from silica sand that was H32-bonded using a
1.9% HA Cordis®-model binder (Hiittenes-Albertus Chemische Werke GmbH, Diisseldorf,
Germany). The part was cast using an aluminum alloy (AlSi7Mg) at 750 °C in all specimens.

< 444mm < 170 mm >
) 22.4 mm ) < 150 mm >

b
Ll

44 4 mm
22.4 mm

v

Figure 1. Sand core and casting specimen.

2.2. De-Coring Machine

An industrial de-coring machine from Fill GmbH mounted with a single OMLER
AF1470-MBL pneumatic hammer serves for experimentation and validation. The pneumatic
hammer has a two-stage working principle, as illustrated in Figure 2. The cylinder, which
envelops a spool valve and inner piston, is mounted with a chisel. The cylinder is suspended
by springs inside the housing and extends outwards. The casting is placed under the
hammer at a distance.
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Figure 2. De-coring hammer (a) at rest and (b) in the working stage.

Upon supplying pressurized air to the hammer, the cylinder extends until chisel
contacts the casting. The top cylinder chamber remains pressurized during the knocking-
out process, pressing the chisel against the casting. The inner piston chamber is pressurized
to start the percussion mechanism. The hammer is mounted to a machine station for

stability, and the casting is fixed to the machine table. The machine table mounted with the
hammer and casting is shown in Figure 3.

aser

vibromet
: 7 ‘ )

De-coring

machine Data
Acquisition

U 1 - Hammer arm
2 - Chisel
D 3 - Casting

==

Figure 3. Hammer station and measurement points.
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2.3. Experiment and Measurement

Intensive shock waves during the process make contactless measurement techniques
more dependable and adequate. The laser doppler vibrometer (LDV) combined with an
oscilloscope displays the real-time dynamic measurement. A reflective film is glued to
the measurement surface to enhance the intensity of the reflected laser beam. The laser
head is aligned perpendicularly to the surface of measurement. Each point is measured
separately during the process, as only single point laser head was available during the
measurement. All measurements are carried out using LDV. The data are then retrieved for
post-processing. An illustration of the measuring points is added to the Figure 3.

Modal analysis is a powerful tool for investigating the dynamic properties of a system,
in which points of interest are excited via an input force and the response is measured. The
process dynamics are measured during the functioning of hammer for supplied pressure
of 5 bar and the chisel is initially positioned at 85 mm above the casting. The measured
signals are then post-processed in the time domain and in the frequency domain using the
fast Fourier transform technique.

2.4. FEM Simulation

The geometry of the machine structure is discretized using finite solid elements. The
hammer housing is modeled as a point mass of 27 kg at its center of mass and linked to
the structure using the rigid body elements, as shown in Figure 4. The bolt connections
are simplified to be bonded joints. The isolator components for machine instalment are
modeled using spring and damper elements. The material parameters are tabled in Table 1.

Impact hammer
point

» Interface points
Observation

point

1

Co-ordinate Axis
Figure 4. Machine structure FEM.
Table 1. Material parameters—FEM.
Parameter Material Density (kg/m—3)  Young’s Modulus (MPa) Poisson’s Ratio
Structure Steel 7829 206,940 0.288
Damper Polyurethane 1230 22 0.45

Newton’s equation of motion (EOM) for a system in the time domain can be
written as
Mu(t) + Du(t) + Ku(t) = F(t), (1)
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where M, C,K & Rf*f are the global mass and damping and stiffness matrices, respectively.
F(t) and u(t) € Rf are the time-dependent load and the displacement vector, respectively.

Component mode synthesis (CMS) efficiently describes the system dynamics using
fewer DOF by dividing the structural assembly into substructures [20]. A fixed interface
mode reduction technique is sought in order to solve the machine structure [17]. Accounting
for correct local stiffness with respect to the static stiffness at the interface is important [21].

