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RESUMO

CARNEIRO NETO, Ranulfo Martins. Desenvolvimento de modelos de dano coesivo
modificados para juntas coladas submetidas a fluéncia em modo II. 2022. 103 f. Tese
(Doutorado em Modelagem Computacional) — Instituto Politécnico, Universidade do Estado do
Rio de Janeiro, Nova Friburgo, 2022.

Adesivos poliméricos apresentam comportamento viscoso quando submetidos a
carregamentos constantes, resultando em deformacdes permanentes desses materiais. A
fluéncia tem significativa influéncia nas propriedades mecanicas e coesivas das juntas adesivas,
porém esta influéncia ndo ¢ considerada nos modelos disponiveis na literatura que visam
simular o comportamento mecanico das juntas coladas. Os modelos de dano coesivo (MDC)
sao vastamente utilizados na modelagem de juntas coladas em condi¢des estaticas, porém, nao
h4 literatura MDC aplicados ao fenomeno da fluéncia. Os pardmetros coesivos sao considerados
constantes nos MDC, o que ndo ¢ valido para a fluéncia. O objetivo principal dessa tese ¢
desenvolver um modelo de dano coesivo que simule adequadamente a fluéncia nas juntas do
ensaio end notched flexure (ENF), considerando assim a variagdo dos parametros coesivos no
modelo. Os fatores tempo e carga de fluéncia foram avaliados em amostras do ensaio ENF, o
qual ¢ vastamente utilizado para calcular a energia critica de fratura em modo II (cisalhamento).
Além dos ensaios ENF usuais, que visaram calcular os valores de referéncia da forca maxima
e da energia critica de fratura em modo II, foram realizados ensaios de fluéncia e ensaios pds
fluéncia. Os ensaios de fluéncia foram realizados em duas etapas: i) tempos e cargas de fluéncia
pré-definidos, i) carga de fluéncia definida e aplicada até ocorréncia da falha. Os ensaios pos
fluéncia tiveram como objetivo mensurar a mudanga nos pardmetros coesivos quando
comparadas com os valores de referéncia. Os resultados dos ensaios p6s fluéncia demonstraram
que, em comparagao com as condigdes estaticas, a forca maxima e a energia de fratura em modo
II do ensaio ENF sdao modificadas devido ao efeito de fluéncia. Assim, um aumento dessas
propriedades de maneira significativa foi observado em alguns casos, havendo a oportunidade,
portanto, de aumento da resisténcia das juntas adesivas quando pré-carregadas em fluéncia para
condi¢des controladas. Para que as evidéncias experimentais fossem consideradas nos modelos
numéricos, duas fungdes de duas varidveis (tempo e carga) foram propostas, a fim de calcular
o valor da energia de fratura residual para cada incremento de tempo na simula¢do numérica.
Regressoes lineares e nao lineares foram realizadas para que os parametros das fungdes
(modelos) fossem calculados. Apos a validagdo desses modelos, os mesmos foram
implementados em linguagem Fortran, descrevendo assim o comportamento constitutivo do
material. Dessa forma, através de uma sub-rotina user material (UMAT), associada ao
programa de elementos finitos Abaqus, a modelagem numérica das juntas ENF foi realizada,
sendo entdo desenvolvido um modelo de dano coesivo modificado para a modelagem da
fluéncia em juntas adesivas, sendo essa a principal contribui¢ao dessa tese. O modelo proposto
considerou tanto a mudanga da energia critica, como também a degradacdo da tensdo de
cisalhamento do adesivo. Os resultados numéricos e experimentais tiveram boa concordancia,
demonstrando o potencial do modelo de dano coesivo desenvolvido para simular a fluéncia de
juntas coladas.

Palavras-chave: Junta Coladas. Modelagem numérica. Fluéncia. Modelos de dano coesivo.



ABSTRACT

CARNEIRO NETO, Ranulfo Martins. Development of modified cohesive zone models for
bonded joints submitted to creep in mode II. 2022. 103 f. (Doutorado em Modelagem
Computacional) — Instituto Politécnico, Universidade do Estado do Rio de Janeiro, Nova
Friburgo, 2022.

