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Abstract 

 

In this work, we make a comparative study of the 

photoluminescence (PL) obtained from the structures 

formed by  carbon nanotubes (CNTs) and graphene oxide 

(GO) deposited by Spin Coating on  silicon rich oxide 

(SRO) thin films which were obtained by hot filament 

chemical vapor deposition (HFCVD) technique. The 

objective of building these hybrid structures is to increase 

the photoluminescence response. The PL measurements 

show that the CNTs-SRO heterostructures exhibit a stronger 

photoluminescence when compared to that obtained from 

the GO-SRO heterostructure, similar behaviour exhibit the 

GO-CNTs/SRO ones when compared to the CNTs-

GO/SRO ones. It is worthy to note    that the CNTS-SRO 

structures PL displays blue light emission, while green light 

emission is present in the CNT-GO ones. By deconvolution 

of the PL spectra, we identify the emission mechanisms 

present in graphene oxide, carbon nanotubes layers and the 

silicon rich oxide films. Due to the good properties of PL 

exhibited by the CNTs-SRO and GO-CNTs/SRO 

structures, they are excellent candidates to be applied in the 

field of photonic and electroluminescent devices. 

 

 

SRO, HFCVD, Photoluminescence 

Resumen 

 

En este trabajo, se realizó un estudio comparativo de la 

fotoluminiscencia (FL) de nanotubos de carbono (CNTS) y 

óxido de grafeno (GO) depositados por Spin Coating y 

películas de óxido de silicio rico en silicio (SRO) 

depositadas mediante la técnica de depósito químico en 

fase vapor asistido por filamento caliente (HFCVD). Para 

mejorar la respuesta de la fotoluminiscencia, se 

combinaron los CNTs y el GO para formar un hibrido de 

estos dos materiales. Los espectros muestran que la 

heteroestructura CNTs-SRO muestra una 

fotoluminiscencia más alta en comparación con la GO-

SRO, mientras que la estructura GO-CNTS/SRO muestra 

una respuesta fotoluminiscente más alta que la estructura 

CNTs-GO/SRO. Los espectros muestran que los CNTs 

emiten luz azul, mientras que la luz verde domina en el 

híbrido CNTs-GO. A través de la deconvolución de los 

espectros de PL, se obtuvieron los mecanismos de emisión 

presentes en las capas de GO, CNTS y la película de SRO. 

Por lo tanto, debido a estos resultados, las heteroestructuras 

con CNTs (CNTs-SRO and GO-CNTs/SRO) presentan un 

gran potencial de aplicación en el campo de los dispositivos 

fotónicos y    electroluminiscentes. 

 

SRO, HFCVD, Fotoluminiscenc
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Introduction  

 

One of the most technologically interesting 

materials is silicon-rich oxide (SRO), which is 

considered to be a material with great potential 

for the fabrication of optoelectronic devices 

because it is a material compatible with CMOS 

technology. In addition to various methods can 

be used to obtain the SRO, such as LPCVD, 

PEVCD, HFCVD, implantation of silicon in 

SiO2, sputtering, etc. [1]. 

 

A relevant characteristic of the SRO is 

that it facilitates the formation of silicon 

nanocrystals embedded in a SiO2 matrix [2], 

which generate low dimensional effects and 

therefore, an efficient emission of light [1]. The 

SRO possesses interesting structural, optical, 

and electrical properties which can be tailored by 

the silicon excess and defects contained in the 

films [3]. The incorporation of silicon into SiOx 

modifies its bandgap as well as its optical 

properties such as photoluminescence, 

absorption and emission of light. The latter is 

attributed to quantum effects present in silicon 

nanocrystals and localized defects at the 

interface between nanocrystals and silicon 

matrix [4]. 

 

On the other hand, carbon nanostructures 

such as fullerenes, carbon nanotubes (CNTs), 

nanodiamond (ND) films, and graphene oxide 

(GO) are very attractive functional groups in the 

fabrication of important optoelectronic devices 

such as sensors, field emitters, and light-emitting 

applications [5]. Luminescent carbon 

nanostructures are also expected to achieve high-

efficiency photoluminescence in light-emitting 

devices and low toxicity in biological and 

biomedical applications [6]. 

 

There are two types of CNTs; single-wall 

carbon nanotubes (SWCNTs) and multi-wall 

carbon nanotubes (MWCNTs). MWCNT is a 

CNT structure consisting of several coaxially 

concentric shells of graphene sheets rolled up.  In 

both cases, their one-dimensional structure, 

interlayer interaction and curvature effects lead 

to many extraordinary mechanical, electrical, 

optical, thermal and chemical properties. All of 

this makes them suitable for enhancing the 

functionalization of existing materials and even 

creating other heterostructures. Furthermore, 

CNTs thin films are electrically conductive and 

transparent, and have recently been used as 

ohmic contacts in GaN and organic materials [7]. 

In this context, the SRO may be used to 

realize novel heterostructures using CNTs to 

improve its optical properties. On the other hand, 

Graphene oxide is a bidimensional carbon-based 

material that can be used in graphene-based 

optoelectronic devices, especially for 

biomedical applications, due to its unique 

electronic properties and large specific surface 

area [8, 9]. Since graphene has no band gap as an 

intrinsic material, it is not expected to exhibit 

photoluminescence due to relaxation of excited 

carriers; however, when, it is functionalized, 

such as graphene oxide, it has a band gap and 

exhibits photoluminescence [10]. Therefore, the 

GO may be used to form new structures in order 

to enrich their optical properties. 

 

Thus, by using CNTs and GO along with 

the SRO it is possible to make up  nanostructured 

materials which may be of  great interest because 

of their outstanding photoluminescent properties 

based on the quantum effects due to low 

dimensions and energy band structures. Thus, 

these photoluminescent properties may be 

focused on forming new light-emitting devices 

in the field of optoelectronics. 

 

Development and methodology 

 

CNTs and GO thin films were deposited on n-

type crystalline silicon substrates with 100 

orientation and <0.005 Ω-cm resistivity by the 

spin-coating method shown in Figure 1. The 

substrate is subjected to a MOS cleaning process 

(RCA standard) [11]. Si/CNTs, Si/GO, 

Si/CNTs-GO and Si/GO-CNTs structures were 

obtained. All structures to be deposited (CNTs 

and GO) are dissolved in an alcoholic solvent, in 

this case methanol, due to the low molarity, to 

avoid aggregation of the particles to be 

deposited, in the case of GO and CNTs, 

according to the report [12], because ideal 

solvents for dispersing graphene are those that 

minimize the interfacial tension between 

graphene and the solvent. 

 

For the deposition of each layer of 

solvent and solute, it was attached to a Si 

substrate on a rotating plate, and then solution 

droplets were deposited on the substrate and 

rotated at a certain speed with a motor mounted 

on the plate. A certain angular velocity in order 

to create a thin film of solution by centrifugal 

force. 
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The parameters used for thin film 

deposition are as follows: the first speed is 700 

rpm for a deposition time of 10 s, and the second 

speed is 3000 rpm for 15 s to deposit 3 drops of 

the solution, using methanol as the solvent and 

repeat the process three times. The 

concentrations of CNTs and GO solutions were 

1.8 g/L and 1.3 g/L, respectively.  
 

 
 

Figure 1 Spin coating process 

 

The SRO films were deposited on the 

Si/CNTs, Si/GO, Si/CNTs-GO and Si/GO-

CNTs structures using a HFCVD (Hot Filament 

Chemical Vapor Deposition) reactor. These 

depositions were carried out with a constant flow 

of molecular hydrogen (H2) at 100 sccm level, 

the source-to-substrate distance (ssd) was kept at 

7 mm. Some parameters were fixed during the 

deposition process, such as the filament-to-

source distance (fsd), which was kept constant at 

8 mm, the deposition time (td) was 1 min, the 

voltage applied to the filaments was 84 V and the 

system pressure at one atmosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 

 

 
 

Figure 2 Scheme of the 4 manufactured structures 

 

Using photoluminescence (PL) 

spectroscopy, emission spectra were obtained 

and emission-related defects were identified. 

Spectra were acquired on a Horiba Jobin Yvon 

FluroMax 3 fluorescence spectrophotometer 

equipped with a 150 W xenon excitation lamp, 

0.3 nm resolution, 370-1000 nm range, and high 

sensitivity emission detector. Measurements 

were performed under excitation at 330 nm.  

 

 

 

 

 

 

 

 

 



4 

Article                                                                Journal of Quantitative and Statistical Analysis 

 June 2022, Vol.9 No.24 1-7 
 

 
MENDOZA-CONDE, Gabriel Omar, LUNA-LÓPEZ, José Alberto, 

HERNÁNDEZ-SIMÓN, Zaira Jocelyn and HERNÁNDEZ-DE LA 

LUZ, José Álvaro David. Photoluminescence comparison of CNTs-

SRO and GO-SRO films deposited on silicon substrates. Journal of 

Quantitative and Statistical Analysis. 2022 

ISSN: 2410-3438 

ECORFAN® All rights reserved. 

