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Abstract: Nowadays the Additive Manufacturing (AM) represents a very promising
manufacturing process, having several facilities and advantages in comparison with the
classical manufacturing technologies. Also, one can underline that there are a huge number of
unexplored directions, which assure for AM to becoming soon a very competitive
manufacturing process, with undoubted low-cost-, reduced material consumption-, as well as
optimal stiffness-, and competitiveness technology. In this sense, one of the less-explored
ways represents exactly the involvement of the dimensional methods in gaining an optimal,
high-competitive final product. Like this, instead of the real structural element, named
prototype, the engineers will perform high-accuracy tests on the attached reduced-scale
models, whose experimental results are extended to prototype by means of the deduced Model
Law (ML). The authors, based on their previous theoretical as well as experimental
investigations, offer a short overview of these advantages, based on Thomas Szirtes’ approach
of dimensional analysis, referred to below Modern Dimensional Analysis (MDA).

Keywords: Additive Manufacturing (AM), Fuse Deposition Modelling (FDM), Geometric Analogy
(GA), Theory of Similarity (TS), Modern Dimensional Analysis (MDA).

1. BRIEF OVERVIEW OF AM

Nowadays AM represents a very promising way to obtaining high quality-,
cheap-, and low time-consumption-, as well as low pollution/waste products
(unique components or spare parts, too). Since 1986, by Rapid Prototyping,
the first complex products were obtained [1-4]. Later, the technology was
applied not only for plastics, but also for plastic-metal, respectively only metal
parts [5]. The Fuse Deposition Modelling (FDM), representing the authors’
main field of analysis/investigation, was one of the earlier technologies [6-7].
It was followed by Power Bed Fusion processes, widely analyzed and applied
[8-11]. The Sheet Lamination processes, which followed them, gained a huge
and efficient application [12-15]. Nowadays, the Directed Energy Deposition,
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respectively the Automated Fiber Placement techniques are widely and
successfully applied [16-18]. The common casting technologies, combined with
AM, offer several facilities and advantages both in obtaining complex final
products and in improving their initial manufacturing process from point of
view of cost, time, accuracy, waste amount, as well as durability. A fruitful
combination of the plastic and metal layers, offers, mainly in the cases of the
casting molds and cores manufacturing, new research directions. In these
latter cases, due to the combination of the mechanical and thermal loadings,
their stress-strain states become very complex and so, the involvement of the
dimensional methods can represent a very promising modality/approach. It
means that instead of the testing of the real structural element, named
prototype, one can perform high-accuracy tests on an attached, reduced-scale
one, named model [19-26]. It is well-known fact that in most cases,
performing tests on the prototype is difficult, while on the model, they can be
performed much easier, precisely, repeatable and cheaply. By the adequately
deduced MLs, constituted strictly from dimensionless variables, one can extend
the obtained results on model to the prototype, forecasting its (latter’s)
behaviors. In the following, the authors briefly review the main dimensional
methods, together with their advantages and limits.

2. THE MAIN DIMENSIONAL METHODS AND THE PRINCIPLE OF MDA

WITH ITS ADVANTAGES
In order to obtain easier and cheaper information on structural elements, as
well as on large structures, mathematicians and engineers introduced the
dimensional methods.

For the relatively simply cases the Geometric Analogy (GA) satisfies the
imposed requirements. Here the geometric similarity is compulsory; it
supposes rigorous proportionality of lengths, as well as angular equality for the
prototype and the attached model. One can define homologous points, lines,
surfaces and volumes; consequently, the attached model has a very limited
flexibility with respect to the prototype. The Theory of Similarity (TS) solves a
little bit more complex phenomenon, allowing both structural and functional
similarity. In this case, the analyzed phenomena occurs so that, at homologous
times, in homologous points, each involved 7 significant variable are described

by distinct (separate)
s, [-]="2 = const. (1)
h
constant ratio of the values, corresponding to model (7,) and prototype (7,).
The S, dimensionless ratios are the so-called scale factors, which are always

constant in time and space for the given phenomena; their number coincides
with the involved variables’ number.
In principle, instead of some solutions of complicated equations, one can apply
relatively simply correlation between a reduced numbers of

7y, j=1l.n (2)
dimensionless variables, which constitute the ML; at TS, they result by means
of suitable grouping of the adequate terms of governing equations.
One has to mention, that the involvement of the above-mentioned MLs assure
a significant diminishing of the measurement’s volume.
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For a large number of the dimensionless variables, the Classical
Dimensional Analysis (CDA) was applied, based on the well-known
Buckingham’s 7 theorem.

At first sight, seems that CDA offers a relatively easy manner for analysis
of complex phenomena. Upon closer analysis, we notice its main
disadvantages, based between others on its difficulties in deducing the
demanded/requested r;, j=1..n dimensionless variables.

One has to mention that for obtaining these =z, j=1..n dimensionless

variables, CDA offers three main modalities, namely from:

the Buckingham’s = theorem;

the partial differential equations applied to fundamental differential relations of
the analyzed phenomenon, when the initial variables, by suitable grouping,
offer these dimensionless quantities;

the complete, but in the same time the simplest equation(s) which describe
the phenomena, which will be transformed into dimensionless forms, offering
finally the desired r, groups.

Consequently one can mention the main shortcomings of the CDA, namely:
the protocol in obtaining the desired set of r groups is rather chaotic,

arbitrarily, and strongly depending on the ingenuity as well as of the involved
specialist’s experience;

for the involved specialist, there are required solid knowledge in the field of the
analyzed phenomenon, as well as in higher mathematics, too;

only rarely (occasionally) can be obtained the complete ML, mainly due to the
fact that there are only a limited number of the involved mathematical
relations related to the phenomena;

for common engineers or specialists, involved in prototype-model correlation
analysis, CDA dos not represents an easy approach.

Compared to this, the methodology developed by Szirtes [27-28], hereafter
named Modern Dimensional Analysis (MDA), offers an efficient solution
practically for all above-analyzed shortcomings.

Consequently, the MDA represents a simply, unitary, as well as particularly
accessible methodology, with the following main advantages:

the involved specialist, instead of thorough connoisseur in the phenomenon as
well as in higher mathematics, only has to identify the set of the involved
variables, of course together with their dimensions, which have (or can
present) a certain extent influence on the analyzed phenomena;

it has an unitary, simply and user-friend protocol, which assures at once to
eliminate automatic all insignificant/irrelevant variables;

in all cases MDA assures obtaining the complete set of the 7z;,j=1.n

dimensionless variables, as well as the complete ML; this is practically
impossible the all afore-mentioned methods, excepting some particular cases;
this ML is very flexible, suitable for several particular cases, corresponding to
simplified approaches of the phenomena;

by an a priori choosing/setting of the directly related variables to the conceived
experimental investigations on model, hereafter named independent variables,
MDA assures an additional flexibility, which represents a significant advantage,



non-existent in all the methods mentioned above; their a priori chose is
possible/admitted both for the prototype and model;

this set (of the independent variables) assures defining the most suitable
model, which will offer for the involved model the most simply, lower-cost
testing conditions, safety, as well as repeatable experimental investigations;
The rest of the variables, hereafter named dependent variables, only for the
prototype can be chosen a priori; their magnitudes for the model are strictly
obtained by applying a given (suitable) element of the ML;

between the dependent variables there are also a small number of variables of
the prototype, whose magnitude cannot be obtained more easily (with low cost
or accessible experimental measurements) and whose determination is actually
the purpose of this dimensional analysis; thus, these afore-mentioned
prototype’s variables are obtained by applying the ML;

furthermore, MDA removes the restriction of the geometric similarity of the
model with the prototype, e.g. the shape of the cross-sections can be different
at the model from the prototype; in this case, instead of selecting/choosing as
independent variables the cross-sectional dimensions, one will substitute them
by the I, second order moment of inertia of cross-section;

if the material is considered as independent variable, choosing by mean of E
Young modules, than one can accept different material for the model,
respectively for the prototype;

in the case of choosing instead of them the E-I, flexural stiffness (rigidity),

than neither the shape of the cross-section, nor the type of material must be
identical in the prototype and model; the single request/condition remaining
that their
E, -l

S — 2 z,2 3

R (3)
scale factor to remain the same (to be constant), with the afore-mentioned
indexing (2- for model and 1-for prototype).
Of course, this evaluation can be continued, but only these, afore-mentioned
facilities underline the suitability of MDA in AM process optimization.

3. CONCLUSIONS

Based on the authors’ previous theoretical and experimental investigations,
including MLs’ validation for different structural elements manufactured by AM
[29-31], one can conclude the followings:

The MDA offers several incontestable facilities, starting from choosing different
materials up to adopting different shape of cross-sections for prototype and
model;

It represents a simply, unitary, as well as particularly accessible methodology;

the involved specialist, instead of thorough connoisseur in the phenomenon as
well as in higher mathematics, only has to identify the set of the involved
variables, of course together with their dimensions, which have (or can
present) a certain extent influence on the analyzed phenomena;

it assures at once to eliminate automatic all insignificant/irrelevant variables;

in all cases MDA assures obtaining the complete set of the 7z;,j=1.n

dimensionless variables, as well as the complete ML; this is practically
impossible the all afore-mentioned methods, excepting some particular cases;
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this ML is very flexible, suitable for several particular cases, corresponding to
simplified approaches of the phenomena;

the deduced ML for a complex phenomenon it can serve to obtain particular
cases, with more simply and cheapest models;

in addition, the deduced ML for a given structural element, allows its
application (extension) to complex structures, made of these structural
elements, by taking into account the homologous points of the structure in
relation to the basic structural element.

All of these advantages can be followed in the authors’ previous mentioned

works. Among the following goals of the authors is the analysis of complex
structures, made of several materials (plastic combined with metals),
obviously through AM technology, with immediate application to molds for
casting unique pieces, respectively of complex shapes.
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Abstract: The paper is presenting a study on a new concept of an aircraft frame to passenger
floor crossbeam connection. The current standard in the industry consists in a fastened joint
(large bolt field) between the aircraft frame’s web and the web of the crossbeam profile. This
extremely rigid connection also transfers, on top of the axial loads, bending moments between
the parts, which leads to high stresses and strains in the area. In order to mitigate these high
local loads, the parts require increased stiffness, leading to increased weight. The new
proposed concept consists of an articulated connection that transfers only axial loads, while
the bending moments are not transferred any more. A Finite Element Analysis (FEA) is carried
out for both standard and new concept, on isotropic materials (metallic) components. Results
(deformations, stress and strains) are compared in order to determine the new concept
behavior.

Keywords: new concept, frame-crossbeam connection, composite materials, stress, strain

1. INTRODUCTION

The main two goals in the aviation industry are to increase the safety of flight
(which is already at a high level) and to reduce the costs. Both of these goals
are followed from the beginning of the design phase and into the operational
phase, until the end of the aircraft life cycle.

In general, most components are already optimized in terms of weight to cost
ratio, while reducing the weight is one of the main driving factors accounted in
the final cost. Nevertheless, there are highly stressed areas and components
that need additional material to sustain the loads from the worst possible case.



This leads to additional weight that increase the manufacturing and operational
costs and reduce the maximum passenger and cargo capacity.

One of these highly loaded areas is the connection between the passenger
(noted as Pax) Crossbeam and the Frame, as marked in Fig. 1.

Frame

Loaded seats

Pax Crossheam
(Pax Floor)

\ Frame-Crossbeam
O/ Joint

-

Pax Floor Strut

Cargo Crossbeam
(Cargo Floor)

Cargo Floor Strut

Figure 1: Typical passenger aircraft section (single aisle)

The current standard in the industry consists in a fastened joint (large bolt
field) between the aircraft frame’s web and the web of the crossbeam profile
[1], as presented in Fig. 2. This extremely rigid connection, on top of the axial
loads, also transfers the bending moments between the parts, which leads to
high stresses and strains in the area. In order to mitigate these high local
loads, the parts require increased stiffness, leading to increased weight.

Frame

® O
P Pax Crossbeam
o O
o O

Figure 2: Typical passenger aircraft Frame to Pax. Crossbeam Bolted Joint

In this paper is proposed a new concept of an aircraft frame to passenger floor
crossbeam connection. The new proposed concept consists of an articulated
connection that transfers only axial loads, while the bending moments are not
transferred any more. A Finite Element Analysis (FEA) is carried out for both
standard and new concept, on isotropic materials (metallic) components.
Results (deformations, stress and strains) are compared in order to determine
the new concept behavior.



2. INITIAL ASSUMPTIONS AND MATHEMATICAL MODEL

As described above, this paper is trying to assess the loads transferred from
the passenger floor crossbeam into the frame. An initial mathematical
approach is done to compare the transferred loads in both cases: the current
case with the crossbeam bolted onto the frame and the proposed case with an
articulated connection.

For the classical connection, the crossbeam is considered clamped at one side
(frame side) and supported at the other side. Vertical and horizontal loads are
applied in the middle of the beam.

For the articulated connection, the crossbeam is considered articulated at the
frame side and supported at the other side. Same loads are applied as for the
classical connection model.

In order to calculate the reactions from both models in Fig. 3, the classical
equilibrium equations are used [2]. Additionally, for the classical joint model,
since the equation system is undetermined, the Castigliano's Theorem [3] is
used. All equations are presented in (1). Results (reactions in points A and B)
are presented in (2).

Classical bolted joint New proposed articulated joint
M FZ FZ

Model Y‘A (5]—\ A /11 Y‘A o 1111/
with T~ F 777777, “ F 777777,
loads and @ ! 1@ ! 1@
reactions [ Za Zy Zs A

s L | L 1 ! L | L i

i " — . i
o B 1111111 1 oo | |
Diagram ol 0 0[[[']]]]]]]]]]]]]]]]]]]:[ 0

: 021 | [TTTITITITIIIIIIII) - s
Bending -0.62LF,
Diagram 0 ‘ . . e | 0

+0.31LF, +0.5LF

Figure 3: Simplified mathematical model and loading diagrams

Classic New proposed
bolted joint articulated joint
Static equilibrium
equations
Z F,=0 Xa=F Xy =F
Zg: Ltipg=F ZL+ig=F
1
ZMx:O My—F,-L+Zz-2L=0 F,-L—Zg-2L=0 (1)
Castigliano’s Theorem for vertical displacement of point B (vz = 0)
M(y) aM(y) YZgy YZg-(L+y)-Fy
_ =0 - a7 T ¥ - r ] =
Classic bolted joint New proposed articulated joint
Xa=F ; My=062L"F Xa=E : M, =0 (2)
Z,=069F,; Zz=031F Zy=05E; Zzg=05FE



3. FINITE ELEMENT MODEL

In order to assess and evaluate the new proposed articulated joint, a FE Model
is created. The model is a loads model (GFEM - Global FEM) with coarse
elements. Pre and post-processing are carried out in MSC Patran 2019, while
the processing is done with MSC Nastran 2019, using solution 101 (linear
static).

Therefore, a five frame bays zone (5 times the length between 2 consecutive
frames) from a constant single aisle aircraft section is used. The boundary
conditions from the first frame are not affecting the results extracted from the
middle of the model (at the third frame).

The model is created once for the classic frame-crossbeam joint, and once for
the new hinged joint. The loads and the corresponding 9 load cases are defined
in such a way that the results cover a wide range of different interactions.

3.1. FE Model Description

In Fig. 4 is presented the 5 frame bays length aircraft constant cylindrical
section. The model contains all the main parts of a classical passenger aircraft
section: skin with longitudinal reinforcements (stringers) and radial
reinforcements (frames), the passenger floor with the longitudinal rails,
transversal crossbeams and the floor panels, the Z-struts that supporting the
passenger floor, and the cargo floor with similar components as the main floor.

Z-Struts —————

/ Cargo Floor —_

Figure 4: FE Model of the single aisle aircraft (5 frame bays length)

The model is meshed with:

- 1D beam elements for: stringers, frames free and attached flanges, all

rails and struts, crossbeams upper and lower flanges,

- 2D shell elements for: skin, floor panels, frame web, crossbeam web.
All parts are considered to be metallic (aluminum alloys) with different
thicknesses. For the scope of this model, which is to compare results between
two concepts, the materials and properties are of secondary interest.
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The boundary conditions consists of fixing all degrees of freedom for all the
nodes on the first frame through an MPC (Multi Point Constraint) RBE2 (Rigid
Body Element).

Additionally, 9 load cases are defined, based on the special load cases used in
the aerospace industry (double internal pressure, emergency landing with up /
down / sideways accelerations [4]) and some load cases with load
combinations.

3.2. FE Model Results

Each of the two models (classic joint and hinge at the frame - crossbeam
connection) was analyzed at all 9 defined load cases. Figure 5 presents in
parallel some of the results (deformation, stress etc.), while in Figures 6 and 7
are presented as graphs the compared results for the Frame’s Outer Flange
(flange attached to skin) and for the Frame’s Inner Flange respectively.

Classical bolted joint New articulated concept
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e
£ 5
ispl :
Displacement g ]
i} a0 b1 ! 2 SE400 hil
| e 0 i L it 1T i
'-_‘_'_n':v'—"—.—.—é'l—-—?_.{,‘!I l';*_:.L o S : JI- )
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e A
- ok s, &
o = o = S
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Frmge, b3 dlg_dw, A2 Slat Subsace. Siress Tensar, | von Mies, Masium

Palran 2012 0d-Merv-24 001503 o
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Figure 5: FE Results — comparison between the two analyzed concepts

As seen in the examples presented in Figure 5, on the frame side are relevant
differences between the two analyzed concepts.
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Figure 5: FE Results - Axial load in the beam elements modelling the Frame’s Outer Flange
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Figure 5: FE Results - Axial load in the beam elements modelling the Frame’s Inner Flange

4. CONCLUSIONS

As can be observed in the compared results between the classical bolted joint
and the new hinged concept, the way how the frame is connected to the
crossbeam affects the load path and the load transfer. With the new concept,
the loading of the frame’s flanges (outer and inner) is reduced even with 50%
in the area of the connection for some load cases, while at the pressurized load
cases, the differences are small. At higher distances from the connection, the
load differences are also small.

These results prove that the new concept could reduce the loading of the parts
in some configurations. Additional work should follow to improve the modeling.
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Abstract: This paper investigates the mechanical behavior of 3D-printed Polyethylene
Terephthalate Glycol (PETG) and PLA (Polylactic Acid). The aim of this study is to provide
information on how the tension mechanical properties of 3D-printed PETG and 3D-printed PLA
are affected by the irregularities in the printing material and from the printing process, using
samples with the infill parameter set to 100%. PETG and PLA exhibited elastoplastic behavior
during tension tests, characterized by an initial linear elastic region followed by plastic
deformation before fracture. Obtained results indicate that samples made with PLA exhibit
superior mechanical properties compared to those made with PETG, but also with important
variations between samples from the same material.

Keywords: tension test; mechanical properties, 3D printing material, stress, strain

1. INTRODUCTION

During the last decades, the 3D printing technology started to become more
available, affordable and more used, and started to replace the traditional
manufacturing methods, which was more expensive and time consuming. This
is even truer when discussing about prototypes, parts with complex geometry,
test components with variable dimensions or features etc. This advantages are
useful in many industries as automotive, aerospace, architecture and
constructions etc.

Modern 3D printing technology can use different materials in different forms
(solid, powder, melt, and liquid) and presents a variety of strength levels.
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Fused deposition modelling (FDM™) is one of the most used 3D printing
technologies, while is relatively cheap and reliable.

The 3D printing FDM process is using a thermoplastic filament which is melted
and extruded through a nozzle. The size of the nozzle determines the thickness
of the printed layers, printing time tolerances. The mechanical properties of
printed parts are influenced by processing conditions, including temperature,
layer thickness and speed [1].

Tensile experiments have been performed to compare FDM materials,
contributing in understanding the mechanical behavior and performance of
different these printed polymers. The mechanical properties of FDM-printed
polymers are affected by layer thickness, orientation angles, and air gaps.

One of the most popular, affordable, and used thermoplastic materials
currently available are polylactic acid (PLA) and polyethylene terephthalate
glycol (PETG). Other available materials have some limitations: high extrusion
temperatures, low mechanical modulus, toxic chemicals, high density etc.

Despite the variety of filaments available, comprehensive information on their
properties is often limited and is given for the raw material, while the
mechanical characterization of printed samples is insufficient. Further research
is needed to develop test standards based on the material’s intended use [1].

Therefore is necessary to conduct tests on samples to determine the material’s
mechanical properties. The aim of this presented study is to investigate the
variation of material properties with the irregularities found in the printing wire
and in the printing process.

2. MATERIAL DESCRIPTION

The Prusament PLA (polylactic acid) by Prusa Polymers (Prague, Czech
Republic), is suitable for a multitude of applications, but its main purpose is for
small and large 3D extrusion based FDM printing of functional and mechanical
parts. It is biodegradable, easy to print and very strong, while having a low
thermal expansion coefficient (reduced warping). It supports only wet sanding
and is not suitable for outdoor application due to temperature restrictions.

The Prusament PETG (polyethylene terephthalate glycol) by Prusa Polymers
(Prague, Czech Republic), is suitable for a multitude of applications, but its
main purpose is for 3D extrusion based FDM printing of functional and
mechanical parts. Thanks to good layer adhesion it is also suitable for
waterproof prints. It supports also both dry and wet sanding. Compared to
other similar materials, PETG is more heat resistant, more flexible and less
brittle.

The properties of the selected materials are summarized in Table 1.

Table 1. Properties of PETG and PLA

Properties PETG PLA
Melting point [°C] 245 to 260 150 to 160
Injection mould temperature [°C] 200-255 178-248

14



Density [g/cm3] 1.27 1.25

Crystallinity 3-11% <10%
Melt flow [g/min] 0.8 0.6
3. SAMPLES PREPARATION

For this study, the test samples are produced using the Original Prusa i3 MK3S
3D printer. Printing parameters for PETG and PLA filaments were selected as
presented in Table 2.

Table 2. Properties of PETG and PLA

Printing properties PETG PLA
Bed temperature [°C] 60 60
Layer thickness [mm] 0.15 0.15

Infill density 100% 100%

Fan speed 100% 100%

Deposition speed [mm/s] 200 200
Deposition temp [°C] 250 245
Extruder temperature [°C] 230-240 215
Print speed for perimeters [mm/s] 50 50
Print speed for infill [mm/s] 56 56

The test sample geometry (see Fig. 1):

- total length L = 84 mm,

- minimum cross-section width w = 10 mm,

- cross-section thickness t = 4 mm (total thickness),
- minimum cross-section area A = 40 mm?2.

A density of 100% means that all available volume in one ply (each ply has a
constant thickness, therefore a volume) is filled with material.

Orientation 0 means that the fibers (filament laid by the printing head) are
aligned with the test sample's longitudinal direction, Fig.1

B

] e
B-B

-7

Figure 1: Printed test samples (example for PLA) and geometry
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4. TRACTION TEST SETUP

The traction test was performed with an LS100Plus Universal Materials Testing

Machine (100 kN maximal applied force), produced by Lloyd Instruments,
Great Britain, as presented in Fig. 2.