An illustration of sub-structuring is depicted in Figure 5, in which the larger system is
divided into its components A and B. The flexible body A is connected to the rigid body B
through the interface node. The component A is modeled using the finite element method,
and the connection between the component A and its adjacent component B is defined
by interface nodes. Interface degrees of freedom (DOF) are included in the b-set and the
interior DOF of component A are defined in the o-set. The partitioning of Equation (1) into
b-set and o-set takes the following form:

MOO MOb:| |:u0:| |:DOO DOb:| |:UO:| |:K00 KOb:| |:u0:|
-+ S+ =FE(t), 2
|:Mbo Mpp] [up] ~ [Dro Dub] [up] ~ [Kbo Kpb] [up ® @
and the constrained normal modes are given by solving the following equation:

MooToquq = Koo‘Poq/

where the subscript q is the number of fixed interface normal modes, and the constraint
modes G, can be found using
-1
Gob = —Koo Ko

A = A
/'. B B

Interface
node

Figure 5. Sub-structuring.

The system response u(t) is given by a combination of the physical response uy, and
the generalized response ng:

u(t) = H - F"q G"b} M ~Thu, )

up Obq  Ibb | [up

The reduced form of Equation (1) is obtained by pre-multiplying this equation by Tf,
and substituting Equation (3):

Mzzﬁz + Dzzuz + Kzzuy = T;FZFf/ (4)

The natural frequencies ()ss and the modal vectors @ of the reduced system are then
found using the eigenvalue problem:

M, chsts =K, Pys,
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and the physical response uy is related to modal response x; via
uz = DX, &)

Equation (4) is transformed from the physical domain to the modal domain by substi-
tuting Equation (5) and pre-multiplying @ as follows:

MgsXs + dssXs + kssXs = PLTE REF;, (6)

the reduced modal mass matrix is obtained via mgg = q’gstchzs, and the same conversion
applies to stiffness and damping matrices. The state space form of Equation (6) is then

Xs Oss Iss ] [Xs} { Osi }
P = S > S+ _ F; and
{XS] {_rnss1 kSS _Inss1 dSS Xs Inss1 q)gST;rzRiI; '

j SifTe, Pzs Ojs < 0
y] = O]S ijsz Dys |:XS:| + 0]5 F;,
y] *ijszq)zsms_slkss - jfozcI)ZSn'Is_s1 dss ° ijTqu>ZSms_sl CDEST}FZ R};

The full model of the output (DOF) of the f-set is reduced to collect only a subset DOF
of interest. The matrix Rjf and Sj¢ are partition matrices to reduce the full set-f to subsets i
and j for input and output vectors, respectively.

The simplified form of the above equation is written as below, where superscript (m)
denotes that the vector or matrix belong to the machine structure.

XZ = A"X5: + BMF", 7)

5 = C™X5 + DE, ®)

The nodes connecting the hammer and casting to machine mark the interface nodes.
The state vectors describing the nodes are considered only in the vertical direction corre-
sponding to the excitation direction. The system is modeled and solved using NX Nastran
code in Simcenter 3D from Siemens PLM Software Inc., 2021.1, Plano, TX, USA.

The performed modal analysis provides the response of the system for the undamped
system, while in practice, the system is damped. A modal damping approach is adopted
to coarsely capture the system’s damping behavior. The damping matrix is modeled as
d = 2&-mgs-diagonal (Q)y, . .. Qs ), where & is the damping ratio adapted to the experimental
modal analysis.

2.5. Multibody Modeling

A de-coring hammer is fundamentally a pneumatic hammer delivering impulse force
to the casting. The hammer studied here has tandem operations, as mentioned in Section 3.
A simplified line body diagram for the hammer and casting is depicted in Figure 6. The
dynamics of the system are specified using Newton’s second law of motion, as mentioned
in Equation (1). The supplied air pressure drives the de-coring hammer. Impact force, due
to contact between the components, is modeled using a non-linear spring and damper
system. The impact force between piston, chisel, and casting is particularly significant to
determine the characteristics of the process.
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 Fixture

Figure 6. Lumped-mass model.