Results and analysis 

 

Graph 1 shows the photoluminescence spectrum 

of the Si/CNTs/SRO structure, and the inset 

shows the photoluminescence spectrum of the 

Si/GO/SRO structure. The PL intensity of the 

Si/CNTs/SRO structure shows a strong and well-

defined peak in blue (450 nm), which is 

attributed to the CNTs, in addition, a lower 

intensity peak can be seen in the red band around 

750 nm. For Si/GO/SRO structure two peaks 

appeared, a more defined peak around 420 nm 

was attributed to GO, just like in the structure 

with CNT, a smaller peak appeared around 750 

nm, and this is a characteristic of SRO films. 
 

 
 

Graphic 1 PL spectra of the Si/CNTs/SRO and 

Si/GO/SRO structures 

 

Graphic 2 shows the photoluminescence 

spectrum of the Si/GO-CNTs/SRO structure, 

and the inset shows the photoluminescence 

spectrum of the Si/CNTs-GO/SRO structure. 

The PL intensity of the Si/GO-CNTs/SRO 

structure shows a strong and clear green peak 

(519 nm), which is attributed to the existence of 

the GO-CNTs composite [13]. For the Si/CNTs-

GO/SRO structure, two peaks are shown, a more 

defined peak around 400 nm is attributed to GO, 

and another weaker peak around 750 nm and as 

mentioned above, is characteristic of SRO films. 

As can be seen from the inset figure, the 

photoluminescence emission decreases when the 

carbon nanotubes layer is covered with graphene 

oxide particles. The latter produces a quenching 

effect. 

 

 
 

Graphic 2 PL spectra of the Si/GO-CNTs/SRO and 

Si/CNTs-GO/SRO structures. 

 

As shown in Graphics 1 and 2, the 

photoluminescence spectrum is very broad, 

suggesting that multiple emission mechanisms 

may be involved. To find all possible 

contributions to the photoluminescence process 

in the structure, the deconvolution of each 

spectrum is shown in Graph 3. The different 

peaks defined by the deconvolution are 

associated with different types of defects, as 

shown below, with their respective positions in 

energy, see Table 1. 
 

 
 

Graphic 3 Deconvoluted spectra of the Si/CNTs/SRO 

structure 

 
CNTs/SRO photoluminescence emission mechanisms. 

Luminescent centers associated with 

diamond films 

450 nm [13] 

Defects due to Nitrogen 509 nm [14] 

Nonbridging oxygen hole centers 750 nm [15] 

GO/SRO photoluminescence emission mechanisms. 

It is attributed to the excimer present in the 

GO 

405 nm [16] 

Interactions between graphene planes and 

OD (Oxidative debris) 

495 nm [16] 

Nonbridging oxygen hole centers 750 nm [15] 

 

Table 1 Types of defects linked to the position of the PL 

peaks of the structures  
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Table 1 shows the emission mechanisms 

associated with CNTS, GO and SRO, two 

mechanisms have been identified for carbon 

nanotubes, one in the blue region at 450 nm and 

the other in the green region, likewise, graphene 

oxide exhibits two emission mechanisms, the 

first in the purple region (405 nm) and the other 

in the green region (495 nm). Finally, a peak 

associated to nonbridging oxygen hole centers 

(NBOHC) was identified for silicon rich oxide. 

In the structures with CNTs and GO, both a 

photoluminescence shift and a stronger emission 

is observed for the case of CNTs contribution 

because in these structures both curvature effects 

and inter-walls interaction as well as the edge 

effects and chiral indexes (n,m)  modify 

significantly their electronic structure which 

favors the electronic transitions and therefore the 

radiative emission [17]. Blue-green 

photoluminescence has been previously 

observed in diamond films [14]. The blue 

luminescence is thought to be due to nitrogen 

contamination, as N-bonded carbons have been 

reported to act as luminescent centers in CNTs, 

similar to N-defects in CVD-derived 

nanodiamonds, as well as in natural diamond 

[14]. In general, CVD-derived carbon nanotubes 

and diamond are known to contain nitrogen and 

nitrogen-related defects [14], so the spectra 

suggest that the photoluminescence of the 

samples may have a similar origin based on 

nitrogen-bonded carbon, although the 

predominant phase in the samples is sp2-bonded 

carbon [14]. The C=O functional groups present 

on the surface of carbon nanotubes are 

responsible for the green emission. [13].  

 

Graphene oxide exhibits two emission 

bands at 405 nm and 495 nm, respectively. These 

bands are similar to those reported in literature. 

[16]. Graphene oxide contains highly oxidized 

polycyclic aromatic hydrocarbon fragments, 

called oxidative debris (OD), which are present 

in graphene oxide, and they are attached to 

graphene oxide in a graphene-like plane [16]. 

OD has oxygen-containing groups like GO, so 

oxygen-containing groups should not be a direct 

source of the 495 nm band. Therefore, it is 

reasonable to attribute the 495 nm band to the 

interaction between the graphic plane and OD. 

The emission mechanism at 405 nm is due to the 

formation of excimer molecules, which can 

occur between polyaromatic molecules and 

conjugated polymers. Similarly, excimers can 

form GO sheets through π−π overlap [16].  

 

Oxygen-containing groups in GO, such 

as carboxyl or epoxy groups, always induce non 

radiative electron-hole pair recombination, 

making the emission intensity of GO very weak. 

[17]. The deposited SRO films show weak 

emission. However, the observed 

photoluminescence emission has a peak around 

750 nm, which proves that the PL emission does 

not occur via interband recombination.  

 

Therefore, emission through localized 

states present in nonbridging oxygen hole 

centers is the most likely mechanism [15]. As 

shown in Figure 4, when CNT was combined 

with GO, as described above, a shift of 

photoluminescence emission towards 500 nm 

was observed in the structure of CNTs in the 

upper part, which was due to the functional 

group C=O, except that the addition of GO did 

not increase the emission. On the other hand, in 

the structure with CNT and GO on top, the 

emission is similar to that of graphene oxide and 

is not affected by the interaction with carbon 

nanotubes. While for both heterostructures, the 

750 nm peak associated with the SRO thin film 

still exists. 

 

Conclusions 

 

The photoluminescence properties of CNTs, 

GO, and SRO thin film layers and 

heterostructures formed from these materials 

were investigated and compared. The 

photoluminescence spectra show the emission of 

CNTs in the blue-green region, which is thought 

to be caused by contamination caused by 

nitrogen binding to carbon in the blue region, 

and the characteristic green-emitting functional 

groups of CNTs due to C=O. GO emission was 

observed in two bands, 405 and 495 nm, caused 

by oxidative debris and excimers, respectively. 

Whereas for the SRO film, a contribution of 750 

nm due to nonbridging oxygen hole centers is 

present. In the structure of mixed CNT and GO, 

the emission shift and its shielding are observed, 

which is due to the presence of nitrogen defects 

in the CNTs, whereas for the structure with GO 

on top, the emission is the same as that of GO 

without carbon nanotubes. Structures with CNTs 

have great potential in light-emitting device 

applications due to their good emission 

behavior. 
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Abstract 

 

This article focuses on analysis and a study on the 

mechanical behavior of recycled plastic materials to 

manufacture bricks. The current proposal provides a viable 

alternative for the manufacture of bricks under its 

regulations, standards and care for the environment. 

Standardized tests for the study and analysis of the behavior 

of polyethylene terephthalate (PET) in compressive stresses 

also is showing. SolidWorks finite element analysis is used 

to validate the regulations of the bricks, where the results 

obtained show the values within the norm. The 

implementation of models is presented through simulations 

of the proposed brick based on these materials within the 

masonry. Finally, a methodology for the treatment of PET 

and its transformation process for the manufacture of 

partitions with polyethylene terephthalate is proposed. In 

addition, a methodology for the treatment of PET and its 

transformation process for the manufacture of partitions 

with polyethylene terephthalate is proposed. 

 

 

Polyethylene terephthalate (PET), Compressive stresses 

and masonry 

Resumen 

 

En este artículo se realiza un estudio y análisis sobre el 

comportamiento mecánico de los materiales plásticos 

reciclados para ser considerados como posible materia 

prima para fabricar ladrillos. La propuesta actual 

proporciona una alternativa viable para la fabricación de 

ladrillos bajo sus normatividades, estándares y al cuidado 

del medio ambiente. También se enumeran las pruebas 

estandarizadas para el estudio y análisis del 

comportamiento del tereftalato de polietileno (PET) en 

esfuerzos de compresión, así como su aplicación por medio 

del elemento finito con ayuda del software SolidWorks, 

para validar si los resultados obtenidos de las variables 

evaluadas muestran el valor mínimo que debe de cumplir 

la norma. Se presenta la implementación de modelos por 

medio de simulaciones del ladrillo propuesto en base de 

dichos materiales dentro de la mampostería. Finalmente, se 

propone una metodología para el tratamiento del PET y su 

proceso de transformación para la manufactura de tabiques 

con tereftalato de polietileno. 