Other parameters of the test machine: test speed accuracy: <0.2%; maximum
travel: 840 mm; load resolution: <0.01% of the used force cell; extension
resolution: <0.1 micron; force cell: XLC-100K-Al; analysis software:
NEXYGENPIus Data Analysis Software.

The test sample is clamped on both ends. While one end is fixed, the other is
pulled away, leading to the elongation of the test sample.

Figure 2: Traction test machine LS100Plus and traction test until failure

The machine direct outputs are: applied force F measured in [N] (incremented
from O until it reach material failure) and extension Al measured in [mm], as
presented in Fig. 3. Knowing the geometry and the machine outputs, the
material strength properties for tension (oy yield stress, oy ultimate stress, ¢
strain, E longitudinal elasticity modulus) can be computed.

e

¢+———— >

Test device output:

—»| Stiffness:
- F=force

. K=F/AL
- AL = elongation iy . .
» Tension strain:
p c=AL/L .
Specimen geometry: / » Elasticity modulus:
= mi i NN, . =
W= min. width Tension stress: — © /e
- t = thickness Cross-sectional area: G=F/A
- L = eff. length — A=wt

Figure 3: Traction machine outputs and calculated tension strength parameters
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5. RESULTS AND DISCUSSIONS

Test samples present a linear elastic region (important for applications) and
then transition into a plastic behavior, where remnant deformations occur. The
extension then increases until failure, but the material's loading capabilities
decrease abruptly.

Some of the tested samples are shown in Fig.4. The typical PETG and PLA
material behavior (stress-strain curve) is presented below in Fig. 5.

R, e

Figure 4: PLA / PETG tested samples after tension failure
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Figure 5: Typical material behavior - stress-strain curve (PLA shown, PETG similar)

As presented in Fig. 5, the maximum loading (omax) occurs just before failure.
The rupture is quick, and the load capability of the part is decreasing rapidly
since the sectional area that can carry loads is continuously reducing.

But, even if the part has not failed in the region just before the peak, remnant
deformations occur. These deformations will make the part not to function
correctly. The material can still be unpredictable, and in this situation, this
value cannot be taken into account as an allowable limit because cracks can
appear at the level of the structure, passing into the plastic region [2].

Thus, for engineering, a more relevant material parameter is the yield stress
oy. Up until this point, the stress-strain varies almost linear and will not
produce remnant deformations. The traction test results, for each sample type
from PETG and PLA, are presented in Fig. 6. The analysis of the average values
was followed to ensure the stability of the printed material, without changes
occurring in the material. The traction test material parameters for each
sample and as average are presented in Table 3 and Table 4.
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Figure 6: PLA (left) and PETG (right) - Material properties variation due to irregularities

Table 3. Properties of PETG and PLA

Test Values at Yield Point Values at Maximum Load / Stress
sample | o;[MPa] |E [MPa]|K[N/m]| & [%] |o;[MPa] |E [MPa] |K [N/m]| & [%]
PLA 1 24.1 766 1276 |(0.0315 39.1 581 968 0.0525
PLA 2 12.9 757 1262 (0.0171 20.9 529 882 0.0284
PLA 3 14.1 740 1233 (0.0191 22.9 518 863 0.0318
Avr 17.1 754 1257 |[0.0225 27.6 543 904 |[0.0376
Table 4. Properties of PETG and PLA
Test Values at Yield Point Values at Maximum Load / Stress
sample | o;[MPa] |E[MPa]|K[N/m]| & [%] |c; [MPa]|E [MPa]|K [N/m]| & [%]
PETG 1 16.3 546 910 |0.0298( 26.1 434 724 |0.0496
PETG_2 12.3 539 898 |0.0229 19.9 400 667 0.0381
PETG3 12.5 521 868 |0.0239 20.2 397 662 0.0398
Avr 13.7 535 892 0.0255 22.1 411 684 |0.0425

6. CONCLUSIONS

As observed above, the computed material strength properties for tension
present a high variation (20%-40%). These are due to a multitude of factors
from the entire process, starting with the irregularities in the wire material, the
microscopic problems and small local differences in the actual 3D printing
process, the differences in temperature between the printed layers and how
this is affecting the bonding between the layers etc. All of these factors are
adding, and in some instances, the differences in results could be high.

Therefore, in the design phase of the components made from these materials
(PLA and PETG), a lower allowable value should be used and in addition a
higher safety factor should be considered to cover for the above mentioned
factors.
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Abstract: The varnish together with the wooden support forms a new layered mechanical
system that has viscous-elastic properties different from the individual components. The work
aims to investigate these properties through mechanical dynamical analysis, studying the
influence of the wood species, the main direction, the type of varnish on the storage modulus,
loss modulus and damping. The results showed that the wood species, the type of varnish (oil-
based varnish and alcohol varnish), the thickness of the varnish film influence the viscous-
elastic behavior at different stress frequencies.

Keywords: wood, viscous-elastic properties, varnish

1. INTRODUCTION

Wood is a natural polymer made up of materials with a crystalline structure
(cellulose), an amorphous structure (lignin) and a mixed structure
(hemicelluloses and holocelluloses). As a result, the viscous-elastic behavior of
wood over time can be modeled as a rheological model that takes into account
elastic and plastic deformation, viscous-elastic creep, hygro-expansion
deformation, Kelvin-Voigt element-wise mechano-sorptive strain tensor
according to [1]. There are numerous approaches regarding the viscous-elastic
behavior of wood from different species [3-5]. There are numerous
approaches regarding the viscous-elastic behavior of wood from different
species. An important problem in the acoustics of musical instruments is the
system formed by wood and lacquer film, since, unlike unvarnished wood, the
new system presents a different vibro-acoustic behavior because of the change
in mechanical properties [6-8]. Determining the viscous-elastic parameters of
varnished wood involves different measurement methods, among them, the
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dynamic mechanical analysis (DMA) which is a technique to analyze the
mechanical response to the vibrational forces produced by the cyclically
applied mechanical load. The dynamic properties of the wood are important
because they characterize the material during the vibrations of the musical
instruments, compared to the statically determined properties. The techniques
for determining the dynamic modulus (MOED) and damping (tan d) are based
either on vibrational tests with non-contact force, or on damping methods
(with impact), or with forced vibrations maintained with direct contact between
the force and the wooden sample [8-13]. The purpose of the study was to
characterize the dynamic behavior of the resonance wood through mechanical
analysis in dynamic mode, determining the storage modulus, the loss modulus
and damping for spruce wood samples varnished with oil-based varnish and
spirit varnish.

2. MATERIALS AND METHOD

The varnished spruce wood samples were cut from a varnished plate (1), in
longitudinal (2) and radial (3) direction of wood as can be seen in Figure 1a.
The dimensions of samples for dynamical mechanical analysis (DMA) were: 50
mm (length) x 10 mm (width) x 5 mm (thickness). In Table 1 are presented
the types of studied samples and coding. The experimental set-up of DMA
consists in applying of an oscillating force at different frequencies (f=1Hz; 5Hz;
10Hz; 50Hz), at constant temperature at 30°C. The spruce wood samples were
subjected to three points bending (Fig. 2b). The magnitude of bending load
was 6 N. The equipment used is DMA 242C Netzsch equipment.

L

l?

MALUS = ==} U | —

MALU 10 = J MALS 10 | , ’
MALU 15 [ 3’ MALS 15 [ ’
1 2 3 y(T)

a) b)
Figure 1: Experimental set-up: a) The samples in longitudinal (2) and radial (3) direction of
wood extracted from varnished spruce plate (1); b) the bending loading of sample

z(R)

T 3

Tablel. Physical features of varnished samples

Sample Wood No. of varnish Code No. of
direction layers samples

Spruce with oil-  Longitudinal 5 MALUSL 4
based varnish 10 MALU10L 4
15 MALU15L 4
Spruce with oil- Radial 5 MALUS5SR 4
based varnish 10 MALU10R 4
15 MALU15R 4
Spruce with spirit Longitudinal 5 MALS5L 4
varnish 10 MALS10L 4
15 MALS15L 4
Spruce spirit Radial 5 MALS5R 4
varnish 10 MALS10R 4




15 MALS15R 4

3. RESULTS AND DISCUSSION

Figures 2 and 3 illustrate the simultaneous evolution of the storage modulus,
loss modulus and damping in the case of spruce samples cut longitudinally and
radially, varnished with 5, 10, 15 layers, subjected to different loading
frequencies. It is observed that the storage modulus tends to increase over
time, and the loss modulus to decrease in accordance with loading frequencies.
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Figure 2: The variation of storage modulus, loss modulus and damping tand in case of spruce
samples with oil-based varnish: a) longitudinal direction, 5 layers; b) radial direction, 5 layers;
¢) longitudinal direction, 10 layers; d) radial direction, 10 layers; e) longitudinal direction, 15
layers; f) radial direction, 15 layers.
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Figure 3: The variation of storage modulus, loss modulus and damping tand in case of spruce
samples with spirit varnish: a) longitudinal direction, 5 layers; b) radial direction, 5 layers; c)
longitudinal direction, 10 layers; d) radial direction, 10 layers; e) longitudinal direction, 15
layers; f) radial direction, 15 layers.

For the quantitative analysis of the changes in the viscous-elastic properties of
the samples, the values of the storage modulus, loss modulus and damping
were extracted at the initial moment (to) and at the final moment, after the 30
minutes of loading (t30). Comparisons and trends of storage modulus with
increasing loading frequencies are shown in Figure 4. It is observed that the
behavior of the samples differs depending on the direction of the spruce wood
fibers (longitudinal and radial), but also depending on the type of varnish
applied. In the case of spruce wood varnished with oil-based varnish, the
conservation modulus shows lower values compared to spirit varnish, but the
differences from one application frequency to another are more pronounced
(Figure 4a). Thus, the samples varnished with spirit varnish register the
greatest changes (increases) of the storage modulus after exposure to
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different loading frequencies (approx. 6 - 7% for 5 layers, approx. 7 - 8.5% for
10 layers and between 8 - 9.5% for 15 layers) (Figure 4b). The samples with 5
layers, regardless of the type of varnish, have a similar behavior. Instead, the
samples with 10 layers and 15 layers show peaks at the frequency of 3.33 Hz,
in the case of samples with oil-based varnish and decreases in the case of
samples with spirit, and at the frequency of 33.3 Hz, the behavior is reversed
(Figure 4c,d).
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Figure 4: The variation of storage modulus, in case of spruce samples: a) oil-based varnish,
longitudinal direction; b) spirit varnish, longitudinal direction; c) oil-based varnish, radial
direction; d) spirit varnish, radial direction.

The loss modulus tends to decrease with increasing loading time in the
longitudinal samples, varnished with oil-based varnish, registering the extreme
values for 10 layers (Figure 5a). In the other samples, the tendency of the
viscous modulus is to increase after exposure to dynamic loading (Figures
5b,c,d). In the radial direction, the type of varnish and the thickness of the
varnish film determine the viscous behavior of the material. Thus, the loss
modulus for the samples with oil-based varnish increases with the increase in
the thickness of the varnish layer, while for the samples with spirit varnish, the
loss modulus decreases with the increase in the thickness of the film (Figure 5,
c and d). The ratio of the loss modulus to the storage modulus represents the
logarithmic damping or decrement (tand). This is a sensitive indicator of
mechanical or thermal conditions during the input of mechanical energy that is
dissipated as heat through internal friction. During the vibrations of the violin
plates, this energy dissipation occurs in the wood in the longitudinal and radial
direction. In Figure 6, the variation of damping is presented.
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4. CONCLUSIONS

In conclusion, the paper focused on the analysis of the viscous-elastic
response of the resonance spruce wood varnished with different types and
thicknesses of varnish, the results obtained being relevant to both musical
instrument manufacturers, musical instrument varnish manufacturers,
instrumentalists and researchers. Varnishes applied to the plates of musical
instruments influence the acoustics of the instrument by changing the
properties of the wood, for example mass, stiffness and damping as they are
amorphous polymers with high molecular weight below their glass transition
temperature. According to [14, 15], it can be observed that in the case of
samples with oil-based varnish, the increase in internal friction precedes the
increase in stiffness, being more pronounced in the radial direction than in the
longitudinal direction. Samples with spirit varnish show a lower damping
compared to the other type of varnish, but higher in the radial direction than in
the longitudinal direction. A similar behavior for both types of varnishes is
observed in relation to the number of layers. The highest damping occurs for
samples with 10 layers of varnish.

ACKNOWLEDGEMENT

This research was supported by a grant of the Ministry of Research, Innovation
and Digitization, CNCS/CCCDI - UEFISCDI, project number 61PCE/2022, PN-
ITI-P4-PCE2021-0885, ACADIA - Qualitative, dynamic and acoustic analysis of
anisotropic systems with modified interfaces.

BIBLIOGRAFIE

[1] Hassani, M.M., Wittel, F.K, Hering, S., Herrmann, H.]J. Rheological model for wood,
Computer Methods in Applied Mechanics and Engineering, 283, 1032-1060, 2015.

[2] Kawahara, K., Ando, K. & Taniguchi, Y. Time dependence of Poisson’s effect in wood IV:
influence of grain angle. ] Wood Sci 61, 372-383, 2015.
https://doi.org/10.1007/s10086-015-1477-8

[3] Hofer, U., Pichler, C., Maderebner, R. et al. Lomnitz-type viscoelastic behavior of clear
spruce wood as identified by creep and relaxation experiments: influence of moisture
content and elevated temperatures up to 80 °C. Wood Sci Technol 53, 765-783, 2019.
https://doi.org/10.1007/s00226-019-01099-8

[4] Trcala, M., Suchomelova, P., Bosansky, M. et al. A constitutive model considering creep
damage of  wood. Mech Time-Depend Mater 28, 163-183, 2024.
https://doi.org/10.1007/s11043-024-09679-3.

[5] Ldmmlein S L, Van Damme B, Mannes D, Schwarze F, Willis M R, Burgert I Vi-olin
varnish induced changes in the vibro-mechanical properties of spruce and maple wood.
Holzforschung, 74(8), 765-776, 2020, https://doi.org/10.1515/hf-2019-0182

[6] Stanciu M D, Cosnita M, Gliga G V, Gurau L, Timar C M, Guiman M V, Nastac S M,
Rosca I C, Bucur V, Dinulicda F Tunable Acoustic Properties Using Different Coating
Systems on Resonance Spruce Wood. Adv. Mat. Interfaces, 1, 2300781, 2024,
https://doi.org/10.1002/admi.202300781.

[7] Gall, R. Stanciu, M.D., Savin, A., Campean, M., Gliga, V.Gh. The influence of the type of
varnish on the viscous-elastic properties of maple wood used for musical instruments,
11th Hardwood Conference Proceedings, Sopron, Hungary, 30-31 May 2024, Eds.

25



https://doi.org/10.1007/s10086-015-1477-8
https://doi.org/10.1007/s00226-019-01099-8
https://doi.org/10.1007/s11043-024-09679-3
https://doi.org/10.1515/hf-2019-0182
https://doi.org/10.1002/admi.202300781

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

Rébert Németh, Christian Hansmann, Holger Militz, Miklés Bak, Matyas Bader,
University of Sopron Press, 426 - 434, 2024

Bucur V. Acoustics of wood, 2nd ed.; Springer, Germany, Berlin, 2006.

Danihelova A, Spisiak D, Reinprecht L, Gergel T, Vidholdov Z, Ondrejka V. Acoustic
properties of Norway spruce wood modified with staining fungus (Sydowia polyspora).
BioResources 14(2), 3432-3444, 2019. https://doi.org/10.15376/biores.14.2.3432-
3444

Brémaud, I. Acoustical properties of wood in string instruments soundboards and tuned
idiophones: Biological and cultural diversity. J. Acoust. Soc. Am. 131(1), 807-818,
2012, DOI: 10.1121/1.3651233

Nop, P., Cristini, V., Tippner, J., Zlamal, J., Vand, M.H., éeda, V. Dynamic Properties of
Wood Obtained by Frequency Resonance Technique and Dynamic Mechanical Analysis,
Wood and Fiber Science, 55(2), 131-142, 2023.

Obataya, E., Ono, T., Norimoto, M. Vibrational properties of wood along the grain. J.
Mater. Sci. 35(12), 2993-3001, 2000. DOI: 10.1023/A:1004782827844

Cretu, N., Rosca, I.C., Stanciu, M.D. et al. Evaluation of Wave Velocity in Or-thotropic
Media Based on Intrinsic Transfer Matrix. Exp Mech 62, 1595-1602, 2022.
https://doi.org/10.1007/s11340-022-00889-9.

Schelleng J.C. Acoustical Effects of Violin Varnish. The Journal of the Acoustical So-ciety
of America. 44(5), 1175 - 1183 (1968

Minato K, Akiyama T, Yasuda R, Yano H. Dependence of vibrational properties of wood
on varnishing during its drying process in violin manufacturing. Holzforschung 49(3),
222-226 (1995). https://doi.org/10.1515/hfsg.1995.49.3.222

26


https://doi.org/10.15376/biores.14.2.3432-3444
https://doi.org/10.15376/biores.14.2.3432-3444
https://doi.org/10.1007/s11340-022-00889-9
https://doi.org/10.1515/hfsg.1995.49.3.222

The 10t" International -~ Transilvania
Conference on University
Co M A I ADVANCED COMPOSITE ) = (’ of Brasov
MATERIALS

= FACULTY OF
ENGINEERING MECHANICAL ENGINEERING

22-23 October 2024

Method to recycle corrugated cardboard
in eco-friendly composites

Mohammad Hassan Mazaherifar *!, Camelia Cosereanu !, Cristina Maria
Timar!, Sergiu Valeriu Georgescu 1

1 Faculty of Furniture Design and Wood Engineering, Transilvania University of
Brasov, B-dul  Eroilor, nr. 29, 500036 Brasov, Romania, E-mail:
mohammad.mazaherifar@unitbv.ro, cboieriu@unitbv.ro, cristinatimar@unitbv.ro,
sergiu.georgescu@unitbv.ro

*Corresponding author: mohammad.mazaherifar@unitbv.ro

Abstract: This study aims to explore a sustainable method for recycling corrugated cardboard
into eco-friendly composites and their potential uses in different applications. Two types of
composites made from recycled cardboard (printed and unprinted) were produced and
compared in terms of density, dimensional stability, modulus of elasticity (MOE), modulus of
rupture (MOR), internal bonding strength (IB), thermal conductivity, and sound absorption.
Samples made from unprinted cardboard demonstrated better overall performance in terms of
density, thermal insulation and sound absorption. In contrast, composite B, derived from
printed cardboard, exhibited greater strength. The findings suggest these materials can be
viable alternatives for thermal insulation panels and acoustic panels.

Keywords: Cardboard, Recycling, Composite, Thermal insulation, Sound absorption.

1. INTRODUCTION

The effective insulation of buildings plays a key role in reducing global energy
consumption. Building insulation serves as a passive energy-saving technique,
significantly improving energy efficiency. Insulation materials are essential
across a variety of applications, due to their versatile properties such as high
specific surface area, and low density. Currently, many insulation materials are
derived from inorganic or synthetic materials such as expanded polystyrene
[1] and polyurethane [2] with harmful environmental effects, so actually, there
is @ growing interest in eco-friendly alternatives [3]. Corrugated cardboard is a
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widely used material composed of multiple layers of paperboard. In light of the
environmental implications, recycling practices have gained importance [4],
and cardboard fibers can be recycled up to 25 times. According to FAO reports,
global annual cardboard production exceeds 50 million metric tons, with 90%
of this being recycled [5]. Cardboard consists primarily of cellulose fibers
derived from wood pulp. It contains approximately 52.02% cellulose, 6.79%
hemicellulose, and 10.43% lignin, 15.71% ash and 15.05% other additives,
which improve its overall performance. The fibers have an average length of
192 um and a width of 53 ym. With a relatively low density, low cost and high
recyclability, cardboard is a promising solution, as it helps to reduce energy
consumption, minimize waste and promotes sustainability by aligning with
circular economy principles [6,7]. Experimental research has explored various
applications of recycled cardboard [8-10], except foam panels made of
recycled cardboard, which remains underexplored [11].

In this study, recycled cardboard was used to develop and manufacture two
types of green composites with low densities. The physical and mechanical
properties of the samples were evaluated to understand their behavior.

2. MATERIAL AND METHODS

2.1 Composite panels manufacturing

Under laboratory conditions, two distinct composites were produced using
defibrated fibers obtained from unprinted and printed cardboard. The fibers
were mixed with sodium bicarbonate (wt.10%), yeast (wt.5%) and water. The
mats were heated in a mold at a temperature of 150°C for 15 hours, followed
by a gradual cooling. For each type, a total of four panels with final sizes of
320 mm x 250 mm x 12 mm were obtained. The densities of the composites
were of 152.73 kg/m3 and 138.83 kg/m3 for unprinted (U-cardboard) and
printed cardboard (P-cardboard) respectively (Figurel).

Figure 1: Composites made of recycled cardboard.

2.2 Physical properties

Water absorption (WA) and thickness swelling (TS) were evaluated in

accordance with [12] by immersing five samples (sized to 50 mm x 50 mm) in
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a water bath maintained at 20°C for 24 hours. The sizes and weights of the
samples were recorded before immersion, and after 2 and 24 hours. The
thermal conductivity coefficient (A) of the samples was automatically
calculated with Fourier's Law with a Netzsch HFM436 Lambda equipment
(Netzsch, Selb, Germany), according to [13,14] standards. The heat transfer
was assessed between a hot plate (heated up to 20°C) and a cold plate (with
temperatures rising from -10°C to 15°C). The sound absorption properties of
the specimens were evaluated using a Kundt's impedance tube, across a
frequency range of 50 to 1390 Hz, with a test sound level set at 75 dB. For
each composite, two specimens were tested.

2.3 Mechanical properties

The mechanical testing procedures were conducted in accordance with relevant
European standards [15-17].

The modulus of elasticity (MOE), modulus of rupture (MOR) and internal
bonding (IB) strength perpendicular to the board plane were evaluated using a
Zwick Roell Z010 Universal Testing Machine (Ulm, Germany) equipped with a
10,000 N capacity load cell.

2.4 Microscopic evaluation

Stereo-microscopy analysis was carried out using a NIKON SMZ 18-LOT2
microscope (Nikon Corporation, Tokyo, Japan) to examine the fiber structures
and gaps within the composite materials, with particular attention given to
fiber adhesion. Images were taken at magnifications of 60x, and 180x.

2.5 Statistical analysis

Statistical analysis was performed using Microsoft Excel to compute the
standard deviation, with a 95% confidence interval and a significance threshold
of 0.05 (p < 0.05). Additionally, Minitab software was employed to conduct
two-sample t-tests, comparing the mean values of the MOR, MOE, IB, WA, TS,
and A.

3. RESULT AND DISCUSSION

Table 2 displays the physical and mechanical properties of the samples.