The stiffness of each component is obtained using the inertia relief technique in FEM
and the impact stiffness (k.) and damping (d.) are described using the model proposed
in [16]. The force (F) vector is obtained through Equation (9), and the friction force (Ff) is
described as viscous damping in Equation (10):

F = PA + Ff, )

Ff = —f'x(t) (10)

Special attention for friction on the cylinder is given to model the non-linear friction
effects on the cylinder. The cylinder is mounted with a plastic element on the top to
induce a stick and slip friction and direction specific damping. The friction is modeled as a
combination of static and viscous friction to accommodate the stick and slip course and a
Heaviside function (H) to account for the direction of force.

Ff = 4 ff 4 o, (11)
C(ul X)) <0
H—{& i X(t) > 0 (12)

The dynamic state variables for the MBS model in its generalised form are

-h
XZV = Al;VX2VXI21 + Bh v (13)

v 2VXVTV !
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= CAP,

r+1

YIZIV = C?VXZVX}ZIV +0 (14)

Regarding the transformation matrices, C" is an identity square matrix and B" is a
boolean matrix. The outputs are not influenced by input, and therefore, the E matrix is zero.
The pressure derivatives are detailed in the work of Richer [14] and are denoted by

. RT . . O(PAX(t)
P= e — 4 1
= Vo (o‘mnlm “outnlout) (VQ 5x(t)) (15)

The pneumatic and dynamic systems are coupled and solved using MATLAB R2022a,
The MathWorks Inc., Albuquerque, NM, USA. The formulation of the MBS model is charted
in Figure 7. Furthermore, the mechanical properties of the components are given in Table 2.

Initialization

Time
Lo=0,dt=1x10"% =05
Constants- Gas, ¢ ’

Geometry, K., D, State Variables
Presssure Dynamic
_[Pu] _ [Patm _[X1=10
il | b
v ‘ v
V=V, +A4x Change in w Pneumatic Force F=PxA
Volume
h 4
Ly v Boundary Condition Check
" e kpu?  Pressure
Yes P=P— 3 Loss

m—CAPuJ

o Mass
Flow :
r+1. v
&)(T)] -« | Dynamic Derivative
P E
: v P x= Mgl( M’llD]X + [Mo’l]F
P= %(flmmin = GoutMour) + (aPA %) Dcé'fiszlil:::i
A,
| ODE23t Solver a:[f_f]
Figure 7. MBS model flowchart.
Table 2. MBS model parameters.
Mass (Kg) Stiffness (N/m) Damping (Ns/m)
mgGh 1 kgn 1 x 1010 CGh_cb_u 1.633
my, 6.5 KGh b u 1.633 x 10* CGh_cb. 1 0.1633
Mgy 74 x 1073 KGh cb. 1 1.633 x 103 Cov_cb 1650
mp 0.4546 Key cb 1.0121 x 107 Cp_cb 2000
my, 1.8157 Kp_cb 2 x 107 Cph 1500
mg 0.517 Kp h 5.971 x 108 Ceb_h 1052
Keb h 6.06 x 108 cr 4000
kt 3 x 107 Ch_g 500
kp_g 2.95 x 108

There are a total of twelve dynamic and four pressure state variables defining the
hammer model. The MATLAB Solver ode23t [22] was selected due to its stiff equation
caused by impacts. The impact is identified based on the detection of contact, as defined by
the boundary and position. A non-linear spring and damper are activated upon detecting
contacts, with collision stiffness and damping between each component.
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2.6. Coupled Simulation

The hammer is mounted statically to the machine structure, and the casting is mounted
to the fixture on the machine table. Figure 8 depicts the coupling of the FEM and MBS
model. The connection between the hammer housing and machine is established through a
linear spring (kg ) of high stiffness. The casting and the fixture connection is modeled as a
linear spring-damper system (kr,ct) .

i
|
i
i
!
l«—— MBS Model

FEM Model

Figure 8. Flexible body coupling.