 

Tereftalato de polietileno (PET), Esfuerzos de 

compresión y mampostería 
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Introduction  

 

The issue of pollution by plastics has increased 

due to the lack of awareness and responsibility 

towards the environment when they are 

discarded, which are made of materials that are 

resistant to degradation, in any geographical 

space; avoiding the application of reprocessing 

to give them another favourable use.  

 

Consequently, this waste invades natural 

landscapes, causing harmful impacts on the 

living beings that inhabit them, such as the 

release of substances that nature cannot 

assimilate. The combustion of this waste 

generates toxic gases, and thus more pollution 

[1]. 

 

The search for alternatives to contribute 

to the care of the environment has been an issue 

highlighted in social and industrial spheres to 

implement an environmental culture, making 

solid urban waste, especially plastics, become 

new sustainable materials that serve as raw 

materials to manufacture more environmentally 

friendly products for the field of housing 

construction due to the high population growth. 

In view of this, it is evident to promote 

technology towards the design of solid and 

infrastructural objects such as building bricks 

where the main recyclable plastic waste is 

required as raw material, considering the 

analysis of their selection by means of the 

mechanical properties they possess.  

 

Masonry 

 

The term masonry refers to a construction of 

bricks placed in mortar to be laid in rows or 

courses, and if these are laid on top of each other 

they form a brick wall [2]. 

 

Within construction, brick is the most 

commonly used element as it is a masonry of 

small dimensions to be placed manually to build 

larger elements such as walls [3]. 

 

One of the most important materials for 

ceramic bricks is clay due to the following 

characteristics [4]:  

 

- Ease of use in simple and structural 

constructions. 

 

- Good compressive strength. 

 

- Multiple shapes with different levels of 

quality. 

 

A. Characteristics of bricks 

 

In the following, the quality requirements for 

bricks and ceramic blocks to be considered as 

masonry elements will be mentioned: 
 

Manufacturing With machine 

Subtypes  Solid (compact 

throughout). 

Quality grades A 

Structural requirements Suitable for load-

bearing masonry 

under advanced 

stresses. 

Functional requirements Suitable for exterior 

or interior use in 

single or double-sided 

apparent walls. 

Minimum simple 

compressive strength (MPa) 

20 

Nominal dimensions of 

ceramic bricks and blocks in 

cm (length, width and 

height/profile) 

20 X 20 *5 

Dimensions of machine-

made ceramic bricks and 

blocks in cm (length, width 

and height/perpallet) 

19 X 19 X 4.5 

 

Table 1 Requirements and characteristics of bricks 

according to N-CMT-2-01-001/02 

Source: [5] 

 

The mechanical properties of 20*20*5 

cm clay brick are as follows [6]: 
 

Properties Clay brick 

Dimensions (cm) 20 X 20 X 5 

Water absorption (%) 23 

Bulk density (kg/m3) 1,330 

Modulus of elasticity 

(MPa) 

5,300 

Poisson's Coefficient 0.17 

Shear modulus of elasticity 

(MPa) 

- 

Compressive strength 

(MPa) 

5.3 

Tensile strength (MPa) 0.53 

Loading force (MPa) - 

Coefficient of thermal 

expansion (m/m/°C) 

0.6 x 10-5 

Coefficient of friction of 

mortar joints (m/m/°C) 

- 

Tensile bond strength of 

mortar joints (MPa) 

- 

Adhesive shear strength 

(cohesion) of mortar joints 

(MPa) 

- 

 

Table 2 Mechanical properties of clay brick  
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The compression test of the bricks should 

be in the range of 2000 to 5000 psi (15 to 35 

MPa), if it is below this range the brick is of poor 

quality [7]. 

 

B. Environmental impact 

 

Brick production benefits the profitability of the 

ceramic and construction industry, as well as 

satisfying the need for housing for the 

population; to some extent it reflects an 

environmental problem from the high energy 

consumption for its production to the emissions 

of toxic gases from its chimneys, causing an 

increase in the rate of pollution and detrimental 

damage to the health of workers. Given this, 

waste plastics can be proposed as a new solution 

to brick formation with the following advantages 

[8]: 

 

- Not requiring the use of large-scale 

materials or facilities. 

 

- Avoiding the felling of trees for firewood 

to run the kilns. 

 

- Minimising air pollution. 

 

- Increased production of green housing. 

 

Evolution of polymers in the context of recycling 

 

Classifications of recycled polymers are based 

on the thermal property that characterises their 

behaviour and processability; for example, 

thermoplastics have linear or branched 

structures where they facilitate conversion into 

fluids if heated to certain temperatures, 

representing high malleability into the desired 

shape upon cooling. Thermoplastics are 

considered to be the most widely applied and 

commercially used category of synthetic 

polymers; among them are: polyethylenes, 

polypropylenes, polyvinyl chloride, 

polycarbonates, polyurethanes, among others 

[9]. 
 

 
 

Figure 1 Molecular structure of thermoplastic polymers 

(a) linear such as acrylics, nylons, polyethylene and 

polyvinyl chloride (b) branched such as polyethylene 

Source: [10] 

The first step in recycling plastic waste 

from the urban environment is the "collection" 

of plastic waste through the various containers to 

landfill sites for sorting and cleaning. One of the 

best ways of collecting and separating plastics in 

recycling centres is to visualise the numerical 

code that the product has, as this allows the type 

of polymer the container is made of to be 

identified; they are even guided by the colour of 

the plastic [11]: 
 

   

 

PET Polyethylene terephthalate: Soft drink 

bottles and microwaveable ready meals 

trays. 

 

PHPE High density polyethylene: Milk bottles 

and dishwashing liquid.  

 

PVC Polyvinyl chloride: Food trays, plastic 

film and water bottles. 

 

LDPE Low density polyethylene: Plastic bags. 

 

PP Polypropylene: margarine containers. 

 

PS Polystyrene: Yoghurt containers, food 

trays, fast food containers, household 

appliance packaging. 

 

Others All other plastics: Melanin, used in 

household appliances. 

 

Table 3 Code number to identify plastics 

Source: [12] 

 

Standardisation of recyclable plastics 

 

In order to determine the minimum requirements 

for new materials made of polymers, they will 

have to undergo and comply with several 

standardised tests, among them the American 

Society for Testing and Materials (ASTM).  

 

ASTM D695 determines the 

compressive strength of polymer-based 

materials. Within this standard, the dimensions 4 

x 4 x 8 (cm) will be considered for PET 

thermoplastic [13]. 

  

One of the implementation models for 

the production of environmentally friendly 

bricks using recyclable plastics is based on the 

following flow chart [14]:  
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Figure 2 Process flow diagram for the production of 

environmentally friendly PET bricks 

 

Methodology 

 

The finite element method (FEM) is a numerical 

method that solves a system of partial derivative 

equations for the approximate resolution of 

continuous problems where the boundary 

equations, initial conditions, are established 

based on the discretisation of the problem 

domain in subdomains (elements), these are 

interconnected by a series of points (nodes). 

Therefore, it is translated as a system with 

different degrees of freedom whose behaviour is 

modelled from a system of linear equations; 

among them are: 

  

- Stiffness matrix: it establishes the 

deformation relationship that defines the 

behaviour of an element subjected to a 

stress analysis. Its development is 

considered in terms of energy by the 

function: 

 

𝑈𝑒 =
1

2
∫ 𝜎𝑇𝜖𝐴𝑑𝑥                     (1) 

 

- Stresses and deformation: When a body is 

deformed, the action of external force 

causing deformation at each point of the 

body generates a displacement; if this 

body is three-dimensional it is governed 

by the expression: 

 

s = u𝑖 + v𝑗 + w𝑘                 (2) 

 

Where u, v, w; are displacements in the 

x, y, z directions. 

 

The type of AutoFEM module to be used 

will be static analysis to perform stress state 

modelling for mechanical structures and strength 

testing [15]. 

 

 

 

 

 

 

Results 

 

For the validation of the proposed process for the 

production of PET bricks, two simulations using 

SolidWorks finite element will be carried out for 

the following two cases: 

 

1. Clay brick. 

 

2. PET brick. 

 

In both cases, their behaviour in 

compression will be analysed under the 

following considerations: 

 

1. The standardised dimensions of PET and 

its mechanical properties are standardised 

from the SolidWorks database. 

 

2. For the clay brick, the data in Table 2 will 

be used to determine the load forces 

(minimum and maximum) in relation to 

the area of the clay brick; these forces will 

be used for the PET brick according to its 

standardised dimensions by: 

 

σ =
𝐹

𝐴
 en [

𝑁

𝑚𝑚2]                      (3) 

 

Minimum Compression Limit 

(MPa) 

15 

Maximum Compressive Limit 

(MPa) 

35 

Nominal dimensions of the clay 

brick in mm (length, width and 

height or camber) 

200x200x50 

Area (mm2) 40000 

Minimum compressive strength (N) 6E+05 

Maximum compressive strength (N) 1.40E+06 

 

Table 4 Parameters of the clay brick to be used 

Source: [16] 

 

Figures 3 and 4 show the successive form 

tension behaviour of the clay brick and the PET 

brick.  