Table 2. Properties of the panels

Panel type Density A, WA, % TS, % MOE, MOR, 1B,
kg/m3 W/mK >h 24h >h 24h N/mm2 N/mm2 N/mm?2

U-cardboard 152.7  0.053 590.2 597.3 7.08 9.99 42.78 0.23  0.063
(7) (0.001) (31.1) (29.5) (1.90) (1.87) (13.4) (0.08) (0.17)
P-Cardboard 138.8  0.055 ©568.2 597.8 8.22 12.07 41.32 0.30  0.061
(17)  (0.002) (31.2) (36.5) (3.76) (2.06) (13.4) (0.09) (0.3)

The values in the parenthesis represent the standard deviation.
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3.1 Physical properties

The WA results indicates that U-cardboard absorbs moisture faster than P-
cardboard composite, which may be attributed to coatings typically applied to
printed materials, which can reduce the moisture uptake. The similar values
after 24 hours suggest that long-term water absorption capacity converges,
indicating that both types can reach a saturation point after prolonged
exposure. The high values of WA are typical for materials with low densities,
which exhibit higher moisture uptake due to their greater internal voids [18].
The greater TS value for P-cardboard may be explained by the presence of inks
and coatings that can alter the structural integrity of the composite.

Both materials demonstrated low thermal conductivity coefficient, the
characteristic of good insulating materials (Figure 2)
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Figure 2: Thermal insulation parameters

The higher thermal conductivity observed in the P-cardboard composite can be
attributed to its lower density compared to the U-cardboard composite.

On average, both U-cardboard and P-cardboard exhibited impressive sound
absorption coefficients of approx. 0.85, demonstrating their effectiveness in
mitigating mid-frequency noise (Figure 3). U-cardboard maintained this
coefficient over the frequency range of 600 Hz to 900 Hz, with a peak of 0.88
at 800 Hz, whilst the P-cardboard maintained it in a slightly narrower range of
600 Hz to 800 Hz, with a peak of 0.87 at 675 Hz.
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3.2 Mechanical properties

Both composites demonstrated similar trends in mechanical behavior. U-
cardboard exhibited a slightly higher MOE compared to the P-cardboard,
proving to be stiffer and more resistant to bending deformation. In contrast, P-
cardboard displayed a higher MOR, which suggests that it can withstand
greater stress before failure, likely due to the reinforcing effect of printing inks
and coatings, as found also by other researchers [19]. The IB of the two
composites was nearly identical, indicating that they have similar features
regarding the internal bonding and proves the conclusion from [20], stating
that the IB of fiber-based composites is more strongly influenced by the fiber
network itself than by the surface treatments.

3.6 Microscopic investigation

26.36 pm»

-

C.

Figure 4: Microscopic images of the U-composite; a. magnification 60X ; b. magnification
180X ; details of the fiber measurements from b. image.

The images in Figure 4 illustrate the porous structure of the composites with
defined dimensions of the cardboard fibers, complying with the literature in the
field [21]. Pore sizes of the composites are correlated to the utilization of
sodium bicarbonate and yeast, resulting in humerous and larger pores for both
composite structures and proves the high porosity volumes of 87% and 86%
for U-cardboard and P-cardboard, respectively.

4. Conclusion

When referring to WA and TS, both materials ultimately reach similar levels of
saturation and swelling after extended exposure. In terms of thermal
insulation, U-cardboard composite provides slightly better thermal insulation
compared to P-cardboard, but both of them exhibited impressive sound
absorption coefficients of approximately 0.85, value that recommend them for
environments where sound clarity is crucial, such as recording studios and
performance venues, where no high MOE, MOR and IB are needed. However,
the statistical analysis revealed no significant differences in the tested physical
and mechanical properties between the two types of samples at a 95%
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confidence level. These results suggest that both materials could be effectively
used in a range of applications, including those requiring acoustic treatments
or lightweight insulation composites.
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Abstract: In this paper, the authors address an actual aspect regarding the introduction into
manufacturing of parts of compactors made of advanced composite materials. In this sense,
types of materials, their technical requirements, examples of component elements whose
traditional material has been replaced by composite materials are presented. The benefits of
implementing these materials in the current manufacture of compactors have been quantified
according to the statements of the major manufacturers of equipments for compaction.
Keywords: compactor equipment, advanced composite materials, requirements, benefits

1. INTRODUCTION

Nowadays, advanced composite materials are widely used in various applications
such as aerospace, automotive, wind energy etc. due to superior strength-to-
weight ratios, corrosion resistance and customizable properties [1,2,3]. The use
of advanced composite materials in manufacturing of equipments for terrain
compaction (Figure 1) significantly influences their performance and efficiency
and implicitly the technological processes in which they are incorporated on
construction sites [4,5].

S 1
=
= :
g B,

Figure 1: Examplés of compaction equipments:
a) Roller machine; b) Rammer; c) Vibratory plate; d) Mini roller.

Common composite materials used in the manufacture of parts into compactors
structure (as rollers, rammers or vibratory plates) are [6-9]:
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- Fiber-Reinforced Polymers (FRP) as: carbon fiber-reinforced polymer (CFRP),
glass fiber-reinforced polymer (GFRP), aramid fiber-reinforced polymer (AFRP)
that offer high strength-to-weight ratios, corrosion resistance, and durability;

- Kevlar Reinforced Composites with epoxy, rubber, polypropylene, and
thermoplastic materials, used where impact resistance is crucial, providing
protection against wear and tear while maintaining a lightweight structure;

- Natural Fiber-Reinforced Composites (NFRC) using wood, Kenaf, rice, flax,
hemp etc. offering a balance of good mechanical properties and sustainability,
as environmentally friendly alternatives to synthetic fiber composites.

The important aspects that influence decision-making regarding the change of
materials [10] in the construction of compactors equipment are the following:

a) The complexity of the compaction machines is an important criterion that
must be considered when designing vibratory systems (requiring strict control
of technological parameters, such as frequency, amplitude of vibrations [11-14])
with component elements made of composite materials.

b) The sensitivity of the material to the intensively dynamic work regime of the
technological equipment can lead to the shortening of the life of the respective
components because of the damage of the fibers or the resin used [15,16].

c) Integrating new materials into existing production lines can be challenging,
requiring consideration of costs and compatibility with older compaction
equipment [17-19].

2. TECHNICAL REQUIREMENTS

New composite materials often have different thermal, mechanical, and chemical
properties compared to traditional materials. This affects how they interact with
existing equipment, particularly compaction tools, which might not be designed
for the specific needs of these materials, changing the lifetime [20], adding
heating elements [21,22], enhancing precision controls [22]. For the mechanical
characterization and damage diagnosis of advanced composite materials, non-
destructive techniques based on the propagation of high-frequency sound waves
through materials are used to detect internal characteristics, measure material
properties and identify structural damage [23,24].

The component parts of mini equipment for vibratory compaction made of
composite materials have the following constructive and visual characteristics:

a) textured appearance, especially those made of carbon fiber, if they are not
covered with a layer of paint.

b) versatility in choosing the constructive form, designing curved shapes, with
smooth edges and an ergonomic design, which gives a modern and aerodynamic
appearance.

c) light weight because these materials are lighter than steel, resulting in a slim
but robust construction.
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d) lifespan of components made from composite materials is longer compared
to those made from conventional materials.

In particular, the beneficial aspects of manufacturing some parts of the
constructive assembly of the usual compaction equipment from composite
materials will be exemplified. It is known that the chassis or main frame provides
structural support for all other components of the compactor. The material from
which it is made is based on composites with glass fiber or carbon fiber. Thus,
the use of composite materials reduces the overall weight of the equipment,
making it easier to handle and transport from one job to another, without
compromising its structural strength. The drum or base plate are the component
of the equipment that come into direct contact with the ground or other materials
that require compaction. These are typically made of either steel or cast iron,
but it can be made is based on glass fiber or carbon fiber composites, conferring
high resistance to abrasion compared to traditional materials and reducing the
transmission of unwanted vibrations to the user operator. The insulation mount
reduces the transmission of vibrations from the vibratory tool to the structural
elements of the equipment, but also to the attendant operator. Making it from
elastomeric materials (such as fiber-reinforced elastomers) improves vibration
damping, increasing operator comfort and extending the life of compaction
technology equipment. The engine housing has the role of protecting it, but also
other internal components from dust, dirt and impacts. The use of fiberglass or
carbon fiber composites provides increased corrosion resistance in harsh
working environments and has the benefit of reducing overall weight. The control
lever and handles are slightly easier to handle and more comfortable for the
operator if they are made of fiber-reinforced plastic composite materials, offering
an ergonomic design, increased resistance to wear and harsh operating
conditions. The joining parts and supports in the structure of the equipment that
ensure the connection and support of the different components of the compactor
can also be made of composite materials with carbon fiber or glass, thus offering
increased resistance to traction and bending, being ideal for parts that must be
light and durable at the same time. Also, rubber-fiber composites are used in
drive belts due to their high durability and flexibility. The gallon tank is made
from fiber-reinforced polymers (FRPs) because these materials offer high
strength-to-weight ratios, corrosion resistance, and durability.

3. CASE STUDIES: ADVANCES OF COMPOSITE MATERIALS 1IN
COMPACTION EQUIPMENTS FABRICATION

The choice of composite materials appropriate to the technical or constructive
requirements of the compaction equipment is made following a rigorous
selection according to their application role, such as: weight reduction (Tablel),
wear resistance, structural integrity, etc. Already major compactor
manufacturers have replaced traditional materials with composite-based ones
and have noted improvements in performance, durability and operator comfort,
and implicitly more efficient operation. In the following, some case studies will
be presented regarding the current situation regarding the introduction of
advanced composite materials into the current manufacturing of compactor
structural components.
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Tablel. Weight reduction vs. traditional material when using composite materials
Parts of Manufacturer Materials Values
compactor
equipment
Drum roller, Bomag CFRP 30%
plate base Volvo CFRP + steel 40%
(rammer, Caterpillar CFRP + aramid fibers 35%
vibratory plate) Ammann CFRP + aramid fibers 40%
Wirtgen Group CFRP n.a.
Bomag GFRP 20%
Frame and Volvo CFRP + Kevlar 30%
chassis Ammann GFRP + carbon fibers 30%
Operator cab Bomag GFRP 20%
Volvo GFRP 25%
Caterpillar GFRP 30%
Ammann GFRP 30%
Wirtgen Group GFRP + carbon fibers
Engine hood and Volvo CFRP + Kevlar 30%
side panels Wirtgen Group GFRP n.a.

Vibration isolators are usually made from elastomeric materials like rubber, but
with the advanced composite materials (ACMs), these damping systems are
becoming more efficient and durable (Table2). Their applications in compactors
equipments are used in several critical areas: engine mounts (isolating the
engine from the rest of the compactor structure to reduce noise and vibration
transmission), operator cabin mounts (ensuring a smoother and more
comfortable ride by isolating the operator's cabin from the vibrations of the
compactor's frame) and component isolation (protecting sensitive components
like hydraulic systems and electronics from excessive vibrations, which could
lead to premature failure).

Table2. Incorporate isolation mounts made from ACMs

Manufacturer Materials Model
Bomag CFRP + rubber BT 60/4, BT 65, BT 120
CFRP + rubber SD160B
Volvo GFRP + rubber DD120C
Kevlar + rubber SD75B
Thermoplastic composites CR30B
reinforced + carbon nanofibers
Ammann GFRP + rubber ARX 91
CFRP + rubber ASC 110, APR 5920
Kevlar + rubber ARS 122
Thermoplastic composites ARX 26-2
reinforced + carbon nanofibers
Caterpillar CFRP + rubber Cs56B, CP74B
Kevlar + rubber CB10
GFRP + rubber 826K
Hamm CFRP + rubber HD+ 120i VO, GRW 280i
Kevlar + rubber H 13i
GFRP + rubber 3410 VIO
Thermoplastic composites HD 14i VV

reinforced + carbon nanofibers

The use of advanced composites in compactor vibration isolators results in
increased operational performance characteristics, providing further
improvements in vibration isolation, durability and cost effectiveness.
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All manufacturers estimated the increasing of the service life of the compactor’s
parts fabricated with composites materials compared to traditional materials
(e.g. Bomag: 25 %, Volvo CE: 30 %, Caterpillar: 20 - 25 %, Ammann: 25 - 30
%, Wirtgen Group: 30 %).

Also, reducing of the fuel consumption of these machines represents another
strength point that require implementation of these kinds of materials in the
current fabrication (e.g. Bomag: 15 %, Volvo CE: 20 %, Caterpillar: 15 %,
Ammann: 15 - 20 %, Wirtgen Group: 15 %).

4. CONCLUSIONS

The use of composite materials by major compaction equipment manufacturers
is currently increasing due to their multiple benefits, the most significant of
which are: weight reduction, increased strength and durability, and improved
operator efficiency and comfort. In this direction, as production technologies
evolve, the use of composite materials is expected to become even more
widespread in the construction equipment industry.
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Abstract: In this paper, the authors addressed the topic of computational simulation of
composite materials from the constructive structure of vibratory compaction equipment (roller,
rammer, vibratory plate). The aspects that must be considered for the development of dynamic
models that accurately simulate the engineering phenomenon have been identified. In the
current context of the digitization of industry 4.0, the estimation based on such models of the
efficiency of the compaction process is of great relevance.
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1. INTRODUCTION

Some compaction quality control techniques to improve the efficiency of
construction work are based on monitoring the response parameters of a
dynamic model subjected to computer simulation [1,2]. The adoption of the
dynamic vibration model for its integration into AI, BIM, data mining or
intelligent control must consider the dynamic behavior of each part embedded
in the analyzed machine-land system. Changing the materials from which
component parts of the compactor structure are made leads to the modification
of some parameters that have a significant influence on the efficiency of the
vibration compaction process, such as: mass, stiffness, rigidities etc. Vibratory
compaction involves a technological process where a vibrating tool applies
oscillating forces transmitted into terrain or construction materials. Currently,
the incorporation of composite materials in the construction of compaction
equipment brings significant benefits, such as weight reduction, increased
corrosion resistance, increased service life etc. The manufacture of these
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materials involves the use of several principles and methods aimed at ensuring
optimal fiber alignment, resin distribution and void elimination [3-5].

2. APPLICABILITY OF COMPOSITE MATERIALS IN COMPACTOR
EQUIPMENTS FABRICATION

In the last decade, composite materials are increasingly used in the
manufacturing of compaction equipment due to their outstanding features, such
as high strength-to-weight ratio, durability, and resistance to corrosion and
wear. In Table 1 are shown the composite materials commonly used in
equipment for vibratory compaction.

Table 1. Examples of the compactor parts fabricated with composite materials

Composite Products Benefits
materials

Glass Fiber- e Covers and GFRP offers a good balance of strength, flexibility, and

Reinforced housings cost-effectiveness. It is lightweight and resistant to

Polymer e Handlebars corrosion, making it suitable for components that

(GFRP) and frames require both strength and durability.

Carbon e Structural CFRP is known for its high strength-to-weight ratio,

Fiber- components excellent stiffness, and fatigue resistance. It is more

Reinforced e Vibration expensive than GFRP but offers superior performance,

Polymer damping especially in high-stress applications.

(CFRP)

Aramid Drive Belts Aramid fibers offer excellent tensile strength, impact

Fiber- Protective resistance, and abrasion resistance, making them ideal

Reinforced layers for applications that require high durability under

Polymer dynamic loads.

Metal Matrix e Feet of the MMCs offer enhanced mechanical properties, such as

Composites rammer higher strength, stiffness, and wear resistance

(MMCs) e Drum of the compared to the base metal. They also maintain good
roller thermal conductivity and are more resistant to thermal

degradation.
Polyurethane e Bellows and Polyurethane composites are flexible, durable, and
Composites seals resistant to abrasion and impact. They also have good

Rubber-Fiber

Vibration pads
Shock

vibration damping properties.
These composites offer excellent elasticity, impact

Composites absorbers resistance, and wear resistance. They are particularly
e Drive belts and useful for applications requiring significant flexibility
pads and durability.

Ceramic High-temperature CMCs are known for their excellent thermal stability,

Matrix components high strength at elevated temperatures, and
Composites resistance to wear and corrosion

(CMCs)

Hybrid Custom Hybrid composites allow for the optimization of specific
Composites components properties, such as balancing strength, stiffness, and

cost.

Currently, the chassis or the main frame of the technological equipment, as well
as the working organs (drum or base plate at vibratory plate and rammer) are
made of materials based on composites with glass fiber or carbon fiber giving
high resistance to abrasion compared to traditional materials (such as steel or
its alloys) and reducing the transmission of unwanted vibrations to the user
operator [6]. The realization of anti-vibration elements from elastomeric
materials (such as fiber-reinforced elastomers) leads to an increase in the level
of vibration damping in the structural elements of the equipment (extending the
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life of the technological compaction equipment), as well as the comfort of the
attendant operator. The use of fiberglass or carbon fiber composite materials in
the engine housing provides greater corrosion resistance in harsh working
environments and helps reduce overall weight. Also, the control lever and
handles are easier to handle and more comfortable for the operator, if they are
made of fiber-reinforced plastic composite materials, offering an ergonomic
design, increased resistance to wear and tough working conditions. The joining
parts and supports in the structure of the equipment that ensure the connection
and support of the various components of the vibratory compaction equipment
are also made of composite materials with carbon fiber or glass, thus offering
increased resistance to traction and bending, being ideal for parts that must be
at the same time light and durable. Thus, the engine impact protection housing
is made of a single piece made of high strength composite material (Figure 1).

Figure 1: New material used to protective housing of the compactors equipment [13-15]

In addition, the drive belts are much more resistant to high tensions and more
stable under the action of variable loads after the traditional rubber was replaced
with aramid fiber composite (Figure 2).

Adhesion Over Cord

Tensile

Cord _

Over Cord
Under Cord Rubber
Rubber

Notches

Figure 2: The structure of a belt drive with aramid fiber composite

The main advantages of aramid composite material are high tensile strength,
durability, dimensional stability, heat resistance. A comparison between the two
materials (rubber and aramid fiber composite) is given in Table 2.

Table 2. Summary of material properties: rubber belt vs aramid fiber composite belt

Properties / Material Rubber Aramid fiber composite
Density 1.1-1.5g/cm3 around 1.44 g/cm3
Young’s modulus 2 - 10 MPa 70 - 180 GPa
Poisson’s ratio 0.45 - 0.50 0.35
Tensile strength 10 - 30 MPa 3600 MPa
Heat resistance 100°C 150 - 200°C
Elongation at break 500 % less than 5%
Flexibility Highly Less (more rigid)
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Although currently the working tools (e.g. drums or base plates) of vibratory
compactors are made of metallic materials, there is a significant potential for
the use of composite materials in the future, depending on technological
progress and market requirements.

3. CHALLENGES TO SIMULATION OF THE DYNAMIC BEHAVIOR OF
COMPACTION EQUIPMENTS

The simulation of the behavior of a transmission with an aramid material belt
must highlight the efficient transmission of power (without significant energy
losses at high speeds), the dynamic behavior under variable load conditions
(without permanent deformations or stretches), the reduction of vibrations and
noise in performance, flexibility and fatigue resistance (and implicitly extended
life even under continuous or cyclical operating conditions). Dedicated software
applications are available to simulate the dynamic behavior of the belt
transmission system, such as: ANSYS, Abaqus, LS-DYNA, Matlab etc. The results
of data processing that are of interest in this case refer to: stress and strain
analysis (stress distributions, strain rates, and identify potential failure points in
the composite), dynamic response (vibrational modes, resonance frequencies,
and damping characteristics) and fatigue life under cyclic loading conditions.

Regarding the overall approach of a compaction equipment such as a roller, then
the aspects targeted by the simulation of the technological process are oriented
to the evaluation of the operational performance. In this regard, the linear elastic
two-degree-of-freedom model is frequently used for the vibration compaction
simulation process, which model is based on the linear elastic vibration theory
and uses the mass-spring-damping system to describe roller-terrain vibratory
system. As shown in Figure 3 (ks is the elastic stiffness of the terrain; cs is the
damping of the soil; kf is the stiffness of the shock absorber; cf is the damping
of the shock absorber; xf is the displacement of the upper frame; xd is the
displacement of the vibratory drum), the model simplifies the vibratory roller
into two main parts, namely, the upper frame and the vibratory drum. Both parts
are connected by a damping system, the terrain is supposed to a preponderantly
elastic body, and the Kelvin model is used to simulate the behavior of the terrain.
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Figure 3: 2-DOF dynamic model for behavior simulation of the vibratory Compaction process

The dynamic differential equation of the model is expressed as:
0 ¢, c —C ; k —k 0
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where my is the mass of the upper frame; mq is the mass of the vibratory
drum; x; and x; are the speed and acceleration of the upper frame,
respectively; x; and x,; are the speed and acceleration of the vibratory drum,
respectively; Fo is the dynamic force; w is the rotational speed of the eccentric
mass; tis time.

By changing the traditional material with composite material, a reconsidered
approach of the dynamic model of compactor-terrain interaction are needed.
This implies detailed knowledge of the inertial characteristics as an effect of
reducing the mass of the component elements (mgs and my), the stiffness and
damping characteristics of the anti-vibration elements (kr and c¢r), the range of
values of the natural vibrations of the replaced parts for avoided resonance
under working conditions, etc. The basic idea of a vibration compaction model is
the accuracy with which it simulates the vibration compaction process, by
evaluating the dynamic response of the soil-working tool interaction, the
deformation of the filling materials and the influence of different parameters on
the compaction effect [7,8] etc. In the specialized literature [9], the study of
this interaction was carried out based on many vibration compaction models
(linear and nonlinear elastic, viscoelastic, viscoelastic plastic, etc.) with the aim
of analyzing the influence of different compaction parameters on the dynamic
characteristics and compaction effects of system, to provide a theoretical
evaluation. In this way, by adopting an adequate model for simulation, the
influence of the structural parameters (the distribution of the quality of the upper
and lower parts, the stiffness and rigidity of the damper), the operating
parameters (amplitude and frequency of vibration, dynamic force), and the soil
parameters (stiffness and rigidity) on the dynamic response of the vibratory
roller-terrain system can be analyzed.

At present, for vibrations isolations three types of damping materials that are
widely used: damping alloy, viscoelastic damping and composites materials [10-
12]. Simulation of vibration absorbers made of advanced composite materials
involves consideration of the following aspects in order to obtain accurate and
useful results:

a) composite material properties: modulus of elasticity, tensile strength,
compressive strength, Poisson's ratio, density, damping, etc. Some
composite materials have anisotropic mechanical properties, have different
internal damping depending on the matrix used and fiber arrangement, and
their density influences the dynamic behavior of the absorber.

b) the layered structure of the composite material: configuration of the layers
by fiber orientation, the thickness of each layer, and the layering sequence
can significantly influence the dynamic behavior, and the interlaminar
interaction must be simulated to evaluate the fatigue resistance.

In working conditions with high-amplitude or high-frequency vibrations,
vibration absorbers can have a non-linear behavior of the material which is
important in choosing the appropriate damping model (viscoelastic, hysteretic,
etc.) to correctly simulate the vibration damping generated by the tool active
work of the compactor. The natural frequencies depend on the geometry,
support conditions, material properties and layered configuration of the
composite. Thus, the knowledge of the natural frequencies and natural modes
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of vibration of the absorber through a modal analysis (using the Finite Element
Method) is necessary to evaluate its performance under resonant conditions.