The static connection to the system is added to the state space matrix as follows: the
force transferred between the MBS and FEM model through the springs and damper.

fnoclel = 1(Gh[_xnoclel + XGh} and fnode2 = kT [_XnodeZ + Xg} + dT [_)'(nodeZ + Xg}

Rewriting the above equation using state variables and a transformation using C matrix
yields, we obtain:

Xm
froder = —fan = kon[—C1™  C28"] [Xh] and (16)
—C1™ 28| [X™
fn0c1e2 =—fr = [kT dT] _Clﬁ 28 |:Xh:| (17)

And the row vector C1 C Cg}, 5, is obtained through the following notions:

Clrlﬂxzs = [Cr(im)rcr(?ﬂ,z)f . "CI(T11,2S)}’

Cl]l%ds = [CI(Ir112,1)' CI(I;12,2)’ Terv Cr(rr‘lﬂ,zs)}’ and C11113<25 = [Cl(ljl-‘rnZ,l)' Cl(rjl+n2,2)’ T Cgl+n2,25)]

The row vector C2 C CE‘VX 5y is similarly derived. The subscripts n1,n2 and g1, g2
define the row index of the components for coupling nodes in FEM and corresponding
bodies in MBS, respectively. Performing transformation on the newly derived coupling
force vector obtained in Equations (16) and (17) with matrix B™ from Equation (7) and
moving the state variables outyields the following form:

B™ fnodel — |gm _kGhC1nl L m kGhCZGh B
fhode2 —kTC1n2—dTC1n2 kpC28+d1C28

B((h] (18)
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Similar transformations for fg and fr can be shown by considering Equations (13),
(16) and (17). Now, including the newly arrived form of the transformed coupling force
vectors and combining Equations (7) and (13) yields the following equation:

AM | Bm _kGhC1n1 o B™ kGhCZGh B
& —krC1"2 —dC1™2 krC28+d1C28 . S 0
h| = kgnC1M! —kepC26h [ h}"'[ , zsﬁhHﬁ}
X N . X Oxi B ||F
B Oh—2x2v A"+ B Oh—2x2v
kpC1"2+d7C1™ —kpC28—dC28

There is no internal force acting on the hammer station and the coupling force is added
to the A matrix; therefore, the force vector for the machine is zero. The force vector F!
defines the internal force acting on the hammer due to pneumatic pressure. The pressure
state variables remain unaffected by this transformation.

3. Measurement Results

The de-coring machine equipped with LDV considered in this study is shown in
Figure 9. The labelled sections are the hammer (1), machine structure (2), laser head (3),
signal processor (4), casting (5), fixture (6), and laser point (7). The hammer is supplied
with pressurised air at 5 bar, and the casting is placed at 85 mm below the chisel. The
vibrational velocity at the measurement points is collected using the LDV, as described
in the Materials and Methods section. The sensitivity of the laser vibrometer needs to be
adjusted to correspond to the magnitude of vibration. The measured signals are exported
to MATLAB for post-processing.

T - | ‘F—"‘M.q

I

—
e Y

——

(@) ’ (®)
Figure 9. (a) De-coring machine with single hammer and measuring unit, and (b) measuring hammer
arm vibration.
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LDV sensitivity is set at 10 mm/s/V for measuring the hammer arm vibration and
at 1000 mm/s/V to read the chisel vibration, as plotted in Figure 10. The quality of the
measured signal is degraded due to the speckle effect, a common measurement error using
an LDV, which causes signal dropouts [23]. The loss of the reflected waves causes sharp
peaks in the measurement, seen in the chisel measurement as single sharp peaks.

Raw Measured Signal

01 - Hammer arm 6 Chisel
3
0.05
- 0
g 0
g -3
ks
%—0.05
> -6
-0.1
-9
-0.15 I " L " =12 L L L
0 0.1 0.2 0.3 0.4 0.5 0 0.05 0.1 0.15

Time in s Time in s

Figure 10. Velocity measurement of hammer arm at 10 mm/s/V and chisel at 1000 mm/s/V.

Vibrations in casting are measured at three different sensitivities of LDV, as seen in
Figure 11. Low magnitude vibrations are better measured at 10 mm/s/V sensitivity of
LDV, which are modulated by noises at 1000 mm/s/V sensitivity. Signal dropouts can also
be seen in the casting vibration measurements. All measurement signals are post-processed
to improve signal quality.