 
 

Figure 3 Tensile stress (Pa) (a) minimum (b) maximum 

for the clay brick 

Source: Own elaboration 
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Figure 4 Tensile stress (Pa) (a) minimum (b) maximum 

for the PET brick 

Source: Own elaboration 

 

Figures 5 and 6 show successively the 

minimum and maximum displacement 

behaviour of the clay brick and the PET brick.  
 

 
 

Figure 5 Displacement (mm) (a) minimum (b) maximum 

for the clay brick 

Source: Own elaboration 

 

 
 

Figure 6 Displacement (mm) (a) minimum (b) maximum 

for the PET brick 

Source: Own elaboration 

 

Based on the results obtained for the 

tensile stress, it is shown that under a minimum 

compressive strength of 6E+05 N, the clay brick 

has a lower value than the PET brick 

(1.499e+07<3.442e+08Pa).  

 

In the case of a maximum compressive 

strength of 1.40E+06 N, the clay brick has a 

lower value than the PET brick 

(3.492e+07<5.443e+08 Pa).  

 

 

 

 

 

Within the displacement analysis, the 

same compressive strength limits of 6E+05N 

and 1.40E+06 N were used, of which reflected 

that the minimum displacement of clay is less 

than that of PET (3.100e-01<9.314e+00 mm) 

while the maximum displacement of clay will be 

less than that of PET (7.221e-01<1.451e+01 

mm).  

 

Graphics 1 and 2 reflect the results 

obtained from the finite element method in 

figures 3, 4, 5 and 6. 
 

 
 

Graphic 1 Tensile stress difference (Pa) between the clay 

brick and the PET brick 

Source: Own elaboration 

 

 
 

Graphic 2 Difference in displacement (Pa) between the 

clay brick and the PET brick 

Source: Own elaboration 

 

Conclusions 

 

Within the mechanical analysis, the PET brick 

has better mechanical behaviour in compression 

than a clay brick, even though its dimensions are 

smaller than those of conventional bricks, 

making this material a possible input for the 

manufacture of bricks, and thus build quality 

internal dividing walls, as long as a good process 

of transformation of PET bricks is carried out 

and these are approved by the standardised tests. 
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To have a better validation of the 

mechanical behaviour for future works, flexural 

and water absorption tests can be used.  

 

Given that PET is one of the most widely 

used waste plastics because it is recyclable, it is 

determined that this possible application can 

favour the care of the environment.  
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Abstract 

 

The main requirement for the development of aerospace 

missions is the energy supply, for example, 10 kWe would 

be required for the day and 9 kWe for the night during the 

first phase of construction of a human settlement on the 

moon. To satisfy the energy demand, it was proposed the use 

of heat due to a nuclear fission reaction, coupled to a Stirling 

engine as a dynamic power converter. The Stirling engine is 

used since it has less mass, a smaller heat sink area and a 

longer useful life compared to another type of power 

converter, thus being the most suitable for coupling with the 

Optimized Evolutionary Growth Lunar nuclear reactor, 

which will be the thermal power source of the electrical 

power generation system presented in this article. In this 

article, it is shown the thermodynamic analysis that involves 

the transport of heat from the nuclear reactor to helium as the 

working fluid of the dynamic power converter. The initial 

parameters are obtained for the analysis:  temperature, 

pressures and volumes, which will allow us to carry out the 

mathematical modeling of the Stirling Method (Ideal). As 

results, a comparison is presented between the variations of 

proposed parameters with the purpose of determining the 

behavior of the useful work and the electrical power in the 

system, evaluating the compression ratio, the angular 

velocity and the initial pressure. 

 

Stirling engine, Nuclear reactor, Thermodynamic 

analysis 

Resumen 

 

El principal requerimiento para el desarrollo de misiones 

aeroespaciales es el suministro energético, por ejemplo, se 

requeriría 10 kWe para el día y 9 kWe para la noche durante 

la primera fase de construcción de un asentamiento humano 

en la luna. Para satisfacer la demanda energética se propone 

el aprovechamiento del calor debido a una reacción nuclear 

de fisión, acoplada a un motor Stirling como conversor de 

potencia dinámica. Se utiliza al motor Stirling ya que tiene 

menor masa, menor área de disipador de calor y mayor vida 

útil en comparativa con otro tipo de conversor de potencia, 

siendo así el más apto para el acoplamiento con el reactor 

nuclear Lunar de Crecimiento Evolutivo Optimizado, el cual 

será la fuente de potencia térmica del sistema de generación 

de potencia eléctrica presentado en este artículo. En este 

trabajo se presenta el análisis termodinámico que involucra 

el transporte de calor del reactor nuclear al helio como fluido 

de trabajo del convertidor de potencia dinámica. Para el 

análisis se obtienen los parámetros iniciales: temperatura, 

presiones y volúmenes, los cuales nos permitirán realizar el 

modelado matemático el Método Stirling (Ideal). Como 

resultados se presenta una comparativa entre la variación de 

parámetros propuestos, con la finalidad de determinar el 

comportamiento del trabajo útil y la potencia eléctrica en el 

sistema, evaluando la relación de compresión, la velocidad 

angular y la presión inicial. 

 

Motor Stirling, Reactor nuclear, Análisis termodinámico
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Introduction 

 

NASA is developing different missions that 

involve three space applications: Rovers and 

Satellites, Propulsion, and Settlement. This last 

application suffers from the problem of how 

electrical power is supplied, an example of this 

is the energy consumption demanded for the first 

stage of lunar habitation established in Power 

System Requirements and Definition for Lunar 

and Mars Outposts (I), which is 5-6 kilowatts 

electric (kWe) (I). 

 

In recent years, the use of solar energy 

has been implemented as an electrical power 

supply, however, the use of these mechanisms 

has disadvantages due to the long duration of the 

night (14 Earth days) involving the solar cells do 

not work during that period of time, likewise, 

during the day, the system is subjected to a large 

amount of heat causing the efficiency decreases. 

 

It begins to analyse the advantages of 

using a nuclear source as a thermal power 

supply, one of them is to provide constant 

energy, which is a necessity for human life 

support systems, rover recharging and resource 

extraction, unlike solar energy which requires 

the use of energy storage devices increasing 

unwanted mass to the system (I). 

 

Therefore, the selection of a nuclear 

reactor with characteristics concerning the 

feasibility of use on the moon has been made, in 

this case, the Lunar Evolutionary Growth 

Optimised (LEGO)(II) nuclear reactor 

represents a system capable of providing an 

initial supply of useful thermal power for power 

conversion, reaching the electrical power 

required to satisfy the energy need. 

 

The thermal power supplied by the 

LEGO nuclear reactor is 24 kWt (II), using 

Uranium Dioxide as fuel and implementing 

metallic liquid sodium as coolant, transporting 

the heat to a first exchanger where potassium is 

located, generating a phase change from liquid 

to vapour that will transport the heat to the power 

converter. 

 

It has been decided to implement a 

dynamic power converter for heat utilisation, 

involving high efficiency, lower mass for 

transportation and sufficient power supply 

required, being the Stirling engine the most 

viable system compared to other types of 

converters. 

Therefore, the contribution of this article 

is to perform the thermodynamic analysis of the 

Stirling engine to have an approach to the 

behaviour of the cycle in ideal and ideal 

geometric conditions, being the basis of a project 

in which real conditions of heat transfer and 

behaviour of working fluids in the coupling of 

the nucleoelectric system will be determined. 

 

Then, the sections of this work are 

presented. For the first section, the initial 

parameters of the Stirling engine system (XI) are 

determined. 

 

Finally, the modelling of the Stirling 

engine is established, based on the First Order 

Model corresponding to the Ideal Stirling Cycle 

where the initial parameters will be used to carry 

out the analysis and verification of all the 

characteristics involved in obtaining the 

electrical power. 

 

Methodology 

 

The following are the procedures to be used to 

carry out the research presented (Fig. 1). 

 

I. Define the initial temperature of the 

working fluid in the expansion zone of the 

engine due to the thermal power released 

by the nuclear reactor. 

 

II. Obtain initial parameters that will be used 

in the modelling of the Stirling engine. 

 

III. To analyse the thermodynamic cycle for a 

Stirling engine based on the Carnot Cycle, 

generating the first order model Ideal 

Stirling Model.  

 

IV. To evaluate the electrical power and 

efficiency of the cycle by comparing the 

values proposed in the model. 
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Figure 1 Development of the methodology  

 

Modelling Considerations 

 

Thermal Power and Heat Transfer 

 

The Optimised Evolutionary Growth Lunar 

nuclear reactor is proposed for this analysis as 

the heat source for this system, its thermal power 

behaviour was the reference for this article, 

using 24 kWt as the constant value in the system 

to obtain the temperature of the helium as the 

working fluid in the Stirling Cycle (II). 

