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APRESENTAÇÃO

A Engenharia de Computação tem como definição ser o ramo da engenharia que 
se caracteriza pelo projeto, desenvolvimento e implementação de sistemas, equipamentos 
e dispositivos computacionais, segundo uma visão integrada de hardware e software, 
apoiando-se em uma sólida base matemática e conhecimentos de fenômenos físicos. 
O objetivo é a aplicação das tecnologias de computação na solução de problemas de 
Engenharia.

Deste modo, este livro, aborda diversos aspectos tecnológicos computacionais, tais 
como: o desenvolvimento de um jogo de RPG acessível em LIBRAS; uma reflexão quanto 
à necessidade de aplicação de supressores de surto como proteção de transformadores 
devido a eventos transitórios em manobras de disjuntores; um algoritmo para geração de 
contorno 2D envolvendo regiões irregulares; avaliação da influência das tensões residuais 
e imperfeições geométricas iniciais em colunas de aço submetidas à flexão em torno do 
eixo de menor inércia; os esforços em estruturas laminares, de características de geometria 
e carregamentos diversos através da implementação computacional de um elemento finito 
sólido hexaédrico de 8 nós programado com uma linguagem computacional de alto nível; 
uma análise computacional realizada através do programa SAP2000; a estabilidade e as 
vibrações de anéis e tubulações apoiados em uma fundação elástica de Pasternak; um 
controlador neural para dois elos de um robô manipulador de três graus de liberdade (3 
GDL); uma ferramenta de autoria para livros relacionados a área da educação; um aplicativo 
com propósito de aumentar a taxa de reciclagem e minimizar os danos ambientais devido ao 
descarte incorreto de resíduos na natureza; a conscientização de crianças e adolescentes 
sobre as ocorrências de bullying; uma aplicação web interativa, de fácil utilização e interface 
amigável, por meio do pacote Shiny, destinada aos tópicos de intervalo de confiança e 
dimensionamento de amostra para o parâmetro proporção; segmentar e detectar, por meio 
de redes neurais convolutivas, as pás dos raspadores de escória em panelas de ferro gusa 
do Reator Kambara de uma siderúrgica; integrar a Biblioteca Digital de Artigos (IFPublica) 
e a Plataforma de Digital de Inscrição e Administração de Projetos (PDIAP), por meio de 
adaptações nos dois projetos, para impedir erros humanos e automatizar o processo de 
cadastro de artigos do PDIAP na base de dados do IFPublica.

Assim, espero que a presente obra venha a se tornar um guia aos estudantes e 
profissionais da área de Engenharia de Computação, auxiliando-os em diversos assuntos 
relevantes da área, fornecendo a estes novos conhecimentos para poderem atender as 
necessidades informacionais, computacionais e de automação das organizações de uma 
forma geral. Por fim, agradeço aos autores por suas contribuições na construção desta 
importante obra e desejo muito sucesso a todos os nossos leitores.

Ernane Rosa Martins
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ABSTRACT: The elasto-plastic behavior of the 
aluminum alloy 7050-T7451 subjected to cyclic 
loading was investigated and modeled. The 
objective of this work is to improve the constitutive 
model of Chaboche with a special emphasis in 
the compression. In the proposed model, the 
part under tension of the stress-strain curve in 
the stable hysteresis cycle is modeled separately 
from the compressed one, where it is considered 
that they have different Modulus of Elasticity. The 
work includes both simulation and experimental 
data, and they are compared to each other. 
The values were collected experimentally by 
the application of symmetric cyclic strain-driven 
loading in the strain range between 0.75% and 
2.25%. The experimental results were used to 

calculate the parameters of the constitutive model 
in a MATLAB® software. The responses obtained 
with the proposed model have greater adherence 
to the experimental results than those obtained 
with the Chaboche model. 
KEYWORDS: Elasto-plastic Strain, Constitutive 
Model, Stable Hysteresis Cycle.

MODELO CONSTITUTIVE 
ELASTO-PLÁSTICO BASEADO NO 
ENCRUAMENTO CINEMÁTICO DE 

CHABOCHE PARA A LIGA DE ALUMÍNIO 
7050-T7451

RESUMO: Foi investigado e modelado o 
comportamento elasto-plástico da liga de 
alumínio 7050-T7451 sujeita a carregamentos 
cíclicos. O objetivo deste trabalho é aprimorar o 
modelo constitutivo de Chaboche dando ênfase 
à compressão. No modelo proposto, a parte 
tracionada da curva tensão-deformação no ciclo 
de histerese estável é modelada separadamente 
da sujeita à compressão, considerando que há 
diferença entre seus Módulos de Elasticidade. O 
trabalho inclui simulação e dados experimentais 
e são comparados entre si. Os valores foram 
coletados experimentalmente pela aplicação de 
carregamentos cíclicos simétricos controlados 
por deformação na faixa entre 0,75% e 2,25%. Os 
resultados experimentais foram utilizados para 
calcular os parâmetros do modelo constitutivo 
no software MATLAB®. As respostas obtidas 
com o modelo proposto têm maior aderência 
aos resultados experimentais se comparado às 
obtidas com o modelo de Chaboche. 
PALAVRAS-CHAVE: Deformação elasto-plástica, 
Modelo constitutivo, Ciclo de histerese estável.
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1 |  INTRODUCTION
The aluminum alloy 7050-T7451 contains several advantageous properties such as 