4. CONCLUSIONS

The use of composite materials by major compactors manufacturers expected
to become a very common practice in the fields of construction equipment
industry, based on the multiple benefits, as: weight reduction, increased
strength and durability, and improved operator efficiency and comfort.
Simulating mechanical systems based on composite materials is a complex goal
that requires advanced modeling methods, significant computational resources,
and a deep understanding of the behavior of these materials under different
working conditions. The simulation of composite materials requires the
development of complex multi-scale models that highlight the behavior at
different scales, from the macro level (general structural behavior) to the micro
level (fiber and matrix structure). The computational cost can be extremely high
requiring the development of efficient algorithms to reduce the computation
time. As composite materials are in continuous development, new combinations
of fibers and matrices will be created frequently, making simulation models
flexible and able to adapt to new materials. The correlation of simulation results
with experimental data is what leads to the validation of the dynamic model,
thus ensuring the accuracy of the simulation process of the real phenomenon.
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Abstract: In the global effort to develop sustainable solutions, hemp-based composite materials
have emerged as a viable, less toxic and environmentally friendly alternative to traditional
materials. Due to its physical and mechanical properties, hemp is a renewable resource with
significant potential in industries such as aerospace, construction, transportation, and energy.
This article aims to investigate the manufacture and tensile strength of hemp roving, hemp
coupled with fiber glass and fiber glass composites. Microscopic observations are also made to
evaluate the failure of the test specimens.

Keywords: Composite materials, hemp, hemp roving, fiber glass, tensile strength

1. INTRODUCTION

The increasing demand for sustainable and environmentally friendly materials
has driven extensive research into natural fiber composites.[1] Among these,
hemp fiber has emerged as a promising alternative due to its mechanical
properties, low cost, biodegradability, and minimal environmental impact
compared to synthetic fibers.[2] As industries such as automotive, construction,
and aerospace explore the use of renewable resources, there is a growing
interest in understanding the potential of hemp composites in various
combinations.[3,4,5,6]

This paper investigates the mechanical properties and performance of different
composite materials, specifically focusing on combinations of hemp, hemp fiber
with fiberglass and fiberglass. By combining hemp with these synthetic fibers,
the goal is to assess whether the natural fiber’s benefits can be enhanced by the
superior strength and durability offered by fiberglass. [5,6]
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The research aims to evaluate properties such as tensile strength, bending
strength and overall structural integrity. This study will contribute to a deeper
understanding of how hemp-based composites perform in comparison to
traditional composite materials and explore the potential for these hybrid
composites in both structural and non-structural applications.

The findings of this study will help inform the future design and development of
sustainable composite materials that can be applied across a range of industries,
ultimately supporting a transition to more eco-friendly manufacturing practices.

2. Fabrication

To assess the mechanical properties, we prepared three types of composite
materials. The first type consisted of hemp roving fibers, the second type
combined hemp roving with fiberglass, and the third type utilized only fiberglass.
An unsaturated polyester resin (ENYDYNE H 68372 TA) served as the matrix
material, with BUTANOX M-50 as the hardener, applied at a ratio of 200 mL of
resin to 4 mL of hardener. The working time of the resin is approximately 20 to
24 minutes, while the hardening time is determined experimental and for this
case is 24 hours.

To eliminate air bubbles from the hemp roving woven fabric impregnated with
resin, we employed a specialized roller to facilitate the impregnation of the
material within the fabrication matrix, as illustrated in Figure 1.

K O

gre 1: Hemp resin treated or air bubbles.
3. Method

In order to evaluate the hemp composite mixtures, we followed the guidelines
of ISO-527-4:2021, issued by EASA, to define the geometry and dimensions of
the test specimens. Based on this standard, we fabricated test samples for
composites reinforced with continuous fibers, maintaining a uniform thickness
of 2 mm. The thickness of compression-molded materials must be consistent at
all points, with deviations not exceeding 2% of the mean value. Initially, we will
employ the Type 2 test specimen, as depicted in Figure 2, for tensile strength
testing, and the Type 1 test specimen for bending tests, as shown in Figure 3.
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Figure 2: Type 2 test specimen.

Figure 3: Type 1 test specimen.

For the investigation of mechanical properties such as tensile and bending
strength, and to determine the modulus of elasticity and Poisson's ratio, we
utilized a Universal Testing Machine (WDW 150-S), as shown in Figure 4.a).

-
L g-an

a) b) )
Figure 4: a) General view of Universal Testing Machine WDW 150-S; b) Tensile strength
configuration of WDW 150-S; ¢) Bending test configuration of WDW 150-S.

To characterize the mechanical properties of the three types of composites, five
test specimens were manufactured for each fiber combination in accordance with
ISO 527-4:2021. The first set consisted of hemp roving fibers, the second set
combined hemp roving with fiberglass, and the third set utilized only fiberglass.
These specimens were coded as shown in Table 1.

Tablel. Specimen coding for tensile strength

Fiber glass Fiber glass + Hemp Hemp roving
S-1 SC-1 C1
S-2 SC-2 C2
S-3 SC-3 C3
S-4 SC-4 oz}
S-5 SC-5 C5
In figure 5 we can see test specimens after tensile strength testing.
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Figure 5: a) Test specimen Fiber glass after testing; b) Test specimen Fiber glass + Hemp

after testing; c) Test specimen Hemp roving after testing.

Table 2 and Figure 6 display the tensile strength values for each tested
specimen. The mean values for each type of fiber are as follows: 48.8 MPa for
fiberglass composites, 25 MPa for fiberglass with hemp composites, and 8.5 MPa

for hemp composites.

Max tensile

Test strength
specimen Fiber Glass
[MPa]
S-1 42
S-2 54
S-3 43
S-4 50
S-5 55

21

6

Test

specimen

SC-1
SC-2
SC-3
SC-4
SC-5

10

Max tensile
strength
Fiber Glass
Hemp[MPa]

21
20
29
32
23

29

Table2. Tensile strength values

Test
specimen

C-1
C-2
C-3
C-4
C-5

Max tensile strength

32

Max tensile

strength Fiber

Glass Hemp
roving[MPa]

6
10
6
6
14

23
14

test1(S-1,SC-1,C1) test2(S-2,SC-2,C2) test3 (S-3,5C-3,C3) test4 (S-4,SC-4,C4) test5 (S-5,SC-5,C5)

Max tensile strength Fiber Glass [MPa]

Max tensile strength Hemp roving[MPa]

Max tensile strength Fiber Glass Hemp[MPa]

Figure 6: Tensile strength results for fiberglass fibers, fiber glass with hemp and hemp roving

The data presented in Table 2 and Figure 6 highlight the tensile strength
values for each tested specimen, revealing important insights regarding hemp
fiber. While fiberglass composites exhibit the highest tensile strength with a
mean value of 48.8 MPa, the incorporation of hemp fibers into these composites
results in a reduction of tensile strength to 25 MPa. Additionally, hemp
composites alone demonstrate the lowest tensile strength at just 8.5 MPa.



Despite this decrease, the combination of hemp fibers with fiberglass offers
notable benefits. By coupling hemp fibers with fiberglass, we enhance the overall
performance of the composite, potentially improving its sustainability and
environmental impact while still achieving substantial strength. This approach
demonstrates that integrating hemp fibers into fiberglass composites can create
a balanced material that leverages the advantages of both fibers.

Table3. Bending strength values

Max

! Max bending .
Test bending Test strenght Fiber Test Max bending
. strenght . . . strenght Hemp
specimen : specimen glass with Hemp specimen
Fiber glass [MPa] [MPa]
[MPa]
S-1 210 C-1 84 SC-1 181
S-2 240 C-2 84 SC-2 174
S-3 205 C-3 58 SC-3 147
S-4 225 C-4 58 SC-4 188
S-5 240 C-5 52 SC-5 100

For the bending test, we utilized a Type 1 geometry for the test specimens, as
shown in Figure 3. The coding remained consistent with that used for the tensile
strength tests, as indicated in Table 1.

Table 3 and Figure 7 display the bending strength values for each tested
specimen. The mean values for each type of fiber are as follows: 224 MPa for
fiberglass composites, 158 MPa for fiberglass with hemp composites, and 67,2
MPa for hemp composites.

Max bending strenght [MPa]

84 84 58

test1(S-1,5C-1,C1) test2(S-2,SC-2,C2) test3(S-3,SC-3,C3) test4 (S-4,SC-4,C4) test5(S-5,SC-5,C5)

Max bending strenght Fiber glass [MPa] Max bending strenght Fiber glass with Hemp [MPa]
B Max bending strenght Hemp [MPa]

Figure 7: Bending strength results for fiberglass fibers, fiber glass with hemp and hemp
roving

The data presented in Table 3 and Figure 7 highlight the bending strength values
for each tested specimen, revealing important insights regarding hemp fiber.
While fiberglass composites exhibit the highest tensile strength with a mean
value of 224 MPa, the incorporation of hemp fibers into these composites results
in a reduction of bending strength to 158 MPa. Additionally, hemp composites
alone demonstrate the lowest bending strength at just 67,2 MPa. This highlights
the advantages of combining hemp fibers with fiberglass; despite a decrease in
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strength, the resulting fiberglass with hemp composites offers a balanced
performance that capitalizes on the sustainability and environmental benefits of
hemp. Thus, this composite provides a practical solution for applications that
require both strength and eco-friendliness.

4. CONCLUSIONS

Based on this testing, we conclude that hemp composites alone, with a tensile
strength of 8,5 MPa and bending strength of 67,2 MPa, are not suitable for
structural parts. However, they can effectively be used for internal components
such as chairs, chair arm inserts or floor and ceiling panels due to their good
bending resistance. While these composites may sacrifice some strength, they
excel in sustainability, as hemp fibers are less toxic to both the environment and
human health. Future research could explore replacing the matrix with bio-resin
and testing the composite for fire and smoke generation.

Additionally, when combining fiberglass with hemp roving weaving, we achieve
a composite that retains roughly half the properties of pure fiberglass
composites, which have a tensile strength of 48.8 MPa and bending strength of
224 MPa, while significantly reducing toxicity. This hybrid material, with a tensile
strength of 25 MPa and bending strength of 158 MPa, could be viable for certain
structural applications.

Further investigations should focus on using bio-resins and experimenting with
various organic fibers, such as flax, silk, and hemp, both individually and in
combination, to develop a fully organic and non-toxic composite material.
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Abstract: The mechanical behavior of aluminum-based composites (MMC) under static stress is
investigated, focusing on Aluminum 2024 and Aluminum 2024-T3 alloys. Through a series of
mechanical tests, such as tensile and bending, the strength and stiffness properties of the
materials were evaluated, with a significant improvement observed in the case of heat
treatment. Numerical simulations using the finite element method (FEM) were also performed
to validate the predicted behavior of these materials. The obtained results showed a strong
correlation between experimental and simulated data, highlighting the potential of using
aluminum-based composite materials in industrial applications, such as aeronautics and the
automotive industry.

Keywords: Composite materials, Aluminum 2024, Static loads, Tensile and bending, MEF
simulation

1. INTRODUCTION

Aluminum-based composite materials, or metal matrix composites (MMCs), play
a crucial role in industry due to their improved mechanical and physical
properties, such as high strength-to-weight ratio, corrosion resistance and
thermal conductivity[1-14]. These advantages make them ideal for applications
in the aeronautical, automotive and construction industries [11-19]. The
objective of this study is to analyze the static behavior of aluminum-based
composite materials, focusing on Aluminum 2024 and Aluminum 2024-T3 alloys,
with reference to manufacturing methods and experimental results.

Aluminum 2024 and Aluminum 2024-T3 alloys are widely recognized materials
for their applicability in industries with high structural requirements[17-25].
Aluminum 2024 is a high-performance alloy with additions of copper,
magnesium and manganese, being heat treated to enhance mechanical
properties.

2. MATERIAL AND METHOD
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Material Selection Aluminum 2024 and Aluminum 2024-T3 alloys were chosen
for industrial applications due to their mechanical properties.

Mechanical tests were performed to evaluate the strength and stiffness of the
materials under static load. In the case of tensile tests, Aluminum 2024 and
Aluminum 2024-T3 showed significant differences in elongation and maximum
stress. These tests highlighted that the T3 heat treatment significantly improves
the mechanical properties of the material, with a notable increase in tensile
strength.

2.1 Optical Spectral Analysis

To verify the chemical composition of the samples, optical spectral analysis was
performed using an optical emission spectrometer, SPECTROMAXx M (Figure 1).

The samples were prepared by polishing (Figure 2) to remove surface contaminants,
and the analysis results (Figure 3 and 3) confirmed the chemical composition according to
accepted standards for Aluminum 2024.

Figure 2. Presi-Minitech 233 Polishing Machine

Aluminum, Al 90.7 -94.7 % 90.7-947%
Chromium, Cr <=0.10 % <=0.10%
Copper, Cu 38-49% 38-49%
Iron, Fe <=0.50 % <=050%
Magnesium, Mg 12-18% 12-18%
Manganese, Mn 0.30-0.90 % 0.30-0.90 %
Other, each <=0.05% <=0.05 %
Other, total <=0.15% <=0.15%
Silicon, Si <=0.50 % <=0.50%
Titanium, Ti <=0.15% <=0.15%
Zinc, Zn <=0.25% <=025%

Figure 3. Chemical composition of Aluminum 2024 - minimum and maximum limits
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Program: DACIA
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Avaerage (n=1)

08.03 2023 14:18:15
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Sr Hg Cd
- ppm ppm ppm
* 1.0 30.2 7.8

Sum 1D Ga Ce Ag

ppm % % % %

338.0 0.806 0.015 <0.0015 0.0001
Ba B Be v zr Al Bg Co

% 3 % % % % % %

<0.0001 00010  0.0001 0.0079  0.0022 23,0 .9 <0.0005
u n

ppm "

1.0 <0.0003

Figure 4. The result of the spectral analysis

2.2 Optical Micrography

The internal structure of the samples was examined by optical micrography
using a Zeiss Axio microscope, equipped with an AxioCam Erc5s digital camera.
The samples were prepared by polishing, using abrasive cloths with variable
grain sizes to obtain a smooth and imperfect surface. This analysis method
provided a detailed assessment of the microstructure of the materials, verifying

compliance with the ASRO standards for Aluminum 2024.

2.3 Mechanical Tensile and Bending Tests

For the tensile test, the tests were performed on the LLOYD Instruments LS100
Plus machine. The resulting mechanical properties are summarized in Table 1.

Table 1. Properties of the samples after tensile loading.

Aluminu Sample Maximum Maximum Elongation Young's Stiffness

m alloy number force at voltage at at break modulus

type maximum full load

load
[kN] [MPa] [mm] [MPa] [N/m]

Sample  2.336645729 389.4409549 7.676661398 61795.0227 7415402.725
1 1

Al 2024 Sample  2.546943845 424.4906408 7.753428012 61177.0724 7341248.698
2 8
Sample 2.327299147 387.8831912 8.060494468 67974.5249 8156942.998
3 8
Sample 2.383378644 397.229774 7.446361557 62721.9480 7526633.766
4 5
Sample  2.430111559 405.0185932 7.90696124 66120.6743 7934480.916
5

€ Averag 2.40487578 400.812630 7.76878133 63957.848 7674941.82
e 5 8 5 5
values
Sample 2.407104824 401.1841374 6.529193232 66939.3078 8032716.947
1 9

Al 2024 Sample  2.567459975 427.9099958 5.219486094 71313.692 8557643.04

T3 2
Sample 2.406676443 401.1127405 2.072679759 70189.2302 8422707.625
3 1
Sample  2.493541506 415.590251 4.736249309 57658.2112 6918985.346
4 2
Sample  2.493541506 409.0690923 4.746554598 66673.4206 8000810.48
5 7
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€ Averag 2.46583946 410.973243 4.66083259 66554.772 7986572.68

e 4 9 4 8
values

The results of the tensile tests were presented by the Force-Displacement and
Stress-Deformation characteristic curves (Figures 5 - 10), which provide a clear
picture of the behavior of composite materials under static loading.

Force-Displacement characteristic curves

3000
Epruveta 1
— 2500 —
E 2000 ——— Epruveta 2
3 1500 Epruveta 3
5 1000 B ta 4
= g pruveta
0 ——— Epruveta 5
0 5 10

Displacement [mm]

Figure 5. Force-Displacement characteristic curves for 2024 T3 aluminum samples subjected
to tensile testing

Stress-Deformation characteristic curves

500
Epruveta 1
= 400 — P
A Epruveta 2
=, 300 :
0 Epruveta 3
¥ 200
B —— Epruveta 4
v 100
Epruveta 5
0
0 0.05 0.1 0.15 0.2

Specific deformation [%]

Figure 6. Stress-Deformation characteristic curves for 2024 T3 aluminum samples subjected
to tensile testing

Average Force-Displacement characteristic curves
of A1 2024 and Al 2024-T3

2444.64
= 2500 2336.6

£ 1000 ——2024
= 500 ——2024-T3

o
\]

4 6 8 10
Displasment [mm]

Figure 7. Average Force-Displacement characteristic curves of Al 2024 and Al 2024-T3
subjected to tensile testing
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Average Stress- Deformations Characteristic
Curves of A1 2024 and Al 2024-T3

0

40744339 44

0.05 0.1

Deformation [%]

—2024

—2024-T3

0.15 0.2

Figure 8. Average Stress- Deformations Characteristic Curves of Al 2024 and Al 2024-T3
Subjected to Tensile Testing

For the bending tests, the LLOYD LR5K Plus bending testing machine was used.
The mechanical properties resulting from the bending tests are presented in
Table 2, and the force-displacement and stress-deformations characteristics are

represented in Figures 9 - 13.

Table 2. Properties of the samples after bending stress

Aluminu
m alloy

type

Sample
number

Sample
1
Sample
2
Sample
3
Sample
4
Sample
5

€ Averag
e

values

Sample
1

Al 2024 Sample
T3 2

Sample
3

Sample
4

Sample
5

€ Averag
e

values

Al 2024

Maximum Maximum Maximum Young's Bending
force at voltage at Deformation modulus Stiffness
maximum full load at Maximum
load Bending
[kN] [MPa] [mm] [MPa] [N/m]

0.023000439

0.023028919

0.023685193

0.023892215

0.023382113

0.02339777
6

0.028079

0.027543

0.0293

0.02871

0.027841

0.02829475
9

408.8967012

409.4029956

421.0701038

424.7504948

415.6820023

415.960459
6

499.1751

489.6579

520.8926

510.4089

494.9553

503.017945
5

0.044810153

0.043954701

0.043954205

0.04395591

0.043955451

0.04412608
4

0.035727575

0.029746724

0.026504176

0.02897787

0.057730432

0.03573735
6

32501.10341

29969.78275

30863.1349

29862.28915

28199.55946

30279.1739
3

34840.17959

34727.4783

34669.54903

35292.79996

34510.27769

34808.0569
2

0.008775298

0.008091841

0.008333046

0.008062818

0.007613881

0.00817537
7

0.009406848

0.009376419

0.009360778

0.009529056

0.009317775

0.00939817
5
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Force-Displacement characteristic curves for 2024
T3 aluminum at bending test

35
30
_ 25 Epruveta 1
=z
24 20 ——Epruveta 2
8 15
E 10 Epruveta 3
5 ——Epruveta 4
0 Epruveta
-10 50 10 20 30 40

Displacement [mm]

Figure 9. Force-Displacement characteristic curves for 2024 T3 aluminum samples subjected
to bending test

Stress-Deformation characteristic curves for 2024
T3 aluminum at bending test

600
= 500 Epruveta 1
A 400
=, 300 ——Epruveta 2
% 200 Epruveta 3
5 100
2 0 —— Epruveta 4
-0.01-100 0 0.01 0.02 0.03 Epruveta 5

Deformation [%]
Figure 10. Stress-Deformation characteristic curves for 2024 T3 aluminum samples subjected
to bending test

Force-Displacement characteristic curves for 2024
aluminum at bending test

30
25 Epruveta 1
= 20
Z Epruveta 2
= 15
§ 10 Epruveta 3
o
2% 5 —— Epruveta 4
0
-20 50 20 40 Egruveta 5

Displacement [mm]

Figure 11. Force-Displacement characteristic curves for 2024 aluminum specimens subjected
to bending test
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Stress-Deformation characteristic curves for
2024 aluminum at bending test

__ 500 Epruveta 1
é :88 y> Epruveta 2
“ 200 Epruveta 3
é 108 Epruveta 4

0 0.02 0.04 0.ggruveras

Deformation [%]

Figura 12. Stress-Deformations characteristic curves for 2024 aluminum specimens subjected
to bending test

Average characteristic curves of Force
Displacement of Al2024 -Al2024 T3

30
7946

= 25 298
< 20
S o 2024
E 10 —2024 T3

5 — 2024

0

0 20 40 60
Deplasare mm]
Average characteristic curves of Stress -
Deformations of Al2024 -Al2024 T3
600

— 200 6.64
2V 3.456
E 400
5 2 2024 T3
%] —
2 200
+

0

0 0.02 0.04 0.06

Deformation [%]

Figure 13. Average characteristic curves a) Force - Displacement and b) Stress -
Deformations of Al 2024 and Al 2024-T3 subjected to bending test

2.4 Finite Element Method (FEM) Simulation

In order to better understand the behavior of composite materials under static
conditions, the finite element method (FEM) was used, simulating tensile tests
through Abaqus software, using 3D modeling for deformable bodies, see figure
14. The geometry of the part was entered according to the experimental
dimensions. The analysis revealed that the FEM predictions are consistent with
the experimental results, confirming the accuracy of the simulations in

57



describing the behavior of Aluminum 2024 composite materials subjected to
tensile stress.

u, u2

ML .7 600e+00

- +5.700e+00
+5.067e+00
- +4.4332+00
4+3.800e400
+3.1672+00
+2.533e+00
+1.900e+00

~ +0.000e+00

Job-lodb  Abaqus/Standard Student Editon 2020  Wed Jun 14 21:12:50 GTB Summer Time 2023

e

Figure 14. Finite element analysis
3. EXPERIMENTAL RESULT AND DISCUSSION

The experimental test results and FEM simulations showed a good correlation
between the real and simulated behavior of the 2024 Aluminum composite
materials. A significant improvement in mechanical properties was observed for
the heat-treated materials (2024-T3 Aluminum) compared to the untreated
materials (2024 Aluminum). The applied heat treatments increased the tensile
and bending strength, and the use of Abaqus simulation allowed an accurate
prediction of the mechanical behavior under static conditions.

The main factors influencing the static behavior of composite materials are the
type and volume fraction of the reinforcement, the matrix-reinforcement
interface, and the material microstructure. Also, the correct choice of heat
treatment is essential for obtaining optimal mechanical properties.

4. CONCLUSION

Aluminum-based composite materials have shown improved performance under
static loads when subjected to heat treatment. Tensile and flexural tests have
demonstrated increased stiffness and mechanical strength of heat-treated
aluminum, making them suitable for critical applications in the aerospace and
automotive industries. Finite element simulations have provided accurate
predictions and can be used to optimize the design of these materials.
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Abstract: Glass-based composite materials have become increasingly important due to their
exceptional mechanical and chemical properties. This article reviews the current state of
research, describes the experimental methodology for testing the mechanical properties of glass
fiber reinforced composites, and presents the results of tensile, compressive, and bending tests.
The findings highlight the high potential of these materials in various industries, from
construction to aviation.
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1. INTRODUCTION

Glass fibers are obtained by drawing molten glass at high temperatures and can
be integrated into various types of matrices such as polymers, metals or
ceramics to create versatile composite materials. These fibers are particularly
valued for their high tensile strength and for the fact that they do not degrade
in corrosive environments, making them ideal for applications in harsh industrial
environments [1-7].