 

Ideal conditions were used to determine 

the initial parameters in the system, with 

conduction and convection heat transfer 

mechanisms being the means to determine these 

values. 

 

𝑄 =
2𝜋𝐿𝑘(𝑇𝑃𝐼−𝑇𝑃𝐸)

ln(
𝑟2

𝑟1
)

                                                     (1) 

 

𝑄 = 2𝜋𝑟1𝐿ℎ(𝑇𝑃𝐸 − 𝑇𝛼)                                             (2) 

 

𝑄 = 𝑚𝐶𝑝 (
𝑑𝑇𝛼

𝑑𝑡
)                                                   (3) 

 

Where k is the value of the conductivity 

of the material in the system, A=2πrL the 

respective area in each section, Tpi the initial 

reactor temperature, Tpe the external wall 

temperature, Tα the fluid temperature, m the 

total mass of the system, h the convective heat 

transfer coefficient and Cp the specific heat 

(VII). 

 

The idealisation of the system is 

schematized below. 

 

 
 

Figure 2 Idealisation of the coupled system  

 

Fig 2 shows the section of the lunar 

nuclear reactor denoted by the pink colour, the 

high conductivity piping in white and yellow, the 

first heat exchanger where the potassium is 

stored in red. 

 

Sodium as the main working fluid 

transports the heat through the nuclear reactor, 

then the thermal power is delivered to the first 

heat exchanger where potassium is stored. 

 

Finally, the helium in the Stirling engine 

section receives the heat transported by the 

potassium due to the first heat exchanger, being 

this temperature the one used in the cycle to be 

developed (II). 

 

The selection of 4 proposed parameters is 

included in which, as first parameter, is the 

initial pressure that will establish the first 

process due to the obtaining of the specific 

volume of the thermodynamic cycle 

respectively. 

 

As a second parameter, the compression 

ratio is selected, which based on the Stirling 

Engine Design Manual (X) shows that there can 

be a variation of this ratio in an interval of 1.8 to 

3 for a Stirling engine, being the optimum values 

to determine the change in the volume in the 

compression zone. 

 

Subsequently, the angular velocity that 

will be included in obtaining the resulting 

mechanical power in the system will be selected 

and a comparison will be made to determine the 

optimum values (IX). 

 

 

 

Nuclear Reactor 
(Thermal 
Power)

Heat transfer 
mechanisms

Temperature

Model Stirling 
Carnot

Electrical power 
and efficiency
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Obtaining the initial cycle parameters 

 

The proposed parameters in table 1 are:  
 

Parameters proposed  

Initial Pressure (kPa) 200 

Compression Ratio 1.8 

Angular velocity (rpm) 1500 

Geometric Volume (𝑚3) 0.009 

 

Table 1 Proposed parameters for Stirling engine 

modelling 

 

The ideal gas characteristics are also 

established to determine the initial working 

parameters of the Stirling cycle, including 

equation (1), (2) and (3) to determine the value 

of the working fluid temperature due to the 

thermal power of the reactor (Table 2). (Table 2) 
 

�̇� 

(kWt) 

𝐓𝟏 (K) 𝐏𝟏 

(kPa) 
𝐕𝟏 (

𝐦𝟑

𝐤𝐠
) 𝐓𝟑 (K) 

24 973 200 10.07 600 

 

Table 2 Initial parameters for Stirling engine modelling 

 

As shown in equation (4), based on the 

geometric volume parameter, the total mass in 

the system was obtained by referring to the 

specific volume of expansion, the largest area. 

 

𝑚 =
𝑉𝑔

𝑉𝑒
= 0.00049 𝑘𝑔                                       (4)  

 

Modelling of the Stirling engine  

 

For the modelling of the Stirling engine, the 

geometrical configuration type Beta was 

considered, where the cycle is driven by a piston 

and a displacer operating concentrically in the 

same cylinder (X). 

 

Taking into account these characteristics, 

this type of engine was considered for its 

aerospace application, since, through an 

arrangement to the mechanical system, which 

interconnects the expansion and compression 

section, it could be hermetically sealed avoiding 

the leakage of the working fluid, being this a 

desirable feature for an implementation in the 

lunar environment (V). 

  

The working fluid in this system is 

helium due to its low molecular weight and high 

thermal conductivity compared to other working 

fluids used in this system.  other working fluids 

used in this type of configuration (IV).      

 

As a first approach to the mathematical 

and thermodynamic model of the Stirling 

engine, the ideal modelling is established based 

on the Carnot cycle made up of the four 

processes shown in table 3. 
 

Process  

1-2 Isothermal Expansion 

2-3 Isothermal Expansion 

3-4 Isothermal Compression 

4-1 Isentropic Compression 

 

Table 3 Thermodynamic processes for Carnot method 

 

In contrast to the Carnot modelling, the 

Ideal Stirling model replaces the isentropic 

processes with two regeneration processes, in 

which heat is transferred to a thermal energy 

storage system and subsequently delivered to 

another process in the system. 

 

Ideal Stirling model 

 

The modelling of the Ideal Stirling Cycle is 

described in Table 4, and allows us to determine 

the thermodynamic behaviour of the Stirling 

engine, based on the law of conservation of 

mass, considering ideal conditions without 

losses and reversible. 
 

Process  

1-2 Isothermal Expansion 

2-3 Regenerative Cooling 

3-4 Isothermal Compression 

4-1 Regenerative Heating 

 

Table 4 Thermodynamic processes for ideal Stirling 

method 

 

Three main equations have been 

established to carry out the modelling of the 

Ideal Stirling cycle, the first equation is the one 

corresponding to the law of conservation of 

energy shown in equation (5) which establishes 

the change in internal energy based on heat and 

work in the whole system (VII). 

 

∆𝑈 = 𝑄 − 𝑊                                                     (5) 

 

The second equation of the model 

corresponds to the work in a process of 

isothermal compression or expansion, as shown 

in the following equation: 

 

𝑊 = ∫ 𝑝𝑑𝑉                                                         (6) 
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Finally, the third equation used 

corresponds to the ideal gas equation (7), which 

is useful to determine the changes in specific 

volume, pressure and temperature, respectively. 

 

𝑃𝑉 = 𝑚𝑅𝑇                                                       (7) 

 

With these three equations, the values of 

each process of the Thermodynamic Cycle are 

determined. 

 

Stirling Thermodynamic Cycle 

 

a) Isothermal Expansion 

 

For the isothermal expansion process, there is no 

variation in the internal energy because the 

temperature remains constant as shown in: 

 

∆𝑈1−2 =  𝑚𝐶𝑣(𝑇2 − 𝑇1) = 0, 𝑇2 = 𝑇1                (8) 

 

Cv being the specific heat at constant 

specific volume, m the total mass in the system 

T2 the temperature in the compression zone and 

T1 the temperature in the expansion zone. 

 

It is also implied that the gas does work 

and therefore has to absorb an equal amount of 

energy from the heat supply to keep its 

temperature constant. 

 

𝑄1−2 = 𝑊1−2 = 𝑚𝑅𝑇𝑒 ln (
𝑉1

𝑉2
)                           (9) 

 

where m is the mass in the system, R is 

the ideal gas constant, V1 is the specific volume 

in the compression zone and V2 is the specific 

volume in the expansion zone. 

 

b) Regenerative Cooling 

 

In the regenerative cooling section, it is stated 

that there is no work in this process because the 

specific volume in the process remains constant. 

 

𝑊2−3 = 𝑚𝑅𝑇𝑐 ln (
𝑉2

𝑉3
) = 0 , 𝑉2 =  𝑉3              (10) 

 

is shown as a process in which the gas 

gives up heat, decreasing its internal energy and 

therefore its temperature decreases. 

 

𝑄2−3 = ∆𝑈2−3 =  𝑚𝐶𝑣(𝑇3 − 𝑇2)                      (11) 

 

 

 

 

c) Isothermal Compression 

 

Being the process where the gas is compressed 

at the constant temperature of the compression 

zone, from the specific volume V2 to the final 

specific volume V1. 

 

∆𝑈3−4 =  𝑚𝐶𝑣(𝑇4 −  𝑇3) = 0, 𝑇4 = 𝑇3           (12) 

 

The work for this process is due to the 

low-pressure gas, being less than during the 

expansion process. 

 

𝑄3−4 = 𝑊3−4 = 𝑚𝑅𝑇𝑒 ln (
𝑉3

𝑉4
)                          (12) 

 

It must supply the same amount of heat 

to keep the temperature constant compared to the 

expansion section. 

 

d) Regenerative Heating 

 

The behaviour in this process is at constant 

volume, causing zero work in this section 

because of  

 

𝑊4−1 = 𝑚𝑅𝑇𝑐 ln (
𝑉1

𝑉4
) = 0     , 𝑉1 =  𝑉4            (13) 

 

For the heat of temperature change at 

constant specific volume, the increase in internal 

energy is established, therefore: 

 

𝑄4−1 = ∆𝑈4−1 =  𝑚𝐶𝑣(𝑇1 −  𝑇4)                     (14) 

 

Making use of the values obtained in 

each process, we proceed to determine the 

efficiency and mechanical power based on the 

following equations: 

 

𝜂 =
𝑊𝑇

𝑄𝑒
                                                               (15) 

 

WT being the network in the variation of 

the expansion and compression work, and Qe the 

heat in the compression zone. 