Casting Raw Measurement

0.15 1.5 5

0.1}

0.05 - 0.5

Velocity in m/s
o

o
o
G

-0.15 L . -1.5 . ) . }
0 0.1 0.2 0 0.1 02 0 0.1 0.2
Time in s
(a) (b) (c)

Figure 11. Casting velocity measurement at sensitivities (a) 10 mm/s/V, (b) 100 mm/s/V and
(c) 1000 mm/s/V.
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The measured time signals are treated with a Butterworth low pass filter to remove
artifacts from measurement. The filtered signals for hammer arm and chisel are plotted in
Figure 12. The resolution of the signal is improved through low pass filter with a cut off
frequency at 4000 Hz, and signal dropouts are isolated for easier identification. Post-treated
casting measurement with a low pass filter for selected sensitivities are plotted in Figure 13.
Velocity peaks during impacts are identifiable in the signal measured at a 1000 mm/s/V
sensitivity.

Filtered Signal

0.08 - Hammer arm 5 Chisel

0.04

o
o
ﬁ

K3
g 16
.é
5 Sl
%—0.04 2
>
-3 L
-0.08 |
_4 L
-0.12 . . ! ! =5 . L L
0 0.1 0.2 0.3 0.4 0.5 0 0.05 0.1 0.15
Time in s Time in s

Figure 12. Filtered measurement signal of hammer arm and chisel velocity.

Casting Filtered Signal

2 -
0.1} Ly
0 —
» 0.05
~
g 41
g
= 0
o
> -0.05
31
-0.1 4l
-0.15 . . . =5 . L ! i
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time in s Time in s

(a) (b)
Figure 13. Filtered measurement signals of casting velocity (a) 10 mm/s/V and (b) 1000 mm/s/V.

Upon supplying air pressure, the chisel and cylinder arrangement accelerate towards
casting. An oscillatory response in the casting and hammer arm is recorded during the
cylinder extension phase before the chisel contacts the casting. The impact between the
chisel and casting causes the chisel to rebound and the casting to also move upwards. The
shock is transferred to the hammer arm. The chisel is forced onto casting and delivers
periodic hits on the casting with a lower rebound velocity. The rebound velocity shows the
difference in delivered energy between the first impact and subsequent periodic impacts.
The periodical impacts are due to the piston force. The recorded casting velocity differs
in the frequency of impact for measurements at different sensitivities. In particular, the
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frequency of third impact measured at a sensitivity of 1000 mm/s/V is higher compared to
other signals shown in Figure 11. The response of the chisel and hammer arm could not be
measured due to a lack of synchronization during measurement.

4. Simulation Results and Discussion

In this section, the FEM model is validated and the coupled simulation results are
compared against the measurements. The FEM model of the structure is simplified and
reduced using the fixed interface method. The global damping parameters are estimated
using the modal analysis and the damping matrix is defined. The reduced model of the
structure is integrated to the MBS model and a coupled flexible rigid simulation is executed.
Coupled simulation results are then compared against the measurements.

4.1. FEM Model Validation

Machine structure is discretised using finite elements and the point of interface is
defined using fixed interface joints. The interface nodes are connected to the machine
structure using—-the rigid body elements. The simplified model and the structural elements
are glued down to restrict sliding. The mass of the hammer housing is added to the interface
node 1.

The comparison of the measured and calculated natural frequency is shown in
Table 3. Natural frequencies found under 10 Hz belong to damping elements isolating the
machine from the ground. Natural frequencies at 25, 32, and 54 Hz are not found in the
calculated model.

Table 3. Comparison of system natural frequency.

Measured (Hz) Calculated (Hz) Difference (%)
16 16.29 —1.81%
18 18.61 —3.39%
21 19.93 5.10%
44 44.69 —1.57%
79 81.55 —3.23%
85 84.81 0.22%
90 91.53 —1.70%
118 117.35 0.55%
148 144 2.70%
208 212 —1.92%
231 231.85 —0.37%
271 278.61 —2.81%

The machine structure is excited with an input force and the vibration velocity is
measured as the response. The input and output nodes are matched for experimentation,
and a global damping of 2% is specified in the simulation. The dynamic mobility measured
is plotted against the simulation in Figure 14.