Another major advantage of fiberglass is its excellent weight-to-strength ratio.
This makes glass fiber reinforced composite materials preferred in fields such as
aeronautics, shipbuilding, civil infrastructure and the automotive industry. Glass
fibers, as a reinforcing element, give composite materials increased tensile
strength, corrosion resistance and high thermal stability [3, 7-10].

Although there are other reinforcing materials such as carbon and aramid fibers,
fiberglass remains one of the most popular choices due to its cost-performance
ratio. Despite the superior performance of carbon fibers, they are much more
expensive to produce and their processing is more complicated, making
fiberglass a more affordable and cost-effective alternative [10-16].

The objective of this study is to present a synthesis of the current state of glass-
based composite materials, also presenting their experimental testing
methodology and the results obtained, especially in tensile tests, bending tests
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and compression tests, thus providing a basis for future research and
applications in modern engineering.

2. THE CURRENT STATE OF GLASS-BASED COMPOSITE MATERIALS

Glass-based composite materials occupy an important place in the field of
advanced materials, being widely used due to their outstanding properties, such
as high mechanical strength, light weight, and durability under thermal and
chemical stress conditions [6-8]. Glass fibers, as a reinforcing material, are the
most used in the production of composites due to their relatively low cost,
excellent mechanical properties and the ease with which they can be produced
on an industrial scale [17-20].

Figure 1: Fiberglass [8]

The industrial process of obtaining the fibers involves melting the glass at high
temperatures and drawing the fibers through specially designed nozzles, which
allow the formation of extremely fine filaments, usually between 5 and 20 pm in
diameter [21-23]. After forming, these filaments are chemically treated to
increase adhesion with the polymer matrix, especially in composites used in
construction and the automotive industry [14, 24]. Figure 1 illustrates the
structure of the glass fiber obtained by this process.

The properties of glass fibers make them ideal for use in aggressive
environments, such as infrastructure exposed to corrosion or structures subject
to high thermal stresses. These fibers are known for their chemical and thermal
stability, as well as the fact that they do not absorb moisture, which makes them
ideal in applications where water and moisture resistance is essential [25-26].

In the automotive industry, glass fiber reinforced composites are used for body
parts, panels and internal components due to their ability to reduce the overall
weight of the vehicle, resulting in lower fuel consumption. In construction, these
composites are preferred for reinforcing concrete structures or for facade
elements due to their resistance to corrosion [18, 21].

Another field with a significant increase in the use of glass-based composites is
that of the wind turbine [19, 20]. Wind turbine blades are frequently made of
glass fiber reinforced composites due to their excellent weight-to-strength ratio,
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which allows them to rotate efficiently at high speeds while ensuring high
durability against external factors.

Although glass fiber composites perform well in many applications, there are
also certain limitations. Disadvantages include low strength at very high
temperatures compared to other types of fibers, such as carbon, and some
brittleness [21]. In addition, the recycling of these materials remains a challenge
because thermoset composites cannot be reused in the same form [22, 23].

3. EXPERIMENTAL METHODOLOGY FOR TESTING COMPOSITE
MATERIALS BASED ON GLASS FIBERS BENDING STRESS

The testing methodology of composite materials includes mechanical tensile
testing, bending and compression tests of glass fiber reinforced composite
samples [24, 25]. The samples are processed according to international
standards, involve the use of samples specially processed for each type of test
and subjected to mechanical stress to determine the resistance of the materials
to various types of stress (Figure 2). The samples of composite materials were
made using the Romanian standard SR EN ISO 14125 from 1998, Fiber-
reinforced plastic composites, Determination of bending properties. This part of
ISO 14125 is based on ISO 178 and deals with fiber-reinforced plastics. The
testing process includes measuring the maximum force sustained and
microscopic analysis of the fracture surface. The method is used to determine
the bending behavior of the samples but also to determine the bending
resistance, the bending modulus and other aspects related to the
stress/deformation relationship under the given conditions. It applies to a simply
supported lever, loaded at three or four bending points. The method of placing
and testing the specimen is chosen in such a way as to limit shear deformation
and avoid interlaminar shear breakage.

Figure 2. Composite material sample after bending stress

The equipment used is a constant speed testing machine. The testing machine
for the three-point bending test used is the LR5K Plus, produced by Lloyd's
Instruments, which provides a maximum force of Fmax = 5 kN. Two supports
and a hemispherical load punch are arranged according to the scheme in Figure
3. The bending test machine allows the experimental results to be downloaded
in electronic format, through the NEXYGEN Plus software.
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Figure 3: Schematic of the 3-point bending test
3.1 Testing the samples

The experimental research considered the study of the influence of Al203 inserts
in glass-based composite materials. The specimens were tested in the
mechanical testing laboratory of the Department of Mechanical Engineering. The
tests were performed on three types of composites:

¢ 5 samples of composite material based on matte glass
e 5 glass-based composite material samples with 5% AI203 inserts

e respectively 5 glass-based composite material samples with 10% AI203
inserts.

All 3 sets of specimens were cut on a numerical control machine, to the
dimensions indicated according to STAS. Each set of specimens was tested to
see how the Al203 inserts influence the mechanical behavior. The specimens
were subjected to a bending test and the results were analyzed to identify
variations in strength and stiffness.

4. RESULTS AND DISCUSSION

4. 1. Bending test and the influence of Al203 inserts on the
mechanical properties

The plain frosted glass specimens showed basic flexural strength with moderate
breaking strength and elongation values. The insertion of 5% Al203 caused an
increase in the fracture strength and stiffness of the specimens, with a general
improvement in the mechanical properties being observed. However, when the
proportion of Al203 was increased to 10%, the results indicated a slight decrease
in the mechanical properties, which suggests that an excessive content of inserts
may lead to an alteration of the structural homogeneity of the composite.

Due to some errors in testing the samples, the values for only 4 samples were
considered in the case of the matte glass-based composite material.

The data generated by the test machine software were centralized in tables 1, 2
and 3, below, so that they can be interpreted through graphical representations.

Table 1. Characteristics of the test samples based on mat glass

NO. SAMPLES BREAKING ELONGATION ADMISSIBLE MODULE OF STIFFNESS
STRENGTH TENSION ELASTICITY
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(MATT
GLASS)
SAMPLES 1
SAMPLES 2
SAMPLES 3
SAMPLES 4

F AL o E k

[N] [mm] [Mpa] [Mpa] [N/mm]
499 10.31 199 3365 49278
711 8.25 285 975 14275
541 9.83 217 4564 66849
611 7.84 244 5759 84375

Table 2. Characteristics of the test samples based on mat glass with 5% AI203 inserts

NO. SAMPLES BREAKING ELONGATION ADMISSIBLE MODULE OF STIFFNESS

(GLASS
WITH 5%
AL203
INSERTS )
SAMPLES
SAMPLES
SAMPLES
SAMPLES
SAMPLES

UNhWNER

STRENGTH TENSION ELASTICITY
F AL o E k

[N] [mm] [Mpa] [Mpa] [N/mm]
684 8.42 274 6519 95499
754 8.74 302 7448 109102
719 8.25 288 7302 106954
660 8.90 265 6058 88746
606 9.37 2422 5584 81788

Table 3. Characteristics of the test samples based on mat glass with 10% AI203 inserts

NO. SAMPLES BREAKING ELONGATION ADMISSIBLE MODULE OF STIFFNESS

(GLASS
WITH 10%
AL203
INSERTS )
SAMPLES
SAMPLES
SAMPLES
SAMPLES
SAMPLES

UhWNER

STRENGTH TENSION ELASTICITY
F AL o E k

[N] [mm] [Mpa] [Mpa] [N/mm]
826 7.51 199 4882 148983
885 8.20 212 3543 108116
703 9.05 169 2524 77006
757 9.69 182 2307 70399
783 7.82 188 4104 125243

4.2. Comparative analysis of flexural strength between

specimens

Figures 4, 5 and 6 show the load (F-displacement) graphs made for each set of
specimens showing a different stress and stiffness distribution depending on
the material composition.
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Figure 6. Load curves for the samples made of composite material based on
mat glass with 10% Al>Os inserts

Specimens with 5% Al203 showed an improvement in flexural strength, while
specimens with 10% Al203 showed a slight decrease in strength, probably due

to the formation of interlaminar defects or a non-uniform distribution of Al203
particles.

This can also be highlighted in the graphs in Figures 7 and 8, when on 2
representative specimens from each sample (frosted glass, frosted glass with

5% AI203, frosted glass with 10% AI203) the representative graphs were
represented
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Figure 7. Comparative analysis on the influence of Al2O3 powders in glass fiber composites
(sample 1 of 3 sets of samples)
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Figura 8. Comparative analysis on the influence of Al2O3 powders in glass fiber composites
(sample 4 of 3 sets of samples)
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4.3. Microscopic analysis of composites

The detailed visualization was made with a high-performance microscope,
located within the ICDT-UNITBv. This microscope can magnify the studied
surface 500 times, up to 2000 times, and the images were made as clearly as
possible and even down to the depth of the material. The results obtained with
the microscope were both 2D and 3D, observing at the same time how the entire
structure of these materials changed.

Figure 11. Sectional view for mat glass with 10% Al2Os inserts

Microscopic images taken on the tested specimens revealed the layered
structure and distribution of glass fibers and Al203 inserts. In the case of
specimens with 5% AI203 inserts, the structure showed a relatively
homogeneous distribution without major defects, which explains the improved
mechanical performance. In the 10% Al203 specimens, microscopic analysis
revealed small inclusions and defects in the composite matrix, which may
contribute to a slight decrease in stiffness and flexural strength.
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5. CONCLUSIONS

The study of glass-based composites with and without Al203 inserts showed that
the addition of Al203 particles can have a significant impact on the mechanical
properties of the material. Experimental results indicate that:

1. Insertions of 5% AI203 significantly improved the stiffness and flexural
strength of the composites, demonstrating that an optimal concentration of
Al203 can contribute positively to the mechanical performance of the material.

2. Increasing the proportion of Al203 to 10% did not generate a proportional
improvement in mechanical properties, but even led to a slight decrease in
bending strength, suggesting a limit to the optimal concentration of inserts to
avoid structural inhomogeneities.

3. Microscopic analysis highlighted the impact of the composite structure on the
mechanical performance, indicating that a uniform distribution of Al203 inserts
can contribute to more durable and resistant materials.

In conclusion, glass-based composites with a low percentage of Al203 show
potential for applications in fields such as aeronautics, construction and the
automotive industry, which require materials with improved mechanical
strength. The results of this study provide a basis for future research in
optimizing the proportion of inserts in glass-based composites to maximize their
mechanical performance and durability in industrial applications.
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Abstract: Composite materials, increasingly used in high-end fields such as aerospace and
automotive, offer major advantages due to their high strength-to-weight ratio. This paper
investigates the mechanical properties of carbon fiber and kevlar reinforced composites through
flexural testing. Experimental tests were performed using standardized methods, and the results
highlighted the differences in performance between the two materials. Carbon fiber composites
have higher stiffness, while Kevlar ones are more elastic and impact resistant. The findings
highlight the importance of applying these materials in industries where light weight and
mechanical performance are critical.

Keywords: Composite materials, Carbon fibers, Kevlar, Mechanical properties, Bending

1. INTRODUCTION

Composite materials have evolved significantly over time, being used in various
technological applications due to their ability to combine two or more
components with superior properties. Carbon fibers and Kevlar are two of the
most used types of reinforcements, offering advantages such as low weight, high
mechanical strength and thermal stability [1].

Carbon fibers, originally introduced in the aerospace industry, became popular
due to their outstanding tensile strength and low density. Kevlar, a polymer of
the aramid class, is known for its impact resistance and ballistic properties [2],
being widely used in protective equipment and structures that require reduced
weight and increased durability [3].

This work focuses on investigating the mechanical behavior of these two types
of composites through experimental bending tests, with the aim of evaluating
their performance in industrial applications.
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2. CURRENT STATE OF RESEARCH

Composite materials reinforced with carbon fibers and kevlar have experienced
accelerated development due to their outstanding properties. They are used in
areas such as the aerospace, automotive, construction and sports equipment
industries. A worldwide use of Kevlar fiber is in the military community, where
it is recognized as a high-performance material for protecting life (body armor
and bulletproof vests are light, comfortable, offering superior protection against
fragmentation and ballistic threats).

To obtain carbon fiber, the predominant material is polyacrylonitrile (PAN) fiber,
which is obtained by polymerization, spinning and then the designation of the
polymer [1,5].

The chemical composition of Kevlar fiber is poly-paraphenylene terephthamide,
known as para-aramid [2,6]. Kevlar filaments are manufactured by extrusion
through a die [3,7].

Modern composites consist of a matrix (polymers, metals, or ceramics) and a
reinforcing agent (usually fibers). Their main characteristic is that the
component materials retain their individual properties but, when combined,
generate new superior mechanical characteristics [4, 8, 9].

3. EXPERIMENTAL METHODOLOGY

To test the mechanical properties of the composites reinforced with carbon fibers
and Kevlar, standardized specimens were made [10, 11, 12], according to SR
EN ISO 14125. The bending tests were performed on a Lloyd's type mechanical
test stand Instruments [13], model LR5K Plus (Figure 1).

gt — AL ‘gwt‘ k‘

a b

Figure 1: Lloyd's Instruments LR5K Plus Test Machine [13]. a. Carbon fiber specimen during
bending stress; b. Kevlar fiber specimen during bending stress

The specimens were subjected to a load applied perpendicular to the longitudinal
axis, according to the three-point test method. They were made of composite
reinforced with carbon fibers and Kevlar, and the results were recorded
electronically by means of NEXYGEN Plus software [13].

The tests were carried out to determine the bending behavior of the samples,
but also to determine the bending resistance, the bending modulus and other
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aspects related to the stress/deformation relationship under the given conditions
of the composites reinforced with carbon fibers and Kevlar.

The specimens were subjected to loads applied perpendicular to the longitudinal
axis using the standard three-point test scheme, according to SR EN ISO 14125.
The Lloyd's Instruments LR5K Plus [13] testing machine was used to perform
the tests with a maximum force of 5 kN. The specimens were placed end-to-end
on two supports and a central load was applied until the material failed (Figure
2).

Figure 2: Scheme of the 3-point bending test

Tests were performed at different speeds to determine elasticity and breaking
behavior. The exact dimensions of each specimen were also measured prior to
testing to obtain accurate cross-sectional and length data. NEXYGEN Plus
software [11] was used for experimental data recording and processing.

4. RESULTS AND DISCUSSION

Bending tests performed revealed significant differences between carbon fiber
reinforced and kevlar reinforced composites.

determined following bending tests, for the carbon fiber and Kevlar samples:
Carbon fibers were characterized by higher stiffness, with an average modulus
of elasticity of approximately 14000 MPa, compared to Kevlar, which
demonstrated higher elasticity but lower stiffness.

Test results showed that Kevlar-reinforced materials exhibit superior resistance
to impact and dynamic stresses, while carbon fiber composites perform better
in static stresses such as bending.

Table 1 below summarizes the main mechanical properties

Table 1. Mechanical properties of carbon fiber and Kevlar specimens, in bending

Material Max. force Max. tension Stiffness Young's Modulus
[kN] [MPa] [N/mm] [MPa]
Carbon 0.68 267.77 1.423 14179
Kevlar 0.18 109.00 0.084 1281

72



The force-deformation graphs for both types of composites highlight the fact
that carbon fiber reinforced materials exhibit a "brittle" behavior, while those
with kevlar have a larger deformation before failure.

a. Composite materials reinforced with carbon fibers:

The results of the bending tests for the carbon fiber reinforced composite
material are shown in Figure 3 and the representative data are shown in Table
2, from which it can be seen that the stiffness is directly related to the structure
of the material

Figure 3: Carbon-based composite material specimen after bending stress

Table 2: Results of the carbon fiber specimens obtained from the stress in the bending tests

Sample No. Force under Max. voltage Bending Young's
max load. on charg. stiffness Modulus
[kN] [MPa] [Nm?2] [MPa]

Sample 1 0,692731762 292,28289 1,288574414 14459,72227
Sample 2 0,602559878 241,0239511 1,267932452 1267,32452
Sample 3 0,67189371 274,4663849 1,361270153 14481,1044
Sample 4 0,750618108 282,5856408 1,454433116 13688,78227
Sample 5 0,69167873  250,5779724 1,530433504 13327,83489
Sample 6 0,59376362  242,5504984 1,440203032 15320,78729

During the test, the load borne by the specimen as well as its elongation are
measured. At the same time, the dimensions of each sample were precisely
measured: the cross section and the width of the sample. These dimensions
were entered as input data in the computer connected to the test machine,
having the NEXYGEN software [11], which takes the experimental data from the
test machine and processes them statistically.

Thus, based on the results obtained from the bending tests for the carbon fiber
samples, we represented the force-displacement characteristic curves (Figure
4), respectively the Stress-deformation characteristic curves (Figure 5).
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Figura 4: Force-Displacement Characteristics for Carbon Fiber Composite Specimens after
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Figure 5: Carbon Fiber Samples - Characteristic Curves Tension — Displacement after bending
stress

b. Composite materials reinforced with kevlar fibers:

Kevlar fiber composites were made at S.C COMPOZITE S.R.L., and following
bending tests, they showed superior elasticity, but with a lower stiffness
compared to carbon fibers (see table 1). The average modulus of elasticity
recorded was approximately 1250 MPa.

During the test, both the load borne by the specimens and their elongation were
measured. It can also be seen that the material deformed considerably before
failure, confirming its ability to withstand impact and absorb energy. (Figure 1b).

The bending test results for the five-layer Kevlar fiber-reinforced composite
material are shown in Table 3.

Table 3: The results of the Kevlar fiber specimens obtained from the bending test request

Sample No. Force under Max. voltage Bending Young's
load. max. on charge. stiffness Modulus
[kN] [MPa] [Nm?2] [MPa]
Sample 1 0,245589261 133,6267489 0,060201585 1049,874429
Sample 2 0,177125721 108,0336808 0,13880174 2784,831147
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Sample 3 0,245617169 130,4161958 0,068463755 1136,013639

Sample 4 0,162779264 101,9177442 0,00300626 63,47020754

Sample 5 0,141966655 79,29575244 0,098083933 1755,928612

Sample 6 0,150300272 84,7006861 0,049589631 895,6952663

Based on the results obtained from the bending tests for the Kevlar fiber
samples, we represented the force-displacement characteristic curves (Figure
6), respectively the Stress-Strain characteristic curves (Figure 7)

Kevlar fiber bending
Force - Displacement
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Figure 6: The Kevlar fiber samples - Characteristic curves
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Figure 7: Kevlar fiber specimens - Characteristic curves Stress - Specific deformation after
bending stress

These data highlight that Kevlar-reinforced composite materials are more
suitable for applications that require resistance to dynamic stresses and large
deformations, such as ballistic protection or energy-absorbing structures.

c. Comparative analysis:

From the comparison of the two types of materials, it can be seen that carbon
fibers offer superior rigidity, but with a brittle behavior, while Kevlar has a much
higher elasticity and better resists impact forces (see Figures 8 and 9)
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Figure 8: Visualization of cracks under the microscope, after bending stress: a. carbon fibers,
b. kevlar fibers

The choice of material depends on the specific requirements of the application:
carbon is ideal for static or structural applications, while Kevlar is preferred in
areas where energy absorption and protection are priorities.

5. DESIGN AND SIMULATION OF MECHANICAL TESTS

Using HyperMesh 2021, we performed a bending stress simulation where we
designed a carbon fiber reinforced specimen and simulated the bending stress,
see Figure 9. Using arbitrary data and the material in the programming menu, I
gradually acted with a bending strength, force that increases proportionally with
time, to see the behavior of the composite material. The data being counted
automatically by the program.
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Figure 9: HyperMesh design Structural analysis - deformation of the carbon fiber specimen
Verification calculation for the carbon fiber composite material sample
F=500 N
Ly=64 mm
b=10 mm
h=5 mm

A= b* h= 50mm?
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Also, for the design of the bending stress of the composite material reinforced
with Kevlar fiber, the same steps were followed as in the case of the composite
material reinforced with carbon fiber (Figure 10).
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Figure 10: HyperMesh design Structural analysis - deformation of the Kevlar fiber specimen

The verification calculation for the modeling of the sample made of
composite material reinforced with Kevlar fiber

F=500 N
Lo=64 mm
b=11 mm
h=5 mm

A= b* h= 51 mm?

E= 19 MP,
l b * h3
Z7 12
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6. CONCLUSIONS
Based on the experimental tests, the following conclusions were drawn:

e Composites reinforced with carbon fibers offer superior rigidity and strength, but have
a less elastic behavior, "brittle" under bending stress

e the composite material reinforced with Kevlar fibers presents better resistance
properties, but lower permissible deformations than those of the composite material
reinforced with carbon fibers.

e Kevlar fibers are more elastic and show better resistance to dynamic stress and
impact. They offer a balance between elasticity and tear strength, making them ideal
for applications such as ballistic protection and safety equipment.

e Increasing the number of layers in both composites improved the overall mechanical
performance, increasing the allowable forces and increasing the specific stress (see
Figures 4 and 6).

¢ Despite different mechanical properties, both carbon fiber and Kevlar are essential for
high-end industrial applications, depending on the specifications of each project.
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Abstract: In the mechanical research of composite materials with fiber glass we explore the
properties and behavior of these materials under varied conditions from static loads to
dynamic ones. The composite materials for the tests are created by combining two or more
components with different properties to achieve superior performance to individual
components. A crucial aspect of the research is understanding the mechanical behavior of
these materials under different loading conditions. Mechanical tests include tensile tests,
compression, bending and bending to evaluate the strength and stiffness of the composite. In
plus, impact tests can be performed to determine the material's ability to absorb energy during
sudden charging. These tests provide essential data for optimization design and engineering of
composite materials.

Keywords: composite panels, bending tests, hemp-based composites, fiber glass

1. INTRODUCTION

In the mechanical research of composite materials with fiber glass we explore
the properties and behavior of these materials under varied conditions from
static loads to dynamic ones. The composite materials for the tests are created
by combining two or more components with different properties to achieve
superior performance to individual components. A crucial aspect of the
research is understanding the mechanical behavior of these materials under
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different loading conditions. Mechanical tests include tensile tests,
compression, bending and bending to evaluate the strength and stiffness of
the composite. In plus, impact tests can be performed to determine the
material's ability to absorb energy during sudden charging. These tests provide
essential data for optimization design and engineering of composite materials.

In the current context, the topic of mechanical research of composite materials
with organic compounds remains extremely relevant and constantly evolving.
Constant technological advancement and increasing demand for superior
performance materials in various industrial and technological fields have
generated significant interest and investment in this research area.