 

𝑃𝑜𝑡 =
𝑊𝑇∗�̇�

𝑛𝑟𝑒𝑣
                                                        (16) 

 

Where n ̇ is the angular velocity 

established at the beginning of this article and 

n_rev is the number of revolutions per unit cycle, 

for the case of the Stirling engine the value is 1 

rev/cycle (VII). 
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Results and discussion 

 

In the pressure-volume diagram in Graph 1, the 

four processes corresponding to the 

thermodynamic cycle can be observed. 

 

For section 1-2, the decrease of the initial 

pressure (Table 1) is noted, reaching a point 

where the specific volume will have no 

variation.  

 

When it reaches 111 kPa, the following 

process takes place, the specific volume remains 

constant while the temperature decreases, this is 

due to regenerative cooling, where the 

regenerator absorbs heat and stores it. 

 

When the minimum pressure is reached, 

the compression process takes place due to the 

regression of the piston in the expansion zone, so 

the specific volume decreases and the pressure 

increases. 

 

Finally, when the maximum specific 

volume point is reached, heating occurs due to 

the influence of the regenerator, which delivers 

the heat absorbed in the process 2-3, generating 

an increase in temperature, which leads to the 

restart of the cycle. 
 

 
 

Graphic 1 Ideal PV Diagram 

 

For Graphic 2, the bounded area 

represents the resulting heat in the system with 

respect to the entropy change, observing in the 

cooling process a decrease in temperature and in 

the regenerative heating of the fluid an increase. 
 

 
 

Graphic 2 Ideal TS Diagram 

 

In Graphic 3, it can be seen that the 

power required by the Lunar Evolutionary 

Growth Reactor has been reached, being 5.63 

kWe, which allows us to verify that the 

mathematical modelling is correct (II). 

 

By the variation in the compression ratio 

that, as a respective increase, the power also 

increases, however, increasing the compression 

ratio causes the decrease in power, therefore, it 

was proposed to fix the value of compression 

ratio and make the variation in other parameters. 
 

 
 

Graphic 3 Compression Ratio Variation 

 

For Graphic 4, the variation in the value 

of the pressure in the expansion section was 

carried out, observing the considerable increase 

in the useful work, being a 33% increase by 

increasing 1 atm, however, it has been decided 

that the use of the working fluid is at low 

pressure due to present structural advantages in 

terms of chemical compatibility with the 

material and decreasing the possible leaks in the 

system being more manageable for the user. 
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Graphic 4 Expansion zone pressure variation 

 

According to Graphic 3, it is established 

that if there is an increase in the compression 

ratio there will be an increase in the power 

delivered by the system, however, it is 

determined in Graphic 5 that, if the compression 

ratio continues to increase, the performance of 

the system decreases, so it is necessary to 

establish an optimum point by limiting the 

increase in the expansion volume to 2.8. 
 

 
 

Graphic 5 Variation of useful work due to compression 

ratio 

 

The variation of the useful work at 

different pressures was reviewed, as it can be 

observed, the increase in the initial pressure 

causes an increase in the value of the useful 

work, however, the variation of the compression 

ratio was maintained, causing the same 

behaviour of performance decrease. 

 

Conclusions 

 

The verification of this model was based on the 

results established in the article A Basic LEGO 

Reactor Design for the Provision of Lunar 

Surface Power. United States (II), as it provides 

an electrical power supplied by the nuclear 

reactor of 5.63kWe. 

Based on the characteristics of high 

efficiency, structural advantages, size, weight, 

lifetime and use of a regenerative system, the 

Stirling Cycle engine was determined to be the 

most viable power converter for the problem set 

out in this paper. 

 

The optimal results of system behaviour 

with the characteristics of the initial parameters 

proposed were arrived at through mathematical 

modelling. 

 

Taking into account that the electrical 

power requirements are not so high, it was 

decided to maintain a relatively low angular 

velocity for this system based on the analysis of 

the results in section 5 of this article. 

 

However, it was observed that increasing 

the compression ratio at a certain point the power 

starts to decrease presenting low efficiency, 

which allows us to analyse the optimal 

compression ratio value for the system. 

 

The implementation of a 

Thermodynamic Stirling Cycle showed the 

behaviour that the proposed variables can be 

modified according to the user's needs. 

 

Finally, reference is made to the previous 

results being the optimal system parameters for 

the need of this article; for future projects they 

will be taken as a basis to develop a real 

geometrical analysis and the thermo-hydraulic 

modelling of certain sections of the above 

mentioned nuclear power system (IV). 
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Abstract 

 

This research aimed to analyze the different brake 

systems using tribology as a tool for the optimization of 

controlled systems. Automotive braking systems in high-

tech technology were analyzed to identify the variables 

involved and relate them to the results of the different 

tribological studies. Traditional braking systems were 

compared with respect to the regenerative ones used in 

high-end hybrid and electric cars, in order to identify the 

technologies applied in tribological systems and their 

evolution. The variables analyzed were force, contact 

area, friction coefficient, force cyclical variation, rpm, 

time, acoustic emission, sliding speed, torque, 

temperature, and surface misalignment, among others. 

The results of the different case studies determined that 

regenerative brake systems are prototypes in continuous 

sustainable evolution and tribology, together with 

electronics, contributes with analyzes to achieve more 

precise controlled systems. 

 

 

 

 

Sustainable braking technology, Tribological studies, 

Regenerative brake systems 

Resumen 

 

Esta investigación tuvo como objetivo analizar los 

diferentes sistemas de frenos utilizando como 

herramienta la tribología para la optimización de sistemas 

controlados. Sistemas de frenado en automóviles de alta 

vanguardia tecnológica fueron analizados para identificar 

las variables involucradas y relacionarlas con los 

resultados de los diferentes estudios tribológicos. 

Sistemas de frenado tradicionales fueron confrontados 

con respecto a los regenerativos utilizados en autos 

híbridos y eléctricos de alta gama, con la finalidad de 

identificar las tecnologías aplicadas en sistemas 

tribológicos y su evolución. Las variables analizadas 

fueron fuerza, área de contacto, coeficiente de fricción, 

variación cíclica de la fuerza, rpm, tiempo, emisión 

acústica, velocidad de deslizamiento, torque, temperatura, 

desalineación de la superficie entre otras. Los resultados 

de los diferentes casos de estudio determinaron que los 

sistemas de frenos regenerativos son prototipos en 

evolución continua sustentable y la tribología en conjunto 

con la electrónica contribuyen con análisis para lograr 

sistemas controlados de mayor precisión. 

 

Tecnología de frenado sustentable, Estudios 

tribológicos, Sistemas de frenos regenerativos
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Introduction 

 

Tribology analyzes the quantification of wear 

phenomena at the macro, micro, and nanoscale 

levels such as abrasion, adhesion, sliding, 

cracking, fatigue, rolling contact, delamination, 

cavitation, impact, corrosion, and erosion, or a 

combination of these. The metrology of the wear 

types in cyclic behaviors identifies the critical 

factors that will be standardized under ISO 

25178 to understand, predict and control the 

problem. The primary objective of tribology is to 

optimize the design of a component or assembly 

to propose a surface finishing process, coating 

formulation, or lubrication method. (Lugt, 2016; 

Stoica & Tudor, 2015). The tribology objectives 

is to minimize wear, optimizing friction as a 

function of temperature in the contact area in 

brakes, clutches, and tires. (Benalcázar & 

Gabriela, 2022; Li et al., 2018; Syahir et al., 

2017). 

 

Braking is related to the wear phenomena 

due to abrasion, sliding, and adhesion, mainly 

causing an increase in temperature that is 

transmitted to the entire system, generating the 

transformation of energy between a fixed part 

"caliper" and a rotating "disc". When we activate 

the brake pedal, it is pressurized by a hydraulic 

circuit that moves the brake pads, exerting 

pressure on the disc until it locks. The pads must 

withstand high temperatures without excessive 

wear, but with a friction coefficient sufficient to 

achieve the braking conditions required in the 

vehicle by the user or by an automated system 

that help the vehicle detect objects that could 

potentially affect its trajectory. (Zhao et al., 

2018) 

 

The friction coefficient of the pad 

material must be as stable as possible at different 

speeds, pressures, and temperatures so that the 

driver or the automatic braking system can 

anticipate the vehicle's reaction to different 

operating or environmental conditions. 

(Benedetti et al., 2017; Fernandes, 2016). 

Braking systems were classified into; hydraulic 

and combined. The hydraulic systems can be 

divided into three groups; disc, drum, and hand. 

Combined braking systems were; hydraulic and 

electric – hydraulic. Combined electric-

hydraulic systems were called “regenerative”.  