The global damping factor captures the trend of the natural frequency with little
deviation. Model simplification has shifted the natural frequencies of the FEM model.
The frequency at 32 Hz in the simulation is underrepresented. The linearised model
captures the system characteristics well. The model is then reduced as described in
Section 2.4. FEM Simulation, and the results of dynamic simulation are discussed fur-
ther in the following section.
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Figure 14. Natural frequency of the machine structure.

4.2. Process Simulation

The reduced-order model is then coupled with the non-linear de-coring hammer
model. The system is initialised under the same conditions as the measurements. The
supplied air pressure is assumed to reach the hammer at 5 bar and be free of fluctuations.
The simulation is carried at time steps of 1 x 107° s. The results obtained from the
simulation are compared and discussed in this section.

The hammer arm oscillation velocity measured and simulated for the process con-
ditions are compared in Figure 15. The initial oscillation in the hammer arm during the
cylinder extension phase in the simulation agrees with the measurements. Shock generated
in the hammer arm is distinguished from the impact of chisel on the casting at the end
of the extension. During the hammering phase, the magnitude of oscillation is higher for
the simulated model compared to the measurements. The oscillation tends to decrease in
magnitude over time.

Hammer arm velocity

0.1 -
0.05 |
N \ l«
S ; ’W
: i
e
8 005} {
2
-0.1+
—— Measurement
Simulation
—0.15 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Time in s
Figure 15. Hammer arm velocity measurement and simulation comparison.

The acceleration of the chisel during extension as well as its rebound velocity after
the first impact is faster in the calculated model (in Figure 16). The frequency of impact
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is not constant for measurement and simulation. The periodic impacts between cast-
ing and chisel have a frequency of around 22 Hz for the calculated model and around
20.5 Hz for the measurements. The impact velocity of the chisel has a similar magnitude to
the measurement.

Chisel velocity

Velocity in m/s
N

-4 |
—— Measurement
Simulation
_6 ! ! L
0 0.05 0.1 0.15

Time in s
Figure 16. Chisel velocity measurement and simulation comparison.

The initial impact peak of casting is well captured in the simulation, as plotted in
Figure 17. Subsequent impact peaks vary between simulation and measurement. The
second impact peak in simulation has a difference of 3.85 in magnitude to the measured
velocity. It should be noted that casting velocity is measured from the bottom and not at the
point of impact. The lateral deformation of casting and the measurement point is suspected
to cause this difference. An attempt to verify this is not possible due to the restriction of
measurement possibilities.

Chisel velocity

Velocity in m/s
N

4|
—— Measurement
—— Simulation
_6 1 | 1
0 0.05 0.1 0.15

Time in s
Figure 17. Casting velocity measurement and simulation comparison.

The frequencies of the signal are calculated using fast Fourier transform (FFT) to
further evaluate the process. The signal is divided in order to study each stage separately.
The hammer arm signal is separated for the extension phase and the other impacts dur-
ing hammering phase. Separated signals are then transformed via FFT. The measured
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and simulated signals are treated in the same manner and compared in Figure 18. The
time domain signal is plotted at the top, and its corresponding FFT of up to 1000 Hz is
plotted below.
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Figure 18. Hammer arm FFT comparison.

The hammer arm swings at its natural frequency upon supplying air pressure. The fre-
quency shift due to model simplification dampens the oscillation at 21 Hz in the simulation.
Additionally, a change in system stiffness is measured during the extension phase. The
root mean square (RMS) values of the measured and simulated signals during this phase
are 0.0209 and 0.0216, respectively. During the hammering phase, where the piston exerts
impact force on chisel, the first impact from the chisel is studied via its frequency. The
system excitation at its natural frequencies is recorded with similar intensity for measured
and simulated values, except for the shifted frequency below 15 Hz. Contrary to expec-
tation, the hammer arm excitation at hammering frequency is underrepresented in both
the simulations and measurements. Oscillation at 44 Hz dominates the simulated system
and 81 Hz has dominance in the measured signal. Although global damping applied
to the machine structure captures the trends of a physical system, it underestimates the
frequency-based damping of the system. The vibration signal has RMS values of 0.0137
and 0.0254 for measurements and simulations.