Mechanical tests are very important for performance evaluation and the
behavior of materials under various types of loads. These tests provide
information critical about material properties, such as strength, ductility,
hardness, elasticity. These data are essential for engineers and researchers to
select materials suitable for specific applications and to develop new materials
with improved properties.

2. METHODS

For this paper we made three types of composite panels as follows:

e Plate 1 I made a cement board with dimensions of 25 x 25 x 3.5 cm,
using a mix with balanced materials. The composition included cement,
sand, water and layers of fiberglass, to ensure the durability and
strength of the final product.

e Plate 2 I accurately measured 700 grams of cement and 700 grams of
sand, 400 ml of water for the mix and the 4 layers of fiberglass

e Plate 3 For this plate a complex structure is described which is made up
of several materials, the board is 25 by 25 cm with a total thickness of
3.8 cm. The central layer of the board is made up of a 3cm thick foam
layer, over this layer comes a protection made up of 4 layers of glass
fiber, a layer of hemp and finally 4 layers of fiberglass. The end result is
an extremely strong and durable cement board with accurate dimensions
of 25 x 25 cm, reinforced with layers of glass fiber for increased
strength. This method ensures a high quality final product suitable for
various structures.

All three plates were tested at bending in three points to find the mechanical
proprieties as shown in the figure bellow.
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a b C

Figure 1: Plate samples during testing (a- plaster, b- cement, c- hemp-based)

3. Results and conclusions

Following the tests and the results obtained, we generated Force-Displacement
graphs for each individual board, as well as a comparative graph for all boards.
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Figure 2: Force displacement chart for plasterboard
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Figure 6: Bending stress resistance comparative chart.(Blue: cement, red: plasterboard,
yellow: hemp based)

Tablel. Maximum recorded values for all three plates

Plate Maximum force Maximum Maximum stress
[N] displacement [MPa]
[mm]
Plaster 991.17 22.172 0.37759
Cement 1289.9 30.167 0.57331
Hemp-based 4853.7 49.166 1.7491

The study of mechanical tests of composite materials with organic compounds
represents a crucial stage in the development and understanding of the
performance of these advanced materials. Following the analysis of the
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performed experiments, several significant conclusions can be drawn that
contribute to the deepening of our knowledge on the behavior of these
complex systems.

First, the results of the mechanical tests highlighted that the addition of
organic compounds in composite materials can significantly improve their
properties. For example, the tensile strength of these materials was
significantly increased compared to composites without organic compounds.
This suggests that the interactions between the polymer matrix and the
organic compounds led to a homogeneous distribution of charges, thus
contributing to the increase in strength.

On the other hand, studies have revealed that mechanical properties can vary
depending on the type and concentration of organic compounds used. For
example, certain organic compounds can contribute to better adhesion
between the phases of composite materials, leading to an increase in shear
strength. However, it is important to note that certain high concentrations can
have a negative impact on performance, leading to decreased strength or
ductility.
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Abstract: CNC (Computer Numerical Control) milling is an advanced technology essential in the
manufacturing industry, providing solutions for manufacturing complex parts with a high degree
of precision and repeatability. This paper reviews the fundamental processes of CNC milling,
starting with CAD design and continuing with CAM programming, machine setup and execution
of milling operations. Critical process parameters such as rotational speed, feed and depth of
cut that influence product quality and efficiency are discussed. The machined part is made of
annealed aluminum alloy Rm = 300 N/mm?. The machine tool used is Emco 840 CNC milling
machine

Keywords: CNC milling, cutting velocity, rotation speed, clockwise circle interpolation

1. INTRODUCTION

CNC milling is a machining process used to make parts of various shapes, sizes
and complexities. Milling involves the use of tools called cutters to remove
material from the blank to achieve the desired shape [1 ,2 ,3].

2. MECHANICAL TEST OF THE COMPONENT USING A CNC MILLING

The features of the Concept Mill 250 CNC milling machine (see Figure 1) are as
follows:

e machine in three working axes, optional 4 and 5 axes,

e the operating interface is Sinumerik,

¢ the tool shed has 20 slots,

e changing the tools is done using the double gripper device for quick clamping
of tools with cone type SK30 DIN 69871,

e axis speed = 0...10000 rpm,

e X-axis rapid advance speed; Y ; Z - 15 m/min,

e X-axis technological advance speed; Y ; Z - 0-10 m/min,

e air-based cooling
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Figure 1: CNC Milling machine

To be able to determine the quality of the surface of the external contour [4, 5,
6], a cylindrical - front cutter @20 mm - cutter with removable carbide pads and
cylinder - front cutter @20 mm - monobloc HSS cutter was used. The material
under processing is an aluminum alloy aged Rm = 300 N/mm?Z.

To create the part, the execution drawing was used, after which we created the
CAD program.

Figure 2: The execution drawing

External contour processing - cylindrical - front milling cutter - 320
mm - cutter with removable carbide pads

The parameters of the cutting regime were: vc = 500mm/min (Figure 2):

e depth of cut of 10mm apmax = 10mm

e cutting speed vc = 500 mm/min

e feed on the cutter ft = 0,23mm

e the number of teeth z = 4 teeth

e speed n = 15.923 rot/min (n= vc *1000/ n*d)

o forward speed vf = 14.649 mm/min ( vf = n * ft * z)
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Figure 2: Machining at cutting speed of 500mm/min

The parameters of the cutting regime were: vc = 200mm/min (Figure 3):

e depth of cut of 5mm apmax = 5mm

e cutting speed vc = 200 mm/min

e feed on the cutter ft = 0,20 mm

e the number of teeth z = 4 teeth

e speed n = 3.184 rot/min

o forward speed vf = 2.547 mm/min ( vf = n * ft * z)

Figure 3: Machining at cutting speed of 500mm/min
The parameters are represented in Table 1.

Table 1. External contour processing — cylindrical - front milling cutter - @20 mm - milling
cutter with removable carbide inserts

Vc n Vf fi dpmax
500 15.923 14.649 0,23 10
200 n=3.184 2.547 0,20 5

External contour processing — cylindrical - front milling cutter - 320
mm - HSS monobloc milling cutter

The parameters of the cutting regime were vc = 150mm/min, (Figure 4):

e depth of cut of 10mm apmax = 0.5 mm
e cutting speed vc = 180 mm/min
e feed on the cutter ft = 0,055 mm
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e the number of teeth z = 4 teeth
e speed n = 2.388 rot/min
e forward speed vf = 525 mm/min ( vf = n * ft * z)

The parameters are represented in Table 2.

Figure 4: Machining at cutting speed of 150mm/min

Table 2. External contour processing — cylindrical - front milling cutter - @20 mm - HSS

monobloc milling cutter

Vc n Vf fr dpmax
190 3025 665 0,055 1
150 2388 525 0,055 0.5

The programming language is sinumerik, see Figure 5. Linear and circular
displacements are used to realize the contours. For the contour processing the
software needs to define the direction of the cutter's movement in clockwise or
trigonometric direction. After this setting the parameters of the trimming regime

are set.
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Figure 5: Programming in sinumerik language

3. CONCLUSIONS

The CNC milling machine tested does not use coolant during machining. The
material being machined is cooled by compressed air only. This leads to
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overheating of the tools increasing the friction between the tool and the material,
and if the chipping regime is not appropriate the machined surface will also be
non-conforming. For the machining to be carried out in accordance with the
execution drawing, it is necessary to consider the cooling of the material and the
tools when calculating the parameters of the cutting speed.
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Abstract: In a previous paper we have studied some conditions for optimizing a spatial
system of spherical articulated bars at both ends and having a common end. Optimizations
have been studied in the case of adding two bars. In this work, only one bar is added, the
optimizations referring to the minimum displacement of the common point of the bars or the
minimization of tension in a certain bar.
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1. INTRODUCTION

In our previous paper [1] we discuss the case of a spatial system of bars at
which one adds two bars and wants to obtain a certain optimization based on a
criterion. The bars were spherically jointed at their ends. In the present paper
we add only one bar at the existent system of spatial bars and again we want
to optimize some parameters.

The references [225-] were described in [1] and they will not be presented
again here. The study is performed using the screw coordinates.

The working hypotheses are also presented in [1].
2. MATHEMATICAL MODEL

The mathematical model is captured in Fig. 1. Only one bar of the system is
presented. The angles between the straight bar OB and the three axes of

coordinates are a,, B;, and y,, respectively. The common point of the bars is

point O and at this point the force F acts (the components of this force being
F., F,, and F, on the three axes). Under the action of the force F the point O
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suffers a spatial displacement of components Ax, Ay, and Az, respectively.
The nominal length of the bar OB is |, but the bar may present an error of
fabrication so there exists a deviation & of its nominal length. The modulus of
elasticity of the bar is E;, while the area of the cross-section of the baris A.

Figure 1: Mathematical model

Proceeding as in [1] one may establish the following system of equations of
equilibrium

n n
(Z k, cos® o, +k_,, cos? ocm]Ax + (Z k; cosa., cosP, +k.,, cosa.,,, COS BMJAy

i=1 i=1

) ) (1a)
+ (Z k, cosa, cosy; +K.,, cosa,,, COS yn+lez =F,+ > _kd; coso; +K,,;5,.,c05a,,; |
i=1 i=1
(Z k; cosp, cosa,, +k_, CosB, , cos ocn+lex + (Z k, cos® B, +k_, cos? BMJAy
r::l i=1 n (1b)
+ (z k, cosB, cosy; +K,,, COSB, , cos Ym]AZ =F, +> ki cosB; +k,,,8,,,COSP,..
i=1 i=1
[Z k; cosy, cosa, +K,,, COSY,,, COS ocml]Ax + (Z k; cosy, cosp,; +K,.,, COSY,,, COS BM]Ay
i=1 n i=1 n (1C)
+ (Z k, cos®y, +K. ., cos’® ijAZ =F,+ > kd; cosy; +k,,.8,.,,€087,.;
i=1 i=1
where we considered that the extra bar is denoted by n+1, while
EA .
k =——, i=1Ln+1.
! l (2)

3. NUMERICAL SPATIAL SIMULATIONS

In the simulations we will consider that the original system has four bars, while
the fifth bar is the added one.

In the first case of spatial system of bars the following values are selected:
(modulii of elasticity of the five bars) E,=211x10%|N/m?], E,=211x10"|N/m?],
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E,=10"|N/m?|, E,=15x10"|N/m?|, E,=13x10"|N/m?], (the components of the
force F) F =10°[N], F,=13x10°[N], F,=-15x10°[N], (the variations of the
lengths of the five bars with respect to their nominal lengths) &; =2x10°[m],
8, =0[m], &,=-1x10°%m], &,=0[m], &;=1.1x10°[m], (the diameters of the cross
section of the five bars) d,=20x10°m]|, d,=25x10°[m], d,=40x10°m],
d, =45x10°[m], d,=35x10°[m], (the nominal lengths of the first four bars)
l, =1m], 1,=0.9[m], 1,=1.2[m], 1, =0.75]m], (the angles between the first four bars

and the axes of coordinates) alzg[rad], Blzg[rad], ylzg[rad], oczz%n[rad],
Bzzz—g[rad], yzzg[rad], asz%n[rad], B3:2—;[rad], v, =1166822188%rad], a4:§[rad],

B4z—g[rad], y4=g[rad], (the elastic constants of the bars, the formula for the

ndiz Eil
41,

i:ﬁl X5min :0'1[m]l X5max :05[m]l y5min :03[m]’ y5max :06[m]l Z5min :12[m]’
z.... =1.3[m] (the minimum and maximum values along the three axes inside

5max
which the point B, can be situated), dx=10°[m], dy=10°[m], dz=10°[m] (the
incremental steps along the three axes).

fifth one is similar but its length is not known at the beginning) k =

The second case of simulation is characterized by: E1:2.11><10“[N/m2],
E, =211x10%N/m?|,  E,=10%|N/m?|,  E,=15x10%[N/m?],  E,=1.3x10"|N/m?|,
F,=-13x10°[N],  F,=2x10°[N],  F,=25x10°[N], & =2x10°[m], &, =0[m],
8, =-1x10°[m], &,=0[m], &, =1.1x10"[m], d, =20x10°%m], d, =25x10°[m],
d, =40x10°[m], d,=45x10°[m], d,=35x10°%m], 1, =1m], 1,=09[m], I,=1.2[m],

o, = %n[rad], B, :Z—J[rad], v, =1166822188%rad], a, :%[rad], B, = —g[rad], Vo= g[rad],
2 —_—
k, = T;C:i E, =14, Xu=03m], Xum=07m], Vi =02[m], Vi =0.8m],

Zo =1.4m], dx=102%m], dy=107[m], dz=103[m].

In the first case the answers are as follows: |AX  =0.000042[m] for
o =1.490467rad], Bs=1.310279rad], and y,=0.273179rad]; |Ay| . =0.000060[m] for
o =1.490417rad], B;=1.31260frad], and y,=0.27096rad]; |Az| _ =0.0000000095[m]
for o, =1.485617rad], B, =1.31271]rad], and vs =0.272397rad];

[\/(Ax)2+(Ay)2+(Az)2j =0.002778]m] for a,=1.214063rad], B,=1.138389rad], and

vs =0.57697qrad]; |N,| . =0.047432[N] for o, =1.35065drad], B;=1.279144rad], and
vs =0.369401rad]; |N,| =0.163784[N] for o, =1.35894¢rad], PB,=1.150587rad], and
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vs =0.47681€rad]; |N;| . =975.8196[N] for o, =1.490843rad], B;=1.29330qrad], and
vs =0.28937€rad]; |N,| = =20013.398[N] for o, =1.49028¢rad], B;=1.318827rad], and
vs =0.265059rad]; |N,| . =0.003685[N] for o, =1.267034rad], PBs=1.25554frad], and
]

5
v, =0.44539rad|; (Z‘JNU =869505.071[N] for o, =1.193347rad], B, =1.280757rad]

i=1

In

and y, =0.48533(rad].

For the second case one obtains: |Ax| . =0.000001m] for o =1.310287[rad],
Bs =1.350817rad], and y,=0.344343rad]; |Ay| . =0.000539[m] for oy =1.314115rad
Bs =0.96562€rad], and y;=0.672543rad]; |Az| . =0.00000569[m] for o =1.27985grad

I
I

B, =1.21904{rad], and v, =0.46489]rad]; (\/(Ax)2+(Ay)2+(Az)2] ~0.002187[m] for

min

o =1.095497rad], Bs=1.020457rad], and y,=0.763004rad]; |N,| . =0.008567[N] for
o, =1.100687rad], Bs=1.38730frad], and y;=0.510199rad]; |N,| . =1.137601N] for
o, =1.35047€rad], By =0.971034rad], and y,=0.650114rad]; |N,| . =14419.090[N] for
o =1.095739rad], B, =1.020749rad], and v,=0.767847rad]; |N,| = =74.96161N] for
o =1.323614rad], PBs=1.194129rad], and v,=0.457567rad]; |Ng| . =0.000041N] for

5
o, =1.288224rad|, P, =1.00644drad], and v, =0.64781(rad]; (Z|Ni|j = 680762.2[N]
i=1 min

for o, =1.296047rad], B, =0.971863rad] and y, =0.675963rad)].

4. CONCLUSIONS

In this paper we have studied the minimization of the displacements (along
one direction or considering it by Euclidian norm) and of modulii of the
tensions in one particular bar or as sum of modulii. The reader may observe
that even in the particular cases the problem has an analytical solution, the
only possibility to obtain a solution being by use of numerical calculation. The
additional bar can have an end in a zone of space defined by a parallelepiped
for which one knows x.,, ..., z.,. Of course, depending on the problem this

zone may be another particular one (not necessary a parallelepiped, but a
sphere, an ellipsoid etc.) or may be a reunion of particular zones. The problem
may simplify in the planar case when only two equations are obtained, but
neither in this case may an analytical solution be obtained in the general
situation. In fact, analytical solution looks to be possible only for very
particular systems of bars.
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Abstract: Bio composites are biocompatible composites, having organic or inorganic
components in their composition. A 100% ecological bio composite material consists of a
matrix (resin) and reinforcement represented by natural fibers. The matrix can be from two
resources, i.e. renewable or non-renewable polymers. The matrix has a major importance in
protecting the reinforcement against exposure to the environment through mechanical and/or
chemical damage and for supporting the loads. The paper analysis the hybrid (basalt/flax) bio
composites for determination of mechanical properties on DMA tests, in order to evaluate
possibility to use the composite bio basalt/flax made of 8-ply flat woven laminates for realizing
exoskeleton for transport and weights handling and to compare the performance for the
stacking configurations considered.

Keywords: bio composites, natural fibers, mechanical, DMA

1. INTRODUCTION

The composites industry is in a permanent modeling, led by the market, by the
component materials and by their technology. The components of a composite,
the matrix and the fibers, play a significant role in the structure and contribute
greatly to the remaining on the market. Biocomposites are considered as new
materials from the fourth generation, having organic or inorganic components
[1]. Biocomposites have natural fibers as reinforcement in their structure,
being an alternative to composites reinforced with synthetic fibers (glass,
carbon)[2]. Depending on their origin, natural fibers can be obtained from
plants, animals or minerals. Used alone or in hybrid combinations with already
tested materials (glass fibers or carbon fibers), the organic materials can
improve quality by being lighter and visually attractive. Thus, flax can compete
with glass fibers due to the breaking resistance given by the long cellulose
fibers inside the stems of the plant. Natural fibers have good sustainability [3]
but they have disadvantages (sensitivity to moisture, their structure depends
on the growing conditions and the harvesting period), leading to an uncertainty
of the final properties as low thermal stability. Adherence to matrix and the
tendency to form agglomerates with resins implies the solutioning of
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manufacturing technological problems and a control of the behavior in the
intended applications [4]. Basalt fiber with mineral origin from volcanic rock is
obtained by extruding the melted material into fine fibers, used for reinforcing
composite with durability and good heat resistance.

The transport industry requires the movement and handling of heavy
materials. Adding a wearable could assist the transport activity or workflow in
some areas. Thus, the optimal design of the bio-composites used in
exoskeleton construction (for transport and weights handling), require to know
the mechanical properties of the component materials. For this, the influence
of the orientation and stacking sequences of the basalt and flax layers over
mechanical properties were evaluated, the results were compared with those
of carbon fiber reinforces plastics with same characteristics.

2. SPECIMEN PREPARATION AND METHODS

The influence of stacking sequences on the mechanical properties of
composites is recognized [5], the elastic properties of the composite are
dependent on the significant differences in the packaging of the laminae as
well as the laminae themself [6]. The fibers provide strength and rigidity and
act as reinforcement in composites and determine their properties. The
unidirectional fibers in the fabric structure obtained in two layers sewn
together give it improved mechanical properties. The rigidity of the laminate is
given by the twill 2/2 fabric and the twist-free threads. In the case of basalt,
the multiaxial fabric leads to a significant increase in the modulus of elasticity
and resistance, promoting them to construction of ships, cars, high-speed
trains, wind blades.

In the case of the studied biocomposites, for the evaluation of their mechanical
performances, plates having 295x205 mm? with a thickness of 5.38 mm for
flax and 3.45 mm for basalt were made by the vacuum infusion process with
eight layers of fabric for both types of fibers. The stacking order for flax was
[0°]s and [45°]s and for basalt it was [+45°/-45°]4 respectively [0°/90°]4. For
both materials, bioepoxy with 56% of plant source GreenPoxy 56 and multi-
purpose hardener series SD7561 with a high carbon content of vegetable origin
were used. In order to compare the performance of bio composites with those
of the carbon fiber reinforced polymer (CFRP), plates with dimensions of
295x205x3.20mm3 were made by the same process. The multilayer stacking
sequence of the T240 type pre-impregnated carbon fibers for FRP plates is face
and opposite surface [0°/90°] with intermediate layers {[0°]z and [+45°/-
45°],}. Table 1 shows mechanical properties of different bio fibers/CF.

Tablesl. Mechanical properties of different bio fibers/CF

Materials/ Vs Areal Tensile Strength Young's Elongation
width (mm) (%) weight of filament modulus at break
(g/m2) (MPa) (GPa) (%)
Flax- 5.38 30-35 200-350 500-900 50-70 1.5-4.0
Basalt - 3.45 50 620 3000-4840 79.3-110 3.1-3.2
CF - 3.43 45 193 3600-4100 235 2.8

Changing the stacking sequence generally modifies the parameters of the
composite and joining with adhesives generates a behavior that is influenced
98



both by the total stacking sequence, the sequence and the local distribution of
the layers near the interfaces. Dynamic mechanical analysis (DMA) specimens
were prepared in accordance with ASTM D5023 H41 for testing with DMA 242C
- Netzsch Germany, three-point bending test using Protheus software v.4.8.5
under sinusoidal cyclic loading. The maximum allowed dimensions of the
specimens are 50x10x5mm3. The viscoelastic properties of the specimens as
complex modulus of elasticity E’, the loss modulus E", the damping or loss
factor, tan 0, depending on the temperature were determined in the range of
25°C-250°C. The parameters obtained provide information on Vvitrification,
referred to Tg (glass transition), resulting from the cross-linking reaction. The
apparent activation energy for the glass transition process, at a preload of 6N
was determined for 1 and 5Hz in a temperature-controlled room.

The absence/presence of porosity in the samples were analyzed using the US
method. For this, the PHASOR XS equipment coupled with a phased array with
32 US sensors working at a frequency of 5MHz and a delay line was used.

3. RESULTS AND DISCUSSION

Through their microscopic structure, bio composites are made of fibers
embedded in a matrix, arranged with different orientations to the longitudinal
axis, forming a layered composite. Figure 1 shows the non-crimp biax fabric
used as reinforcements in bio-composites.

a A N
directional flax 0/90; b) basalt woven fibers 0/90/+45

Composite interaction with the ultrasounds (US) depends on the US energy but
also on its structure as the dimensions and cohesion of the fibers, the quality
and composition of the bio-resin, the moisture content, the temperature of the
environment and, in particular, the orientation of the wrapping sequences in
relation to US source. The time-of-flight method is the common technique in
US testing. From the time interval between transmission and reception, either
the speed of sound or the distance traveled is obtained. The effect of the
percentage of fibers (Vr ) in the composite mass and the orientation of the
fibers correlates with the speed of the longitudinal US waves as well as with
the attenuation of the US wave [7]. For the fiber content for flax alkali treated,
cr=2764m/s was obtained and for basalt c,=2556m/s. The porosity content of
the material is directly related to the pressure applied during the hardening of
the composite. The pressure regulation can control the volume of void content
in the first sequence. Here, the porosity was assessed by image analysis,
knowing that the degree of porosity is in linear correlation with the US
attenuation in composites (Figure 2). The displacement of the transducer and
establishing the tested location was achieved using an encoder.
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Figure 2: Combined A-scan and sectorial scan views for: a) flax; b) basalt; c) CF

The US tests were performed in approximately 20-25 areas of the bio and
carbon epoxy composites. It is possible to evaluate the way of distribution of
the fibers as well as the lack of delaminations/gaps. Thus, from figure 1b, it
can be seen that the basalt has a different arrangement of fibers near the
surface compared to those in the volume. It is found that flax and basalt fibers
have a higher attenuation compared to FRP, the US absorption coefficient is
defined as the energy absorbed reported to the total energy used [8].