Polymeric adhesives present viscous behavior when submitted to constant loads,
resulting in permanent deformation of these materials. The creep has significantly influence on
the cohesive and mechanical properties of bonded joints, however these changes are not taken
into account on the numerical models available in literature that aim to simulate the mechanical
behavior of bonded joints. The cohesive zone models (CZM) are widely applied in the
modelling of bonded joints in static conditions, but there is no CZM applied to the creep
phenomena. The cohesive properties are considered constants in CZM, what is not valid for
creep. The main goal of this thesis is to develop a cohesive zone model that simulate the creep
in end notched flexure (ENF) joints properly, taking the variation of the cohesive properties
into account. Both creep time and creep load were evaluated in samples from the ENF test,
which is extensively used to obtain the critical fracture energy in mode II (shear). In addition
to the usual tests that aim to calculate the reference values of maximum load and critical fracture
energy, creep and post creep tests were performed. The creep tests were carried out in two steps:
1) with pre-defined creep times and creep loads, ii) creep load applied until the failure occurs.
The post creep test aimed to measure the change in cohesive properties in relation to the
reference values. The results showed that both maximum load and fracture energy are changed
due to creep effect when compared to the values obtained in static conditions. A considerably
increase was observed in some cases, therefore, there is the opportunity to increase the strength
of adhesive joints when they are pre-creep loaded in controlled conditions. In order to consider
the experimental evidences in the numerical models, two functions of two variables (time and
load) were proposed aiming to calculate the residual fracture energy values for each time
increment in the numerical simulation. Linear and non-linear regressions were carried out
aiming to obtain the functions parameters. After the validation of the functions, they were
implemented in Fortran language, describing this way the material constitutive behavior. Thus,
the numerical modelling of creep in ENF joints was performed using a user material (UMAT)
subroutine associated to the finite element program Abaqus, and so the cohesive zone models
to simulate creep in bonded joints were developed, which was the main contribution of this
thesis. The modified model proposed took both fracture energy change and shear strength
degradation into account. A good agreement between numerical and experimental results was
obtained, demonstrating the potential of the cohesive zone models developed to simulate creep
in bonded joints.

Keywords: Bonded joints. Numerical modelling. Creep. Cohesive zone models.
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INTRODUCAO
Contextualizacio

A unido de materiais através de adesivos estruturais vem crescendo consideravelmente
em diversos setores da engenharia, tais como 6leo e gas, civil e aviacdo. A resisténcia das juntas
coladas depende de diversos fatores, incluindo a espessura adesiva, o tratamento superficial,
fatores ambientais como umidade e temperatura, além do tempo de aplicacdo das cargas. A
fluéncia ¢é caracterizada pela aplicacdo de uma carga a um determinado material por um longo
periodo, resultando, no caso dos adesivos estruturais, em um comportamento viscoelastico,
onde a deformagao ¢ dependente do tempo [1].

A utilizagdo de modelos numéricos na previsao do comportamento das juntas coladas
tem grande relevancia cientifica e pratica. Esses modelos devem prever fendomenos
interdisciplinares, incluindo-se desde fendmenos quimicos, como os tratamentos superficiais,
até o comportamento mecanico, descrito através de relagdes constitutivas que englobam as
propriedades do adesivo e do aderente, além das propriedades da interface. Dessa forma, a
modelagem computacional vem sendo utilizada para, através da linguagem de programacao e
modelos matematicos, auxiliar os projetistas e pesquisadores a descrever de maneira confiavel
o comportamento mecanico das juntas coladas.

Nesse sentido, diversos trabalhos experimentais e numéricos relacionados as juntas
coladas tém sido desenvolvidos nos anos recentes no Laboratorio de Adesdo e Aderéncia
(LAA), incluindo-se o estudo da fluéncia em juntas de cisalhamento simples (Albani, 2013;
Siqueira, 2019), estudo do fator de forma de area em reparo de tubulagcdes com chapa colada
(da Silva, 2015), desenvolvimento de critério de falha para juntas coladas submetidas a
carregamentos mistos (da Silva, 2010), analise numérica e experimental de juntas coladas em
condi¢des estaticas (Carneiro Neto, 2017), dentre outros. Dentre os adesivos utilizados nesses
trabalhos, destaca-se o adesivo estrutural epoxi NVT 201E, o qual tem grande potencial na
aplicacdo de reparos de tubulagdes com compdsitos (Zugliani et. al., 2019) ou chapas coladas
(da Silva et. al., 2020).