high strength, good toughness, low density and good corrosion resistance and this makes it 
widely used in the aerospace industries and in various components of modern aircraft (Hao 
et al.; Xu et al.). These and many other applications cause their structural components to be 
frequently subjected to complex cyclical loads (Zhu et al.). 

During the last decades, cyclic constitutive models have been widely developed for 
metallic materials and are being used successfully in academic researches and industrial 
applications (Zhou et al.). In cyclical loading, the cyclic hardening or softening of materials 
plays a very important role in the safety assessments and life prediction related to the fatigue 
of these structural components and this topic has attracted a lot of attention (Chaboche et 
al.). It is important to understand the variables responsible for the cyclic mechanical response 
of the material. Be able to accurately describe this behavior have great importance in life 
prediction and project optimization. Laboratório de Mecânica Aplicada e Computacional

Thus, the objective of this study is to modeling the elasto-plastic behavior of the 
aluminum alloy 7050-T7451 through an adaptation of the non-linear constitutive model of 
Chaboche kinematic hardening. The proposed model is compared with the data collected 
experimentally and this error is compared with the error between the Chaboche model 
and the experimental data. This study is done using the experimental data together with 
simulation in MATLAB®.

2 |  CHABOCHE CONSTITUTIVE THEORIES
Chaboche nonlinear model is based on research by Frederick and Armstrong, which 

consists of a superposition of several non-linear models defined by eq. (1):

Where C and y are parameters of the material, d  is the plastic strain increment, 
d  is the equivalent plastic strain increment, while αij is the total translation of the center 
of the initial yield surface, known as back stress (Fig. 1).
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Figure 1. Graphical representation of Frederick-Armstrong’s nonlinear kinematic hardening model 
adapted from Souza Neto et al.

Where σy0 is the yield stress. The Chaboche model is used for this paper and its back 
stress is given by:

Where n is the number of superposition models. Ci and yi are parameters of the 
material. For a stable hysteresis cycle of a strain-driven loading, the solution of the back 
stress in the uniaxial loading is given by:

Where  is the plastic strain when applied the loading and  is the limit of 
plastic strain of the hysteresis loop. The graphical representation of the superposition of 3 
independent back-stresses is given in the Fig. 2.
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Figure 2. Representation of Chaboche nonlinear kinematic hardening model adapted from Hashiguchi.

3 |  MATERIALS AND METHODS

3.1 Experimental details
The experimental tests were performed on an MTS® LANDMARK servo-hydraulic 

machine model 370.10 with 100 kN of maximum load capacity and served by an MTS® 
FlexTestGT controller. Strain was measured using an MTS® extensometer model 632.26F-
20.

Three specimens were used for each maximum strain value in the range. Figure 3 
contains the dimensions of specimen.

Figure 3. Dimensions of specimen (mm).

After the preparation of the specimens, they were subjected to strain-driven cyclic 
mechanical tests, following the information in Tab. 1. As recommended by MIL-HDBK-5H 
(Handbook), the strain control was performed by means of triangular wave in the frequencies 
between 0.111 Hz and 0.333 Hz, in order to maintain constant the strain rate at 0.3 1/min.
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Specimen Rɛ (-) Strain (%) Δɛ (%) Frequency (Hz)
C1, C2 and C3 -1 -0.75 to 0.75 1.5 0.333

C13, C14 and C15 -1 -1.25 to 1.25 2.5 0.200
C31, C32 and C33 -1 -1.75 to 1.75 3.5 0.143
C49, C50 and C51 -1 -2.25 to 2.25 4.5 0.111

Table 1. Strain amplitudes and frequency for each specimen.

Where Rɛ is the ratio between the minimum and maximum strain and Δɛ is the strain 
variation. The number of specimens as well as the number of strain variations is based on 
the ASTM E739-10 standard (E739-10), which classifies the data as permissible for design.