The chisel velocity is studied via two impacts to characterise its behavior during
de-coring. Chisel velocity is isolated until first contact with the casting and rebound; then
FFT is carried out. Single periodic impacts for measurement and simulation are compared.
The time signals and their FFT are plotted and are shown in Figure 19. The time for the
single periodic impact measurement is not exact, but overlaid on the simulation signal to
show the duration of impact.
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Figure 19. Chisel FFT comparison.

Staircase profile in chisel velocity is caused due to bushing the component between the
cylinder and chisel, and the profile is distorted in the raw measured signal. The rebound
velocity of the hammer is suppressed in the measurement. The effect is assumed to be
caused by the non-linear characteristics of bushing on the cylinder. Higher rebound velocity
in simulation causes the chisel to re-excite. The signal dropouts in the measurement during
periodic impacts manipulates the intensity of the FFT plot. The time domain comparison
illustrates that the modeled impact follows the measurement trend.

A similar comparison is presented for casting in Figure 20. The rebound velocity of
the casting is larger in simulation compared to measurement. The excitation of table due
to initial chisel displacement is minimal and has very little influence on casting. Contact
properties between fixture and casting is another vital aspect for de-coring.

The excitation of hammer arm at 81 Hz induces a rotational vibration to hammer,
and the tilting of the hammer causes contact misalignment between the chisel and cast-
ing. This contact misalignment impedes the laser reflection, causing signal dropouts in
the measurements.

The presented model agrees with the dynamic characteristics of the system and
represents the non-linear effects during the process to a considerable level. The process
characteristic is studied as a one-dimensional problem, restricting the focus to major
force vectors.

The energy delivered by the hammer is distinct during the first impact relative to
the continued impacts by the inner moving piston. The parameter is quantified through
the simulation and validated through experiments. Excitation on the casting in the first
stage is vital to break the sand core. Although the continued impacts by the piston bring
additional energy to core vibration, its role is yet to be distinguished. The model developed
in this work has encouraged the identification of critical parameters that interact during
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the interactions of the casting and the hammer. The parameters will be further investigated
to qualify their consequences in the process.
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Figure 20. Casting FFT comparison.

5. Conclusions

An industrial-based de-coring process was simulated and experimentally validated.
Casting subjected to de-coring was approached in two stages in the process. This work
demonstrates a method to determine the forces and the dynamic characteristics of the
process. The average difference between the calculated model and measurement for impact
velocity of chisel is —6.56% and for that of casting is 48.32%. A possible cause for this
difference was discussed in a previous section. The frequency of the chisel impact is 6.5%
higher than in the calculated model. The RMS value of simulated signal and measured
signal has a higher deviation of 85% during the hammering phase. The de-coring hammer
delivers 70 J at the first impact from the rest position and 12.2 J on average during the
hammering phase for the assumed operating conditions.

The mathematical formulation presented in this study facilitates the digitalization of
the process and aids in the investigation of the process parameters. The main conclusion of
this work is summarized as follows:

1.  The impact force delivered to the casting varies significantly between the first impact
and subsequent impacts.

2. The impact force and dynamic characteristics during the de-coring process can be

predicted using the presented model. The model results can be applied to perform

de-coring simulation or prevent damage to the casting part.

This method can be used to investigate the effect of clamping forces and fixture materials.

4. The working frequency of the hammer depends on the dynamic characteristics of
the system.

@
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5. The developed model will be implemented in industrial cast parts in the future.

The influence of the chisel geometry is another interesting quantifier that will be
explored in the future work. The characteristics of the de-coring tool were quantified in this
study. The approach presented in this work shows good agreement with the measurements,
considering the non-linearity of the system. The model can be further improved through
the frequency-based damping of the system. This method can be extended to more than
one dimension using the theory presented in this paper.
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