 

 

 

The handbrake was only applied to the 

rear tires while in some cases the braking 

systems may be mixed on one mobile depending 

on the drive wheels number (directly connected 

to the transmission). In the case of regenerative 

braking systems, they can only be applied to 

systems directly coupled to the transmission. 

(Bauer, 2019; Fernandes, 2016) 

 

 
 

Figure 1 Regenerative braking system 

Source: Fernandes M. (2016) 

 

Regenerative brakes are different from 

friction brakes, in that the electric motor works 

in reverse when the driver hits the brakes. The 

vehicle slows down and, at the same time, 

electricity was generated and stored in the 

battery for reuse. With traditional braking 

systems, this energy is lost in the form of heat, 

but in regenerative braking systems, the energy 

was used, improving the energy efficiency of the 

vehicle and extending the useful life of the 

braking system due to less wear. (Champi & 

Abel, 2022; Tormos et al., 2017)  

 

In combined brake systems, the car's 

computer determines when to activate the 

friction or regenerative braking system. A slight 

reduction in force on the brake pedal causes the 

vehicle's electronics to activate the regenerative 

brakes and place the motor in reverse to generate 

electrical energy that will be sent to the battery 

bank. On the contrary, if the vehicle needs to 

stop quickly to avoid a collision, only the 

conventional brakes will be applied to avoid 

damaging the regenerative systems, which 

depend entirely on the programmed logic of 

activation and deactivation of the electronic 

systems in the event of a vehicle operation. The 

user that develops in an environment. (Gong et 

al., 2015; Ma & Zhan, 2015). 
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These systems use many additional 

sensors to send signals to a central computer, 

which, under programmed logic, identifies in an 

algorithm the response that will be sent to the 

braking system according to the user's operating 

condition with its environment. The response of 

combined friction and regenerative braking 

system requires a feedback system in a closed-

loop circuit. On the other hand, one of the 

drawbacks of these electronic systems are the 

environmental conditions, which can be 

unpredictable for the logical control system, 

such as snow, hydroplaning, pollutants, poor 

track conditions, and irregular soils such as dirt 

or roads in inappropriate conditions, among 

others, which, by not having the capacity to 

respond to adverse conditions, generates an 

arbitrary response within its possibilities that 

does not optimize the regenerative braking 

system. (Gong et al., 2015; Ma & Zhan, 2015). 

 

Since we are talking about hybrid and 

electric vehicles, where efficiency is a priority, 

systems will always try to maximize the amount 

of braking torque provided by regeneration 

which is directly proportional to generator 

voltage feedback which was limited. by the 

speed at which the batteries can absorb energy 

and by the state of charge of the battery, (if it is 

fully charged it is not possible to store it. (Wicki 

& Erik, 2017)  

 

The perfect brake pad in terms of friction 

performance, wear, noise, operating 

temperature, and costs have not been found to 

date, because the idealizations are: low speeds 

and pressures, decrease in settling time, and use 

of brake energy. dissipation friction, generation 

of maximum torque output, and no corrosion. 

(Mukoyama et al., 2017).  

 

The closest modeling attempts are related 

to the generation of tribological banks, which 

base their designs on the analysis of experiments 

and the creation of feedback algorithms for the 

generation of software, where the choice of the 

system variables and their limit conditions allow 

a replica of real system scaling.  

 

 

 

 

 

 

 

Obtaining high-precision data depends 

on the interfaces of the different sensing devices 

that deliver signal spectra that can be analyzed 

separately, but tribology establishes that as a 

critical point of analysis, the relationship 

between these to be interpreted and represent the 

scientific foundation in decision-making in 

engineering areas, to lay the foundations to 

generate new controlled technologies. (Kumar et 

al., 2018; Shababi et al., 2017)  

 

The tribological properties during the 

braking phenomenon have an influence on the 

operation and its failures such as noise and 

vibrations that appear at very low sliding speeds 

for another phenomenon called sliding to occur, 

the static friction coefficient (µs) between two 

braking surfaces contact of the friction materials 

must be greater than the kinetic friction 

coefficient (µk). (Shababi et al., 2017 ; Zhang et 

al., 2016). The adhesion slip phenomenon 

generally appears at very low slip speeds as 

intermittence in the friction process caused by 

differences between the values of kinetic and 

static friction coefficients. This research 

analyzes the contributions of tribology in 

standard vs regenerative braking systems, 

showing the form of analysis based on test 

benches designed for the purpose to obtain 

controlled tests so that they can iterate these 

variables in electronic sensing models. to 

automate braking control systems in high-end 

electric cars. 

 

Tribological analysis tests 

 

Tribological tests of traditional friction braking 

systems, actuated by hydraulic systems, were 

analyzed by different authors, identifying the 

friction coefficient as a fundamental parameter 

based on the materials involved in the tests. 

(Shababi et al., 2017). All these study cases 

required control of different test variables such 

as force, contact area, friction coefficient, 

cyclical variation of force, rpm, time, acoustic 

emission, sliding speed, circular paths on the 

disk of contact, torque, temperature, surface 

misalignment, contacts, contaminated, dry and 

wet under different lubrication regimes among 

others. 
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The tests were carried out in different 

types of tribometers, both horizontal and 

vertical, with standardized tests that used the Pin 

on disc method under the ASTM G-99 standard. 

The objective of these tests was in all cases, to 

determine the behavior of different steel types in 

the manufacture of braking disc systems, as well 

as the proposal to use stainless steel to 

manufacture corrosion-free braking discs. On 

the other hand, the materials used in the 

manufacture of different brake pad types were 

used for the manufacture of bolts. These contacts 

were analyzed for their abrasive and adhesive 

wear behavior as a function of the variation of 

the aforementioned test variables to identify the 

optimization of test parameters in the different 

contact types, which optimized the coefficients 

of friction in the range of 0 – 3. 

 

Most tests were carried out in the range 

of the following parameters: maximum sliding 

speed: 0.13 - 0.3 m/s, maximum contact 

pressure: 0.88 - 0.1 MPa, total sliding time: 2 - 

300 s, disc mass : 0.167 - 0.3 g, specific heat for 

gray cast iron: 560 J / (kg K), angular speed 1 - 

25 rad/s, normal load of (25, 50, 75, 100, 150, 

200) N, speeds (20 , 40, 60, 80, 100) rpm, 

acoustic emission from 4 - 70 dB, braking 

contact temperature at different speeds; 

calculated at closed contact 100 - 1100 °C. 

(Huang et al. 2019; Nuñez & Andree, 2022; 

Shababi et al., 2017,) 

 

The friction coefficient and the acoustic 

emission identified from several tests that when 

the load was increased the acoustic emission 

increased, in the last part of the tests in a cyclical 

way with only a few intermittences. For a better 

understanding of what was happening, they 

chose 10-s test periods to highlight the 

phenomenon. In these short-term tests, it was 

observed that the coefficient of friction and the 

acoustic emission between seconds 200 and 210 

of the 300-s test, the disc makes a complete 

rotation every second, and the coefficient of 

friction presented the same evolution from one 

cycle to another. Therefore, it was decided to 

reduce the period to 2 s with the same test 

conditions, identifying that compared to the tests 

in which we do not have acoustic emission, there 

is a drop and sudden increases in the values of 

the coefficient of friction that was repeated every 

cycle with different amplitudes that were 

considered a slip period. (Kumar et al., 2018). 

 

During this period just before the contact 

block, it was possible to identify that most of the 

energy is lost during stop-and-go driving, which 

is the energy absorption optimization period that 

we are looking for so that the regenerative brakes 

are more efficient. During the braking tests, it 

was identified that up to 80% of the energy could 

be lost in the stopping and starting phenomena 

where the temperature was measured by 

conduction because it is the method of greater 

precision and accuracy with economic 

instrumentation. Previous case studies have 

identified that regenerative braking can often 

retain nearly half of that lost energy that was 

converted to heat by closing the ignition. This 

energy can be transformed by regenerative 

systems into electrical energy that will help, in 

the case of hybrid cars, in greater efficiency of 

fossil fuel, helping to conserve the environment 

with a sustainable development system. 

 

The identification of energy loss of 

friction braking systems in pin-on-disc tests 

determined that, if we use a regenerative braking 

system at this critical point, these two systems 

work better together. Regenerative brakes 

reduce energy loss, but they are not designed to 

be the only braking system on a vehicle. Their 

effectiveness was limited at low speeds, and they 

simply cannot stop a vehicle suddenly. They also 

cannot be used as a parking brake to prevent a 

parked car from rolling downhill. (Das et al., 

2017). Finally, two-wheel drive vehicles do not 

have four-wheel drive motors; therefore 

regenerative braking cannot be used on the other 

two wheels of the vehicle. 