The DMA tests performed for the samples show that the changes in the
dynamic mode of the materials under the vibration load with temperature
differ for the type of bio-composites compared to the carbon-based
composites. The mechanical properties as well as the effect of the frequency
on the viscoelastic properties of the composites are presented in figures 3-5.

o, an o, sl 11, wm
Iy ryrg | 1 [ a0 '\|| i B M2

C

The loss modulus E' (figure 3) measures the energy absorbed by the composite
during the oscillation cycle. For Vi=50% fibers E'=6GPa for flax and 15.8GPa
for basalts. It can be observed that, at the same stacking sequence, the
modulus of elasticity for basalt decreases much faster in the range of 80-100°C
compared to flax, while the loss modulus also for basalt fluctuated violently for
the same temperature range. This indicates that temperature has a significant
role on the interface’s properties and adhesion activity of the resin. The stress
is distributed equally in both directions. It is observed that the variation of E'
of the biocomposites is greater in the glassy region, so that later at a
temperature of 80°C it decreases due to the reinforced fiber that loses its
rigidity at elevated temperatures. The difference between the properties of the
composites with flax and basalt fibers after the temperature of 100°C is no
longer significant. The transition temperature to the vitreous state for both
types of fibers in this packaging does not differ significantly with frequency,
thus at 1 and 5 Hz for basalt T4={85.2; 86.6}°C and for flax T¢={80.4;
82.2}°C. The analysis shows that Ty represents the critical limit of good
functioning of the composite material. The advanced characterization provides
data for knowing the performance/limits of the use of bio-epoxy composites.
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Figure 4: Basalts and flax samples with stacking sequence [(0/90)]: a) E'; b)

.......

In relation to the packing mode, it can be observed that due to the presence of
fibers with [0/90]4 orientation, the flax and basalt composites in the vitreous
region have an increased storage modulus compared to figure 3. The same
behavior is noted for the E' and E" values at the 80-100°C range for the glass
transition region, E" provides information on the amount of energy dissipated
in the form of heat per oscillation cycle. The increased values may be due to
the 0° orientation of the fibers, knowing that the unidirectional shows an
increased stiffness. A slight increase in Tg={91.4; 92.8}°C for basalt and
Tg={83.6; 86.5}°C for flax at 1 and 5 Hz. As the material passes from the
vitreous state to the "highly elastic" state, the properties of the biopolymer
become predominant. Tand (damping) measures the impact properties of the
biocomposite. Tand for [0/90]4 has a lower value, because the bioepoxy resin
has a high molecular mobility that is stopped by the incorporation of fibers in
the given structure. Thus, the strong adhesion of the fibers to the matrix is
established, resulting in a uniformly distributed tension. The lower damping
curve for flax compared to basalt indicates that the material can absorb more
energy, becoming stiffer at a slightly higher temperature. The curves have a
high peak as the frequency increases. The DMA analysis of FRP in the
presented stacking mode, shows that as the temperature increases and at the
two vibration frequencies, the loss modulus E' respects the three transition
zones of the phases.

-5 PR - TE TR e gTTE T TR e e B C
Figure 5: FRP samples. a) E'; b) E"; ¢) (tand)

The vitrous state remains approximately constant up to 80°C so that then in
the vitreous state a slight increase can be noticed at a temperature of 125°C,
after which it decreases in the range [130-150°C]. For both directions of FRP
testing (given by the layout of the layers) the transition temperature to the
vitreous state is Tg={115.8; 119.3°C}.The orientation of the fibers seems to
reduce the variation range of T4 by a few degrees and therefore increases Tg4 as
the critical upper limit for safe design. The same behavior of rapid decrease of
E' is noted due to the reaction of the resin groups in the matrix. The loss
modulus curve fluctuates violently with temperature between [110-150°C], the
area demonstrating a high energy dissipation, the synthetic epoxy sample has
the peak at a higher temperature than the bio epoxy samples but having close
transition temperatures. FRP has a narrower width of the E" curve compared to
bio-composites. Tand which provides information on the fiber and matrix
interaction, measures the impact properties of FRP. The peak value is close to
that of the flax biocomposites with the sequence [0]s, demonstrating a high
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molecular mobility that is stopped by the incorporation of fibers in the given
structure. The strong adhesion of the fibers with the matrix, in the created
structure, results in a uniformly distributed tension.

4. CONCLUSIONS

The research demonstrated that the use of biocomposites with natural fibers ie
flax or basalts with the volume of fibers Vf=50% could replace with good
results the composites reinforced with carbon fibers in the face and opposite
surface structure [0°/90°] with intermediate layers {[ 0°]z and [+45°/-45°],} in
making the exoskeleton for transport and baggage handling. The prospects of
using basalt and flax fibers for the production of bio composite materials with a
complex of improved mechanical properties were highlighted. The volume
fraction of flax fiber/basalts is very important for establishing the quality of the
biocomposite designed for exoskeleton application. It directly affects both
mechanical performance and vibration resistance. The width of the curve could
suggest the degree of homogeneity of the composite. The informative
characterization parameters were analyzed the complex modulus of elasticity
E, the loss modulus E", which represents the viscous component of the
material and the damping or loss factor, tan 0, in a temperature range
following the dynamic behavior of the biocomposite after passing over
transition temperature to the vitreous state. The integration of monitoring
improves the understanding of the mechanical behavior of biocomposites, the
correlation of dynamic parameters with the dominant stresses in the realization
of the exoskeleton for transport and baggage handling could offer possibilities
for stress/damage prediction in these applications.
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Abstract: The need to increase the efficiency of aerodynamic engines and last generation
turbines (t>1200° C) have imposed new types of materials and coating techniques for the
realization of thermal barriers (TBCs). Yttria-doped zirconia (YSZ)-based TBCs are now
competing with new materials to provide durability and reliability. The research is focused on
the development of new TBC manufacturing techniques to improve the performance of YSZ. A
layer of zirconia, without intermediate thermally grown oxide (TGO), with micrometric
thickness of the deposition on an austenitic steel support, multilayered and doped with
nanometric particles in two phases, was investigated non-destructively. The results obtained
on the quality and adhesion to the support obtained by X ray diffraction (XRD) and scanning
electron microscopy (SEM) are compared with the electromagnetic ones (EM).

Keywords: ZrOz-ceramic coating, yttria, SEM, XRD, nondestructive testing

1. INTRODUCTION

In the evolution of industrial sectors involving gas turbines, the innovative
advances related to ceramic protective coatings at high temperatures, Thermal
Barrier Coatings (TBCs) are of particular importance. The literature includes a
large number of specialized works that provide information on some aspects of
the behavior of TBCs [1-3] at high temperatures. Among them, we also find
those focused on the comprehensive analysis of the mechanisms underlying
spalling ceramic zirconia ceramic as TBCs, in terms of material selection,
deposition techniques, performance evaluation, etc. TBCs are the most difficult
and delicate structures that must ensure the protection of engines from the
unwanted effects of extreme operating temperatures in power generating
units[4]. New generations of materials based on rare earths have been
developed in the manufacture of TBCs aiming to increase efficiency, improve
durability and reduce the cost of the life cycle [5],[6]. Ceramic coating (CC)
part of TBC creates a protective layer and together with the base material
forms a layered composite of refractory oxide with a small thickness (approx.
120-400um). The typical CC architecture has two layers, a top coating layer
that ensures thermal insulation, usually a ceramic with a low thermal
conductivity, and an antioxidized layer that ensures adhesion to the superalloy
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substrate (bond coat BC). TBC can be obtained through the atmospheric
plasma spraying (APS) process [7] or electron beam physical vapor deposition
(EB-PVD) technology in bi- or multi-layered structures and represent favorable
models for coatings [4]. Whatever the advantages/disadvantages of high-
performance TBC deposition methods, they must ensure superior resistance to
thermal shocks, erosion and excellent thermal efficiency. Besides these, the
implementation of TBC has the advantage of reducing the possibility of using a
variety of fuels (especially for stationary gas turbines). Zirconia (ZrOy)
stabilized with yttria (YSZ) is most often used as a material for thermal
coatings in engines due to its high resistance to thermal shocks, high oxidation
and thermal fatigue resistance up to 1150°C. The objective of the work is to
emphasize, by combining non-destructive evaluation (NDT) techniques
(electromagnetic EM, X-ray diffraction and SEM with Dispersive X-ray
spectroscopy), the effect of doping with nano particles Y03 of the YSZ ceramic
structure used as TBC.

2. MATERIALS AND METHODS

The most vulnerable part of a thermal barrier (TB) is the ceramic substrate
interface. Cracking due to high temperatures and intergranular stress of 316L
and 304L stainless steel is a critical problem. In the present case, the AISI
316L austenitic steel alloy (<0.03 %C as EN 14404), susceptible to
intergranular corrosion, is covered with YSZ ceramics considered TBC [8]. The
laminar structures of YSZ as TBC are analyzed to emphasize the improvement
of Zr coating-based ceramics properties as a function of addition of Re>0s3 in
the structure of the original ceramics. Ceramics ZrO> doped with rare earths
(RE) oxides is considered a good TBC material due to their advanced
mechanical properties such as low thermal conductivity (2.0 m-tK1 at 1100°
C), refractory, corrosion resistance, as high-fracture toughness and bulk
modulus, chemical inertness, and compatible thermal expansion coefficient]
with metallic support [9]. At the nanoscale, the main method of stabilizing the
tetragonal phase (t) is the introduction of Ce or Y as stabilizing component.
Pure yttrium oxide has high melting point; it is chemically inert and has an
excellent electrical insulation. In a deposition like TBC, the most sensitive part
is the substrate-ceramic interface, where t—m transformations occur that can
generate fractures under the influence of thermal shock. For YSZ ceramics, a
superior layer quality can be obtained by glazing when the surface can be
densified. CC were deposited onto AISI 316L samples [8], with 80x20x2mm?3
and were investigated through XRD, structure and SEM. The samples were
sandblasted using 50-80 grit alumina to improve adhesion of the deposition to
the substrate as well as to remove possible residues from the metal surface
[10]. The formation and evolution of flaws (dislocations, cracks, voids,
amorphous phases), as well as the interaction between grain boundaries (GB)
and flaws are of interest to the ZrO>. Among the intrinsic factors that govern
the superplastic response of ZrO> ceramics, chemical bonding state at GBs has
been reported, the research being focused on the intergranular fracture
surfaces of polycrystalline YSTZ [11]. Using YSZ ceramics, the quality of the
CC applied to the metal surface of the substrate increases. Figure 1 shows the
image of the ZrO; coating on AISI surface, emphasizing the region formed by
the CC before and after spraying with nano powder Y>0s. It can be considered
that the densification obtained by spraying closes the voids that affect the
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sandwich surface of the ceramic (figure 1b) which can lead to an increase in
thermal conductivity [12]. These regions that create a densification can also be
distinguished by microscopic visualization.

b

Figure 1: Support AISI 316L and sandwich of zirconia (a) for specimen with 0.2 mm thin
monolithic coating ZrO2 with addition of 20 % Y20s3; and (b) for specimen with sandwich
coating 0.25 mm ZrO2 with addition of 20 % Y203 and 0.005 mm Y20s.

3. RESULTS AND DISCUSSIONS
3.1. Microscopy and XRD analyses

The structures of YSZ layers appear porous (Figure 1a). The information about
the action of sandwich coating nano powder 0.005mm Y03 on the
densification and adhesion to the support of CC on SS was obtained from
Secondary Electrons (SE) images, as well as Backscattered Electrons (BSE)
images (Figures 2 a;b).
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Figure 2: SEM images specimen with voids counting for (@) coating 0.25 mm thick monolithic
coating ZrO2 with addition of 20 % Y203 and (b) sandwich coating 0.25 mm ZrO2 with addition
of 20 % Y203 and 0.005 mm Y20s.
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In order to establish the pore distribution, the obtained image was divided
equally to obtain three regions; region III includes the adhesion layer to the
support. The doping with Y203 caused a decrease in the number of large pores,
and in the middle of the coating layer (region II), a densification can be
observed. XRD experiments were performed at room temperature using a
Philips diffractometer. The phase composition and microstructural parameters
were determined using Fullprof software, Ceckcell was used for the spatial
group and network constants.

The diffractogram for the sample containing the layer of ZrO> doped withY>0s3
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Figure 3: XRD of films and SS 316 support Figure 4: XRD of films and ZrO> with yttria

These allowed the identification of the austenite maximumy(Figure 3) and of
the doping maxima t ZrO. (Figure 4). The composition as shown in figures 5
and 6 were obtained using Energy Dispersive X-ray spectroscopy (EDXS).
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Figure 6: EDXS of (ZrO2+20%Y:0s coating
and 0.005 mm Y203)

Figure 5: EDXS of (ZrO> + 20 % Y203 coating
thick monolithic sandwich - 0.2mm)

3.2. Electromagnetic methods

NDT is based on the EM method, which is a method applied to conductive
materials. The EM method consists in evaluating the interaction of the EM field
and the material, the dependence of the transducer impedance on the material
properties being known. Advantages such as high sensitivity automated
scanning, non-contact inspection and detection of material discontinuities
make this technique complementary to classical methods. The impedance
changes due to the densification of ceramics or small variation of thickness are
incoherent whereas the impedance changes due to defect extended spatially
(adherence to the support) of eddy current of the transducer used are
significantly. Experimental set-up is presented in figure 7. The working
frequency of the transducer is 105MHz provided by Agilent 4395A, the data is
acquired and stored on PC. Cracks may appear in the ceramic layer after
deposition due to the relaxation of residual stresses.
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Figure 7: Experimental set-up

The microstructure can present lamellar washes or flattened with microcracks
through washes or inter-washes. When scanning the surface of the sample, the
image provided through the transducer is amplified. The EM field generated by
the transducer propagates in the material as a wave with the wavelength

A=2né where §=./2/ wu,o , w=2f angular frequency,c electrical conductivity, Ho

vacuum magnetic permeability. The detection principle is similar to that of
near-field EM scanning microscopy [13].

In essence, it is about the technique of electron emission from the tip of the
transducer and the interaction with the sample. As a result, the extracted
electrons are ejected from the sample surface and detected by the transducer.
The "topographic images" determined by the intensity variations of the
secondary and backscattered electrons give a vertical resolution at the atomic
scale and a small nanometric lateral one. The transducer works as a detection
antenna transforming localized energy into electromotive forces.
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Figure 8: The amplitude of the emf induced in the reception coil of the EM transducer at the
scanning of the specimens: a) 0.25 mm thick coating ZrO2+20 % Y203; b) sandwich coating
0.25 mm Zr0O2 + 20 %Y203 and 0.005mm Y203

The images show the amplitude of the emf induced in the reception coil of the
EM transducer at the scanning of the surface of analyzed specimens. The
image in Figure 8a corresponds to 0.25mm thick monolithic coating ZrO>+20%
Y203, and shows, in addition to the lack of adhesion to the support, some
inhomogeneities of the microstructure, possibly both in CC and on the surface
of the support (SS AISI 316L). The image corresponding to the CC structure
with 0.25mm Zr0O2+20%Y203 and 0.005mm Y203, shows that doping with
yttrium nanopowder makes the voids more extensive while decreasing their
number, an observation in agreement with the SEM results (Figure 2).

4. CONCLUSIONS

The performance of CC based on zirconia doped with yttria can be increased by
densifying the ceramic coating with yttria nanopowders. The multilayered
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ceramic nanocomposite (realized as TBC) obtained by doping in two phases
with vyttria and structured in a gradient presents special characteristics
compared to the ceramic coating realized as a thermal barrier through
traditional YSZ. The reduction of the number of voids in the CC layer was
highlighted as well as a good adhesion to the support, without thermally grown
oxide (TGO) intermediate, of the CC layer with a micrometric thickness. The
optimization of the TBC deposition methods and the evaluation of the CC
performances, involves the analysis of the adhesion to the support and the
increase of the life span. Additional tests are needed on a larger number of
samples having CC with variable thicknesses and subjected to different
thermal treatments to establish the accuracy of the results. It is necessary to
establish a correlation between the decreasing number of voids and the
concentration of yttria nanoparticles.
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Abstract: In this paper is presented a comparative study for an eyeglass frame realized from
3D printed materials (PLA and PETG), as well as from existing eyeglasses frames on the
market made of plastic materials, which are the most widespread. For these frames, designed
and printed from new materials, made with the help of the Prusa type 3D printer, an optimal
weight to strength ratio could be obtained by using a corresponding printed material density.
Both the frames that are on the market and the printed ones were subjected to mechanical
bending tests, thus having a comparative analysis of the mechanical properties. PLA's benefit
as a bio-plastic is its versatility and the fact that it naturally degrades when exposed to the
environment. PETG is a material with a unique mixture of qualities, it is readily available and
relatively cheap, with a high allowable stress, being easily recycled, transformed into the
original resin, and also it is very glossy.

Keywords: bending test; eyeglasses frame, 3D printing material, stress, PLA and PETG

1. INTRODUCTION

Plastic materials are macromolecular synthetic products, used in industry due
to the high plasticity and favorable properties of the processed parts, having as
advantages: low volumetric mass, good electrical and thermal insulation
properties, high resistance to the action of chemical agents, increased
capability of processing through multiple technological processes, low price. At
the same time, their use is limited, with certain disadvantages: relatively low
mechanical properties, non-degradable, which creates serious pollution
problems, the properties are not preserved at high temperatures, relatively
high expansion coefficients, by burning they release toxic products.
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Plastic is also used in the manufacture of eyeglass frames. Eyeglass frames
made of plastic are available in a wide variety of designs, shapes and colors.
Several types of plastic are available. A big advantage of plastic frames is that
they are lightweight and can be found in different shapes and colors.

Poly-lactic acid or PLA is a biodegradable and bioactive thermoplastic derived
from renewable sources such as corn starch or sugar cane. It is formed by the
polymerization of lactic acid and stands out from conventional plastics due to
its exceptional biodegradability and due to the fact that it can be turned into
compost.

Another studied material, PETG Print filament, is tougher. It has a very high
impact resistance and good flexibility. This filament does not release toxic or
irritating vapors when printing. PETG Print has good adhesion between layers,
which makes printing extremely easy. Due to the high quality and lack of
additives, this filament can be printed in a wide temperature range.

Table 1 presents the comparison between the selected materials, based on [1].

Tablel. Comparison of traditional plastic, PLA, PETG [1]

Material properties Plastic PLA PETG
Biodegradability No Yes No
Transparency Low High High
Strength and rigidity Good Good Excellent
Heat resistance High Moderate High
Production Fossil fuels Renewable Sources Fossil fuels
source (Petrol) (Plants) (Petrol)
Environmental Increased carbon Reduced carbon Increased carbon
Impact footprint footprint footprint

2. EXPERIMENTAL BENDING ANALYSIS OF SELECTED MATERIALS

In the framework of the tests presented in this paper, the mechanical
properties [2] for the glasses frames were obtained. Existing plastic frames on
the market and frames made with 3D printing, using PLA and PET-G materials,
were tested. All the frames were submitted to the bending test.

Figure 1 presents samples of glasses frames subjected to bending test.

Figure 1: Glasses frames and arms subjected to bending test
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In the case of bending, the results were obtained automatically in the program
used by the bending test machine. This software allowed the statistical
calculation of average values for: longitudinal modulus of elasticity E, bending
stiffness, admissible stress at maximum load, specific deformation of the
specimen, deformation (from the initial value to the maximum value),
mechanical work performed (of to the initial value to the maximum), the load
at breaking, the stress at breaking, the deformation at breaking, the stress at
maximum deformation.

Additionally, a theoretical study (with the Finite Element Models - FEM) was
carried out for the 2 printed materials, so that a result can be obtained much
faster regarding the changes that appear in the material.

The results for the finite elements analysis and for the tests are presented in
Table 2 and Table 3.

Table2. Finite elements model analysis results

Material PETG PLA
Maximum deformation [mm] 2.19 1.41
at 10 N applied force
Maximum deformation [mm] 2.10x67/10= 14.67 1.41x70/10=9.87
extrapolated to test maximal load
Maximum stress [MPa] 5.86 5.87

Table3. Test analysis results

Material PETG PLA
Maximum deformation [mm] 15 10
(linear elastic zone)
Maximum load [N] 67 70

(linear elastic zone)

2.1. FE Model - Geometry

The finite elements model (FEM) pre-processing and post-processing are
realized in MSC Patran 2019, while the static linear analysis (SOL 101) is
carried out in MSC Nastran 2019.

The mesh is done on the median surface of the geometry presented in Figure
2. The median surface is meshed with 2D Shell elements (with hybrid quad4
and tria3 topology) and has a general global element edge length of 1 mm.
Plate thickness, defined in the FE properties is 5 mm. Since the material
properties are not varying with the thickness, the shell approach is applicable.

..

Figure 2: Model geometry
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The selected materials are defined as isotropic materials based on the technical
sheets provided by the manufacturers:

Prusament PLA / Prusa Polymers, named hereafter PLA
o] Longitudinal elasticity Modulus 2200 MPa
o] Tensile Yield Allowable Strength = 50.8 MPa

Prusament PETG / Prusa Polymers, named hereafter PETG
o] Longitudinal elasticity Modulus 1500 MPa
o] Tensile Yield Allowable Strength = 47.0 MPa

For an improved modelling, the PLA material is defined additionally also as a
composite material (laminate material), with a stacking layup of 10 plies of
0.5mm each, with different orientations as presented in the Table 4. The plies
at 0 degrees are aligned with the longitudinal direction.

Table4. Layup of the PLA composite material model

Material Ply orientation in stacking [deg.]

Layup 1 0/45/0/-45/90/90/45/0/-45/0

2.2. FE Model - Loads

Two load cases are defined, based on a selection of possible realistic scenarios,
considering ear and nose side loading and clamping.

In both selected scenarios, a load of 10 N (equivalent of a force exerted by a 1
kilogram weight) is applied in a specific location as presented in Table 5.
Function of the load application point, the model is constricted (movement is
restricted for all 6 degrees of freedom) at critical locations, as presented in
Figure 3, leading to a conservative analysis.