3.2 Proposed constitutive model
First, some considerations were made:

• The material is considered isotropic: The aluminum alloy is an anisotropic ma-
terial (Schubbe), but if the specimens are made in the same direction as the 
lamination of the plate and the loads are applied in the same direction, this as-
sumption can be made (Lima, Massaroppi Junior and Bose Filho);

• There is a distinction between tensioned ( ) and compressed ( ) 
parts. These two parts will be modeled separately, considering the respective 
Modulus of Elasticity;

• The true stress and true strain are used, and these are based on the hypothesis 
of constant volume during deformation;

• As the distance between the extensometer knives is 8 mm, this is the initial size 
(l0) considered;

• Although there are three specimens for each strain amplitude, only one result is 
used, as these are very similar;

• The analyzed results are taken from the stable hysteresis loops.

With that, the model can be defined. The Chaboche model for the stable hysteresis 
loop, with n = 3, can be defined as:
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In Chaboche constitutive model, the Modulus of Elasticity of the tensioned part is 
the same as the compressed one and the modification proposed by this work is to separate 
these parts. Separating these parts, the calculation of the plastic strain is different for each 
one.

Chaboche only considers the Modulus of Elasticity (E) in the tension to calculate 
the entire plastic strain. In this research it was found that there is a difference between the 
Modulus of Elasticity in tension (Et) and the Modulus of Elasticity in compression (Ec ).

Dividing the hysteresis loop into two parts, the function  is given by:

Where the sub-indexes c and t represent the compressed and tensioned parts 
respectively. With this, one can separate the Chaboche model into tension and compression, 
with n = 3, which are:

With the values obtained experimentally and using these equations, the parameters 
Ci and yi are calculated through an algorithm in the MATLAB® software.
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4 |  RESULTS
The data collected experimentally are force (F), but for the model it is necessary 

to find the related tensions (σ). The initial radius of the specimen cross section is r0=4mm 
and the initial length l0 =8mm. For that and considering deformation at constant volume, the 
instant length of the specimen (l), the true stresses (σ) and true strains (ɛ) are given by the 
relationships:

Where S, F and e are the engineering stress, applied force and engineering strain 
respectively.

With the parameters found, the true stress curves as a function of the true strain are 
presented. In the left column of the Fig. 4 to Fig. 7 is shown the comparison between the 
proposed model and the experimental results and the one on the right between Chaboche 
and the experimental.

Figure 4. True stress-strain curve. Comparison between: a) proposed model and b) Chaboche model 
both with experimental results for  Δɛ= 1.5% of the cyclic loading on Aluminum Alloy 7050-T7451.
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Figure 5. True stress-strain curve. Comparison between: a) proposed model and b) Chaboche model 
both with experimental results for Δɛ = 2.5% of the cyclic loading on Aluminum Alloy 7050-T7451. 

Figure 6. True stress-strain curve. Comparison between: a) proposed model and b) Chaboche model 
both with experimental results for Δɛ = 3.5% of the cyclic loading on Aluminum Alloy 7050-T7451. 

Figure 7. True stress-strain curve. Comparison between: a) proposed model and b) Chaboche model 
both with experimental results for Δɛ = 4.5% of the cyclic loading on Aluminum Alloy 7050-T7451. 

Figure 4, Fig. 5, Fig. 6 and Fig. 7 shows that there is a difference in the parts 
under compression, in which it appears that the proposed model has more adherence to 
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the experimental results than the Chaboche model. In order to know which model is more 
compatible with the experimental results, the error is calculated by means of the maximum 
difference between the stress found in the respective model and the experimental stress for 
the same strain in the entire cycle. The results are given in the Tab. 2:

CP Δɛ (%) Δσchab (MPa) Δσt (MPa) Δσc (MPa) Et (GPa) Ec (GPa)
C1 1.5 16.324 4.2340 4.1740 66.491 63.374
C13 2.5 15.2846 11.5778 13.5928 63.985 60.581
C31 3.5 20.3824 8.1301 5.4907 64.344 60.291
C49 4.5 15.8373 12.4194 11.8516 63.038 59.762

Table 2. Maximum differences between the tensions found in the models and the experimental results.

Where Δσchab is the maximum difference of the experimental stress and the calculated 
by the Chaboche model in the entire stable hysteresis cycle. Δσt is the difference in parts 
under tension, while Δσc is the difference between the compressive stress of the proposed 
model and the experimental compressive stress. Note that the proposed model has the 
error always smaller than the Chaboche model.

5 |  CONCLUSIONS
Based on the results obtained with the proposed model, it can be conclude that:

• Separating the hysteresis loop that are under tension and under compression 
improves the prediction of the material cyclic behavior;

• The ratio between Δσchab to Δσc or Δσt tensions varied by almost 400% in some 
cases;

The proposed model proved to be a valid tool, since the results found are closer to 
the collected data if compared to the Chaboche model.
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