 

Working together, traditional or friction 

brakes provide the safety factor of allowing 

sudden stops, while regenerative brakes reduce 

the temperature, pressure, and the number of 

times friction brakes must be used. (Ishizaka et 

al., 2017; Zhang et al., 2016). As vehicles fitted 

with regenerative brakes use friction brakes less 

frequently, brake dust and emissions will be 

reduced, but the build-up of a uniformly 

transferred layer of wear particles, necessary to 

achieve full torque in the engine, will be 

reduced, and total or partial braking moment. 

(Kumar et al., 2018) 
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Pin on disc tribological tests for 

hydraulic braking systems in a frictional contact 

in controlled media with the presence of a third 

body in the contact such as a contaminant or wet 

condition has been exceeded to test regenerative 

braking systems. This test requires modifications 

to conform to the new combined friction and 

regenerative brake standards (under SAE J2789, 

SAE J2707, SAE J2784, SAE J2923, SAE 

J2522, and SAE J2521). The tests require 

adjustments to include tests at lower 

temperatures and different braking profiles. The 

new dynamometers must be able to reproduce 

the combined effects of both braking systems at 

the same time with the generation of spectrum 

signals in real-time. 

 

However, full-scale dynamometer 

testing is expensive, time-consuming, and highly 

trained staff involved in research to interpret the 

output data that will be used by peers in other 

disciplines to program electronic systems to 

investigate the optimization of the combined 

system to be able to propose a profitable 

automotive patent that allows mass production 

and cheaper technologies such as friction brakes. 

At present, countries with great technological 

developments have generated, together with 

their most specialized Technologists, machines 

that propose solutions to modern industry and 

that, in a perfect balance between Applied 

Research - Industry - Government, develop test 

benches that revolutionize technology. 

 

Nowadays, Countries with great 

technological developments have generated, 

together with their most specialized 

Technologists, machines that propose solutions 

to modern industry and that, in a perfect balance 

between Applied Research - Industry - 

Government, develop test benches that 

revolutionize technology. The Model M3000 

Brake Dynamometer allows testing of 

conventional, electro-hydraulic, electro-

mechanical, regenerative hybrid-hydraulic 

systems. It is equipped with a DC drive motor, 

which allows a wide range of rotational speeds 

to be reached up to 2500 rpm, allowing a wide 

range of vehicles to be tested up to their 

maximum speed, in some cases 350 km/h., even 

plus. The M3000 allows the dynamic inertia 

simulation in the range of 5 kgm2 to 250 kgm2.  

 

 

 

This means that we can test a wide range 

of vehicles, from light passenger cars, and heavy 

SUVs, to light commercial vehicles. This can 

break with a braking torque of up to 5650 N-m, 

which allows doing 10 m/s2 for all the mentioned 

vehicles and much more for some lighter ones. 

See figure 02. 

 

The station data acquisition of the M3000 

allows to record in real-time on the timeline the 

following signals: braking torque, rotational 

speed, linear speed, deceleration, mechanical 

vibrations, dynamic unbalance, relative and 

absolute humidity, pad temperature, disc 

temperature, drum temperature, generator 

temperature, brake pressure, acceleration, fluid 

displacement, actual inertia, cooling the air 

temperature, cooling airflow high-speed camera 

image, thickness variation of the disk, peak noise 

level, peak noise frequency, peak noise duration, 

data acquisition and analysis, all signals can be 

recorded in real-time and on the timeline, signals 

can be stored with frequency up to 1000 Hz, free 

online technical support to analyze the results 

and compare them with the data obtained in 

other friction material. 

 

 
 

Figure 2 M3000 Brake Dynamometer for brake testing 

Source: BOSMAL Automotive Research and Development 

Institute Ltd (2022) 

 

Making the test procedure easier is 

possible on a small scale using M3000 

tribometers. This saves time, and financial 

resources, and enables early sorting of materials, 

without the need for large-scale component 

evaluation. (Huang et al., 2017; Ishizaka et al., 

2017). Another advantage of this approach is the 

ability to precisely control critical parameters on 

an internationally certified machine. 

(Campuzano-García et al., 2022; Soto & 

Montañez, 2022). 
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Results discussion 

 

Hydraulic friction brakes have many 

recommendations in favor. They are a very 

effective means of providing the large amounts 

of braking torque needed to stop a vehicle. They 

are also relatively cheap and generally very 

reliable. However, because they depend on the 

act of pressing a friction material against a 

moving surface, the physical characteristics 

intelligently change over time by the rheological 

conditions of the compression fluid, depending 

on the user's driving conditions. the environment 

and unpredictable media, although they do not 

regenerate the heat energy produced by them, 

they are currently used as a means of braking in 

hybrid-electric cars due to their simplicity, 

economy, and responsiveness, complying with 

GNC systems. (Good, Nice, and Cheap), which 

is not that they are of poor quality, because the 

theories indicate that high-quality systems are 

expensive for having gone through a whole 

testing process, however, these systems have 

passed all those quality tests for decades and 

have passed them. These hydraulic braking 

systems are one step ahead of where the 

technology has been transferred and made 

cheaper by mass production in the automotive 

industry. 

 

The contaminants layers in the contact 

reduce the frictional forces and increase 

slippage, but as the contact passes, a 

contaminant expulsion sweep was generated, 

recovering the real area of contact and adhesion 

with a laminar layer of wear particles that 

standardize: temperature transmission by 

conduction to the brake pad and the friction 

coefficient in the entire contact area. 

 

An increase in the hydraulic pressure of 

the contact braking systems increases the 

acoustic emission, but if a third body appears in 

the contact, the acoustic emissions are tripled 

due to the slippage that it presents in the contact 

and the friction coefficient decreases. 

 

 

 

 

 

 

 

 

 

It was considered that 80% of the heat 

generated by friction in the disc was dissipated 

through the phenomena of heat transfer by 

conduction, convection, and radiation. If this 

braking energy converted into heat energy is 

stopped so that it is not converted into heat but 

into rotational energy in the opposite direction to 

that of the braking disc, it can produce a torque 

in a synchronous generator system that, when the 

turns are cut, can supply electrical energy. On 

the other hand, the friction braking system will 

not heat up, because the regenerative system will 

slow down the rotation and the disc brake pad 

friction system now become auxiliary or 

emergency in case of sudden braking or at low 

speeds where the regenerative braking system 

did not reach its activation. 

 

Regenerative braking systems currently 

represent a technological challenge that until 

now is under development and is only used in 

test prototypes for idealistic conditions with 

established parameters such as infrastructure and 

racing cars. These test conditions have 

simplified the reaction algorithm of the 

electronic systems that activate and deactivate 

the regenerative braking system. (delimitation of 

the study problem). 

 

The proposal of advanced tribological 

machinery is a reality, but also high-cost 

specialized machinery with a whole set of 

physical infrastructure requirements, of 

specialized personnel to be able to operate them 

and exploit a whole set of technological 

contributions to the automotive sector. These 

systems may represent a set of capitalization 

opportunities when a good business vision is 

combined, a business plan for a Department of 

Technological Development specialized in 

braking systems of the private industry, the 

Automotive Industry, or for a Technological 

Development Center University that through its 

laboratories comply with the certifications that 

demonstrate its competence of services under 

international standards ISO 9001 and/or that its 

results are valid and repeatable (international 

accreditation ISO 17025), IEC 17025: 2017 or 

its Mexican equivalent, the NMX-EC-17025-

IMNC-2018 standard, EMA (Mexican 

accreditation entity, A.C.), together with the 

Good Laboratory Practices (GLP) of the 

Organization for Economic Cooperation and 

Development (OECD). 
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But for an Engineering Educational 

Center this type of equipment in its laboratory 

represents an unattainable investment for many 

and in addition to lacking laboratory 

certifications that allow services to be sold to the 

business sector and are little used to carry out 

laboratory practices of related subjects, for what 

is recommended for these last Centers, the 

manufacture of their machinery based on the 

knowledge of the technologies developed in first 

world countries or the purchase of essential 

branded pin on disc equipment for pedagogical 

purposes so that engineering students can 

understand how: do they work. Once 

engineering students can understand how 

specialized equipment is tested or developed, 

they will need to continue to specialize so that 

when they come into contact with a specialized 

team of this magnitude they can develop patent-

worthy contribution technologies among their 

peers. Without forgetting that the technological 

advance in this equipment is by leaps and 

bounds, the high technology centers with 

certified laboratories will have around 3 to 5 

years to exploit them technologically, after this 

time it represents test equipment that for the 

world of research and technological 

development is obsolete. But it may be enabled 

for teaching. 

 

Conclusions 

 

Tribological improvements in automotive 

systems generate energy savings of around 

18.6%. As with traditional brakes, tribology and 

friction reduction play an important role in 

regenerative brakes. Future engineering and 

current research aim to combine friction and 

regenerative brakes to minimize energy loss and 

maximize effectiveness. As regenerative brakes 

continue to evolve, friction brakes may one day 

become obsolete. SAE is developing tests that 

measure the combined performance of 

traditional and regenerative brakes under SAE 

J2789, SAE J2707, SAE J2784, SAE J2923, 

SAE J2522, and SAE J2521 standards. 
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