Table4. Layup of the PLA composite material model

Load Fixations - Fixations - Load Load Load
Case Blocked DOFs Area (Zone) Value Direction Area (Zone)
1 All 6 nodes in A 9x1.11=10N negative Z nodes in B
2 All6 nodes in C 6*1.66=10N negative Z nodesin D

Fix6é DoF

Area A
Fix6 DoF

Load case 1 Load case 2
Figure 3: FE Model - Load cases definition

2.3. FE Model - Results

At post-processing stage, the von Mises stresses are extracted for each
material and each load case listed above, and the results are summarized in
Table 5. The Figures 4, 5 and 6 present typical deformations and stresses for
the 2 selected load cases.
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Table5. FE Model results

Load Material Material Thickness Maximum Von Mises Allowable
Case Definition Displacement Stress Z1/2Z2 Stress
[mm] [mm] [MPa] [MPa]
1 PETG Isotrop 5.0 8.03 37.62 47.0
1 PLA Isotrop 5.0 5.49 37.75 50.8
1 PLA 2D Composite 0.5x10 5.49 30.13 50.8
2 PETG Isotrop 5.0 18.54 35.97 47.0
2 PLA Isotrop 5.0 12.65 36.00 50.8
2 PLA 2D Composite 0.5x10 12.65 30.69 50.8

Deform SC1 LCY, A1 Static Subcase, Displacements, Transiatonal,  (NON-LAYERED)

Figure 4: Deformation - Load Case 1 (side and isometric view), PLA material, 2D isotropic

Detorm: ST2/L.C2, A1°Static Subcase, Displacements, Translstional, | (NON-LAYERED)

Y
Pavan 2010 13-Niw-22 05347 2
Friage SGTLCT AT Statn Huome Syess Tonscr, von Mis Mioswm, 2 of 2 ayes P
R, w0

Figure 6: Von Mises Stress - Load Case 1, PLA material, 2D isotropic
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3. CONCLUSIONS

The eyeglass frames, both made of plastic materials and printed with the help
of the 3D printer, were subjected to the bending test, thus obtaining their
mechanical properties (Yield tension allowable Fty, Longitudinal Elasticity
Modulus E, Strain and Stress).

Finite element method (FEM) analysis is a complex process, which involves
going through some well-defined stages. Another important aspect is to have
the technical sheet of the material, so that depending on its structure, the
product can be analyzed, thus replacing the experimental analysis, reducing
the time required, as well as the consumption of materials.

Also, care must be taken not to exceed the admissible yield stress, because
above this value, the material enters the yield zone and residual deformations
occur, possibly causing cracks between the layers.

Both quantitatively and qualitatively, the solutions offered by the finite element
method are close to the real behavior of the piece, but depend to a great
extent on the modeling and solving capabilities offered by the used software.
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Abstract: This study investigates the effect of the build plate temperature on the tensile
strength of PLA products manufactured by FDM 3D printing. Tensile tests were conducted on
specimens printed at 40°C, 60°C, 80°C, and 100°C using different colored PLA filaments
(natural, black, red, and gray) aiming to analyze the combined influence of temperature and
pigment. Results show that higher bed temperatures enhance interlayer adhesion, improving
mechanical strength, but also increase the risk of deformation. The research provides
recommendations for optimizing the printing parameters, contributing to the development of
more sustainable and efficient 3D printing techniques for PLA.

Keywords: FDM (fused deposition modeling), build plate temperature, PLA (polylactic acid),
filament color, tensile strength.

1. INTRODUCTION

Additive manufacturing is increasingly being used for the production of
functional components, allowing for a rapid transition from the 3D model to the
physical part. Compared to other manufacturing technologies, 3D printing,
which relies on layer-by-layer construction of objects, enables geometric
optimization both externally and internally [1]. This provides flexibility in
adjusting the material distribution according to the specific demands of the
part.

The FDM (Fused Deposition Modeling) technology is one of the most accessible
and popular 3D printing methods, due to its low cost and ease of use. This
technology is widely used for producing prototypes and final components in
various industries, including automotive, aerospace, electronics, and medical
fields [2-4]. In this context, understanding how the process parameters used

115



in printing influence the mechanical properties of the final parts becomes
essential.

Among the process parameters that directly influence the properties of printed
parts is the print bed temperature. An appropriate bed temperature can
improve the adhesion of the first layer to the surface, preventing warping or
detachment of the part during the printing process. Additionally, the cooling
speed of the filament is essential for forming the crystalline structure of the
material. Cooling too quickly can lead to a disordered crystalline structure,
thus weakening the strength of the final part. Moreover, temperature
variations can generate internal stresses, affecting the mechanical integrity of
the part [5-14].

The color of the filament used also has a direct influence on the properties of
printed parts. Previous research [15,16] has revealed that the filament color
affects the tensile strength of samples made from PLA (polylactic acid), making
it an important parameter when aiming for high strength in printed parts.

The present work aims to investigate the influence of the print bed
temperature and filament color on the tensile strength of samples made from
PLA using FDM technology.

2. METHODS AND MATERIALS

For the tensile tests, we used "dogbone" type specimens in accordance with
the ISO 5271:2019 standard, which we created in SolidWorks software and
then imported into the Ultimaker Cura program. There, we established the
process parameters and generated the numeric code for printing them. Figure
1 shows the dimensions of the specimen used for testing.

170 4

10

20

Figure 1: Testing specimen according to ISO 527-1:2019

For printing the specimens, we used an FLSUN V400 model printer, as shown
in Figure 2a. The printing was conducted in a controlled environment (enclosed
printing), using four filaments of different colors (natural, black, red, and
aluminum grey) produced by Verbatim.

To highlight the influence of the print bed temperature and filament color on
the tensile strength of samples made from PLA using FDM technology, we
printed a batch of 80 specimens (20 specimens for each color). The process
parameters are presented in Table 1. The process parameters were kept
constants for all fabricated specimens, except for the print bed temperature,
where we selected four critical temperatures for the study (40, 60, 80, and
100 °C), based on experience and the consulted literature.
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Table 1. Process parameters used

Material PLA Natural/transparent, black, red, gray
Filament diameter 1,75 mm
Nozzle diameter 0,4 mm
Printing head temperature 210 °C
Build plate temperature 40, 60, 80, 100 °C
Layer thickness 0,20 mm
Printing speed 50 mm/s
Orientation according to ISO/ASTM YX
52921:2013
Raster angle, 6 45°/-45°
Infill density 100 %
Number of contour lines 2

To establish the influence of the print bed temperature and filament color on
tensile strength, we subjected the entire batch of specimens to tensile testing
using a Mecmesin MultiTest 2.5-dV machine (Figure 2b), with a testing speed

of 10 mm/min.

a. FLSUN V400 model printer

3. EXPERIMENTAL RESULTS

b. Mecmesin MultiTest 2.5-dV
Figure 2: Equipment used

The experimental results obtained for the PLA specimens printed at different
print bed temperatures reveal the following:

1) In the case of the transparent specimens, as the print bed temperature
(Tp) increased, the tensile strength also increased, reaching a maximum
UTS value at a temperature of 100°C (49,85 MPa). This value is 4,8%
higher than that measured for Tp=40°C (47,57 MPa);

2) For the black samples, as the printing plate temperature increased, the
tensile strength also increased, reaching a maximum UTS value at a

temperature of 100°C (53.35

MPa), which is 2.3% higher than that

measured for Tp=40°C (52.15 MPa);
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3)

4)

Regarding the red specimens, as the print bed temperature increased,
the tensile strength varied between 50,03 MPa (at Tp=60°C) and 53,19
MPa (at Tp=80°C). A maximum UTS value was recorded at a
temperature of 80°C (53,19 MPa), which is 3,4% higher than that
measured for Tp=40°C (51,42 MPa);

In the case of the gray specimens, as the print bed temperature
increased, the tensile strength varied between 47,76 MPa (at Tp=40°QC)
and 49,41 MPa (at Tp=100°C), reaching a maximum UTS value at a
temperature of 100°C (49,41 MPa). This value is 3,4% higher than that
measured for Tp=40°C (47,76 MPa).

To highlight the influence of the filament colorant on the mechanical properties
of the tensile specimens printed while varying a single printing parameter, the
tensile strength values were represented on the same graph as a function of
the set print bed temperature for the four colors of PLA filament (Figure 3).

The main findings resulted from analyzing Figure 3 and the experimental
results are as follows:

The color significantly influences the properties of PLA, as different UTS
values are obtained for the same print bed temperature depending on
the material color. The maximum differences were found to be 7,79% at
a print bed temperature of 60°C (UTS PLA black/UTS PLA natural) and
10,67% at 80°C (UTS PLA red/UTS PLA gray).

For print bed temperatures of 40-60°C, a higher UTS value was recorded
for the black PLA specimens, while the lowest UTS value belonged to the
transparent specimens.

At a print bed temperature of 80°C, the best tensile strength was
achieved by the red specimens (53,19 MPa), while at 100°C, the black
specimens had the highest tensile strength (53,35 MPa). In contrast, the
gray specimens recorded the lowest strengths within this temperature
range (48,09 MPa at 80°C and 49,41 MPa at 100°C).
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Figure 3: Variation of tensile strength as a function of print bed temperature
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4.

CONCLUSIONS

Summarizing the results obtained, the following conclusions can be drawn:

1)

2)

3)

The temperature of the print bed significantly influences the tensile
strength of FDM-printed products made from PLA. Generally, as the
temperature increases, the mechanical strength also increases, but the
increases relative to the reference temperature (40°C) are relatively
small. In this study, these increases ranged from 2,3% (black PLA) to
4,8% (colorless PLA).

The color of the PLA filament has a significant influence on mechanical
strength. For the same print bed temperature but different filament
colors, differences in UTS values were obtained, ranging from 7,79% to
10,67%.

The choice of the optimal print bed temperature should be made in
relation to the type of filament used. For the colors utilized in this study,
the recommended temperatures to achieve maximum UTS values are:

— Colorless PLA - 100°C;
— Gray PLA - 100°C;

— Red PLA - 80°C;

— Black PLA - 100°C.

However, it should be noted that the experiments focused exclusively on
tensile strength, without considering the correlation between print bed
temperature and other properties of the printed products (such as, for
example, dimensional accuracy).
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Abstract: The paper presents the analytical results obtained for the eigenvalues of a thin
rectangular plate simply supported on two opposite sides and clamped on the other two for
different ratios of the sides of the plate a/b, from 1/3 to 3. The obtained eigenvalues are
necessary for the calculation of the natural frequencies of the plate and for the representation
of the modal shapes. Considering the sides are simply supported at x=0 and x=a, the results
indicate a strong change in the eigenvalues for ratios a/b<1, respectively a slight change for
a/b>1, changes that influence the natural frequencies and the modal shapes of the plate.

Keywords: rectangular plate, eigenvalues, dynamic behavior

1. INTRODUCTION

Plates are of particular importance in mechanical engineering, as many
structures are made up of plates of various shapes and sizes [1]. A plate is a
solid body that has one of its dimensions (thickness, noted with h) smaller
than the other two (length and width, noted with a and b) and can be thought
of as the materialization of a surface, just as a bar is the materialization of a
line [2]. According to the literature, for a plate to be considered thin, the
condition must be met: min(a, or b)/h>5. If this ratio is smaller than 5, then
the plate is thick [3].

121


mailto:zeno.praisach@ubbcluj.ro
mailto:nicoleta.bacescu@stud.ubbcluj.ro
mailto:ionela.moatar@ubbcluj.ro
mailto:cristian.tufiși@ubbcluj.ro

The paper presents the evolution of the eigenvalues for a thin rectangular
plate simply supported on two opposite sides and clamped on the other two,
for different values of the a/b ratio.

2. ANALYTICAL MODEL

Let's consider a thin rectangular plate (fig. 1), simply supported (SS) along the
y direction at: x=0 and x=a. The thickness of the plate is denoted by h, and
the other two dimensions are denoted by a and b, along the x and y directions.
The plate is fixed (C) along the x direction at: y=0 and y=b.

W(x.y)

Figure 1: Rectangular plate simply supported (SS) along two opposing edges and clamped (C)
on the other two.

In the case of flat plates, the equation of motion [1] is:

(1)

W (x, vy W (x,v) 9 *W(x,v
D( (r})+2 (r})Jr (x,¥)

5'_?(4 axza}rz ay,.q. ) _ thZW(.l’,y) = 0

where,

W(x,y)=X(x)-Y(y) is the motion function along the x and y directions;
__En®
12(-v*) [Nm] is the stiffness of the plate;

v is Poisson's ratio;

E [N/mZ] is the longitudinal modulus of elasticity;
p [kg/m3] is the density of the plate material;

o [rad/s] is the pulsation;

X(x) and Y(y) are chosen as the fundamental modal shapes of the beams
having the plate boundary conditions.

The boundary conditions for simply supported edges are:

9*W(0,y) 9*W(a,y) (2)
dx?2  9x? =0

Solving the system of equations (2), it obtains the solution from the simply

supported beam (3), respectively (4) for the plate [4]:

X(x) = sin (?x) (3)

W(,y) =W(ay) =
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1) = T 1 E (4)
Wi(x,v) =Y(v) .S'H’l( " x)
Substituting (4) into relation (1), it can be written in the form:

(5)

d*Y(y) mm\2d?Y(y) mm\*  ph
o 2(0) T [(?) D
We make the substitution:

2] Y(y) =0

4 (6)
Y(y) = Z CieA‘%
i=1

and inserted into (5), the following relation is obtained:

(7)

where,

P (8)

2
(2 (5

represent the eigenvalues of the modal shapes, respectively of the natural
frequencies, and:

b b 9
Ay :Emrw’K'—l- 1 Az :Emrw’K —1 ©)

represent the dimensionless wave numbers. Under these conditions, the
function Y(y) can be written:

y . y y . y
Y(y) = Acosh (}11 E) + Bsinh (}11 E) + Ccos (}12 E) + Dsin (}12 E) (10)
The boundary conditions for clamped edges are [5]:
dY(0 dY(b 11
Y(0) = Y(b) = © _ ():0 (11)
dy dy

and by solving the system (11) we obtain the frequency equation (12) whose
solutions give us the eigenvalues (8) and the dimensionless wavenumbers (9):

2A,2;[cos(A;)cosh(A,) — 1] + (322 — ﬂlz)sin(ﬂz)sinh(ﬂl) =0 (12)

3. RESULTS

To obtain the eigenvalues and the dimensionless wave numbers, the following
steps are performed:

- in relation (9), consider m=1, give values to K, calculate A1 and A so
that they are solutions for the characteristic equation (12);

- the first value of K that provides a solution for the characteristic equation
corresponds to the vibration mode m=1, n=1; the second value of K that
gives the solution to the characteristic equation corresponds to the
vibration mode m=1, n=2, and so on, up to the desired n value;
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- in relation (9), consider m=2, give values to K, calculate A1 and A, so
that they are solutions for the characteristic equation (12) for vibration
mode m=2, up to the desired vibration mode n;

- the process continues until the desired vibration mode m.

As can be seen from (9), the dimensionless wave numbers are a function of
the aspect ratio of the rectangular plate, b/a. On this basis, the paper presents
the evolution of the eigenvalues for the rectangular plate for a/b ratios from 3
to 1/3. On this basis, the paper presents the evolution of the eigenvalues for
the rectangular plate for ratios a/b from 3 to 1/3, respectively for a/b=3, the
edge a is clamped over a length three times greater than the simply supported
side b, and for a/b=1/3, the edge a is clamped over a length three times
smaller than the simply supported side b.

Figures 2 and 5 show the evolution of eigenvalues and dimensionless
wavenumbers for vibration modes m=1, ..., 8 and n=1, ..., 10 for aspect ratios
a/b from 1/3 to 3.

1. CONCLUSIONS

For the considered thin rectangular plate model, the following conclusions can
be drawn from the analysis of the obtained results presented in the figures 2
to 5:

- eigenvalues and dimensionless wave numbers do not take into account
the nature of the material from which the plate is made, nor its
thickness, and only the aspect ratio, length and width;

- eigenvalues and dimensionless wave numbers values increase as the
vibration modes n increase and as the vibration modes m increase, the
eigenvalues Kn,m decrease;

- regardless of the mode of vibration, for ratios a/b<1, the eigenvalues Kn
show a small increase, while the dimensionless wave numbers show a
pronounced increase, a phenomenon that reverses for a/b>1;

- it can be seen that the dimensionless wave numbers A2 have a maximum
for a/b=1 (a square shaped plate), after which they start to decrease.
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Abstract: The paper presents the analytical results obtained for a thin rectangular plate with a
damage from the point of view of the dynamic behavior. The damage can occupy any position
on the plate surface, and the change in natural frequencies is presented for the normalized
values by the ratio between the natural frequency of the damaged plate and the natural
frequency of the healthy plate. The paper presents two cases of analysis: the rectangular plate
simply supported on all sides and the plate simply supported on two opposite sides and
clamped on the other two. Changes in natural frequencies are illustrated as 3D surfaces and
provide an overview of the dynamic behavior of the plate when the damage can occupy any
position on the plate.

Keywords: rectangular plate, damage, natural frequencies, mode shape

1. INTRODUCTION

Damage detection is a major problem that concerns many researchers, who
use analytical and experimental methods [1]. Structure monitoring methods
can be global or local. Global methods evaluate the conditions of the entire
structure simultaneously, while local methods provide information about a
relatively small region of the structure [2].
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The paper presents a global analytical method for the detection of damages in
thin rectangular plates by comparing the normalized strain energy with the
ratio of natural frequencies for the structure with the damage and the healthy
structure.

The paper presents two cases of support of an equal-sides, namely: the plate
simply supported on two opposite sides and clamped on the other two
(denoted as SS-C-SS-C, and the plate simply supported on all sides (denoted
SS-SS-SS-SS).

2. SUPPORTED RECTANGULAR PLATE TYPE: SS-C-SS-C

Let's consider a thin rectangular plate (fig. 1), simply supported (SS) along the
y direction at: x=0 and x=a.

The thickness of the plate is denoted by h, and the other two dimensions are
denoted by a and b, along the x and y directions. The plate is fixed (C) along
the x direction at: y=0 and y=b. The ratio a/b=1, i.e. the plate is square.

Wix.y)

Figure 1: Rectangular plate simply supported (SS) along two opposing edges and clamped (C)
on the other two.

In the case of flat plates, the normalized modal shape function is [3, 4]:

(1)

! 7 cos(p — coship
Wm.n(x-}’) =3jcos (pgn%) — cosh (foln %) ~ 5 ( Zn) ( 1n)
2n sin(ﬁzn) - Smh(ﬁln)

n

) [Eln <in (Pzn %) — sinh (,01,ft %)] sin (m;rx)

2n

where,
p1, p2 are the dimensionless wave numbers;
m, n are the vibration modes numbers along the x and y directions.

Considering the relationship [5, 6] deduced from the beams that allows us to
calculate the natural frequencies for the beam with a damage (fp) as a function
of the natural frequencies of the healthy beam (fy) and the normalized strain
energy:
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where, vy is the severity of the damage.

For the considered case, it can be deduced that the ratio of these frequencies,
considering that the severity y=1, and taking into account the strain energy of
the thin plate, gives:

fo _ 1 [(07Wun®) | 9°Winn () (3)
R dx? T ay?

7=

2

2
0 Wy (x) ) * W (v) . (SZWmln(x.}’)) ” € [0, ..., 1];

—2-v) [ dx? dy? dxdy
where, v is the Poisson coefficient.
3. SUPPORTED RECTANGULAR PLATE TYPE: SS-SS-SS-SS

Let's consider a thin rectangular plate simply supported (SS-SS-SS-SS) all
around.

The normalized modal shape function [3, 4] is:

F*Wyn(x,3) 4 (mn)2 i (H!R’X) - ein (nﬁ}’) (4)

8x20y? ab b

The ratio between natural frequencies for the rectangular plate with a damage
and the natural frequencies of the healthy rectangular plate considering that
the severity y=1, is given by relationship (3).

4. RESULTS

Based on relations (1), (3) and (4), figures 2-7 show the modal shapes and
natural frequency changes for the rectangular plate when a damage appears
on the plate regardless of the location of the damage.

Figures 2, 3 and 4 show on the left side the modal shapes for vibration modes
m=1, n=1; m=1, n=2; m=3, n=1 for the rectangular plate with the aspect
ratio a/b=1, simply supported on two opposite sides and clamped on the other
two (SS-C-SS-C), and on the right side of the figures, are illustrated the
evolution of the normalized natural frequencies by the ratio fp/fu, according to
the relationship (3), regardless by the location of the defect.

For the same vibration modes (m=1, n=1; m=1, n=2; m=3, n=1), for
comparison, figures 5, 6 and 7, show on the left side the modal shapes for the
rectangular plate with the aspect ratio a/b=1, simply supported on all sides
(S5-S5-5S-SS), and on the right side of the figures, are illustrated the
evolution of the normalized natural frequencies by the ratio fp/fu, according to
the relationship (3), regardless by the location of the defect.
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Vibr. mode Mode shape Change in normalized natural frequencies
m= 1 alongxaxis with damage location

2 4
n= 1 along yaxis

Figure 2: Vibration mode shape (left) for m=1, n=1 of the rectangular plate SS-C-SS-C and
the changes in the normalized natural frequencies with the location of the damage (right).

Vibr. mode Mode shape Change in normalized natural frequencies
m= 1 along x axis y with damage location
n= 2 along y axis o=

Figure 3: Vibration mode shape (left) for m=1, n=2 of the rectangular plate SS-C-SS-C and
the changes in the normalized natural frequencies with the location of the damage (right).

Vibr. mode Mode shape Change in normalized natural frequencies
m= 3 alongxaxis with damage location
n= 1 along y
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Figure 4: Vibration mode shape (left) for m=3, n=1 of the rectangular plate SS-C-SS-C and
the changes in the normalized natural frequencies with the location of the damage (right).
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Vibr. mode

Change in normalized natural frequencies
m= 1 along x axis with damage location
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Mode shape
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Figure 5: Vibration mode shape (left) for m=1, n=1 of the rectangular plate SS-SS-SS-SS and
the changes in the normalized natural frequencies with the location of the damage (right).

Vibr, Mode
m= 1 along x axis

Mode shape Change in normalized natural frequencies
with damage location
n= 2 alongy axis -

Pu™
Pin=
a/b=

Figure 6: Vibration mode shape (left) for m=1, n=2 of the rectangular plate SS-SS-SS-SS and
the changes in the normalized natural frequencies with the location of the damage (right).

Vibr. Mode

m= 3 along x axis
n= 1

Mode shape Change in normalized natural frequencies

with damage location
along y axis

Figure 7: Vibration mode shape (left) for m=3, n=1 of the rectangular plate SS-SS-S5-SS and
the changes in the normalized natural frequencies with the location of the damage (right).
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5. CONCLUSIONS

For the considered thin rectangular plate model, with the ratio a/b=1 of the
sides, the following conclusions can be drawn from the modal analysis of the
obtained results, it can be concluded that:

The normalized modal functions (1) and (4) for rectangular plates
represent the product of the modal functions from the beams in the two
directions x and y for which the same boundary conditions are imposed;

For the two types of supports of the rectangular plate, the modal shapes
illustrated in figures 2 — 7, do not show significant differences in terms of
appearance, although the modal functions (1) and (4) are totally
different;

Relation (3) presents a general form for obtaining the natural
frequencies when a plate is damaged depending on the natural frequency
of the healthy plate, regardless of the location of the damage;

For the two types of supports of the rectangular plate, the changing of
the natural frequencies of the damaged plate shows a significant
difference in terms of appearance for the same vibration mode, although
the relationship (3) is the same.

From the point of view of the dynamic behavior, at the occurrence of a
damage on the plate, the influence of the clamped sides (figures 2 - 4)
for the SS-C-SS-C plate is much more pronounced compared to (figures
5 - 7) the case of the plate simply supported on all sides (SS-SS-SS-
SS).

The paper presents an analytical solution for detecting and localization of a
damage in a rectangular thin plate by using a global method considering the
dynamic behavior of the structure.
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