Os modelos de dano coesivo (MDC) associado com o método dos elementos finitos
(MEF) vém sendo amplamente utilizados na modelagem das juntas adesivas, pois permite a
simulacdo do crescimento do dano através de principios energéticos dependentes tanto do
adesivo tanto do aderente (Campilho et al., 2013). Para a modelagem da fluéncia em juntas

adesivas, os MDC sdo raramente utilizados, pois nesse caso podera ocorrer variagdo nos
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parametros coesivos das juntas, o que ndo ocorre na condig¢do estatica ou quase estatica. Assim,
como essa variacao das propriedades nao ¢ considerada nos MDC, esse fator limita a aplicagao
dos mesmos na fluéncia das juntas coladas, havendo entdo a necessidade de maior investigacao
através de experimentos e modelagens nesse tema. Os modelos viscoelasticos classicos
simulam o comportamento de corpos de prova somente com adesivos, € em alguns casos com
juntas adesivas especificas, porém na literatura nao se encontra aplicacao desses modelos nos
corpos de prova do ensaio end notched flexure (ENF), o qual é vastamente utilizado para a
determinagdo da energia critica de fratura em modo de cisalhamento, também denominado
modo II. Assim, nao ha na literatura modelos numéricos adequados e calibrados para simular a
fluéncia no ensaio ENF, assim como ndao hé trabalhos onde a fluéncia dessas juntas sdo

avaliadas.

Objetivos

O presente trabalho tem como principal objetivo desenvolver um modelo numérico de
dano coesivo modificado que considere as variagcdes da energia critica de fratura em modo Il e
da tensao méxima de cisalhamento devido a fluéncia, possibilitando a simulagdo numérica das
juntas adesivas referentes ao ensaio (end notched flexure) ENF. Foi utilizado o programa de
elementos finitos Abaqus, sendo desenvolvidas e implementadas sub-rotinas user materials
(UMAT) para modelar o comportamento dos adesivos, que sdo os elementos coesivos.

Para avaliar a mudanca nas energias criticas de fratura, diversos ensaios ENF foram
realizados, tanto na condigdo estatica (ou quase estatica), quanto na condi¢do de fluéncia, além
dos ensaios pos fluéncia, os quais medem as propriedades modificadas das juntas. Assim, sao
objetivos especificos dessa tese:

e Determinar a energia de fratura em modo II nas condigdes estatica e apos a fluéncia,
comparando-se os valores modificados da energia com o valor de referéncia;

e Obter o limite de resisténcia a fluéncia das juntas ENF;

e Propor fungdes de duas varidveis que possam calcular a energia de fratura em modo II
de acordo com a carga e tempo de fluéncia, obtendo-se os parametros das mesmas
através de regressoes;

e Realizar a modelagem da fluéncia das juntas ENF no Abaqus, inserindo o modelo de
dano coesivo nas sub-rotinas escritas em linguagem FORTRAN, levando em
consideracdo tanto a degradag¢do da tensdo de cisalhamento com o tempo quanto a

variacdo da energia de fratura em modo II;
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e Validar o MDC através de experimentos adicionais.

Estrutura da tese

A estrutura dessa tese ¢ composta, além dessa parte introdutoria, por 3 capitulos, além
das conclusdes e sugestoes de trabalhos futuros. Uma coletanea de 4 artigos também faz parte
desse trabalho, todos publicados em revistas cientificas. Todos os artigos sdo apresentados na
integra nos Anexos A, B, Ce D.

Na introdugdo os principais temas abordados no trabalho sdao apresentados, além dos
objetivos da tese.

No primeiro capitulo a revisdo bibliografica ¢ feita, sendo apresentados os principais
conceitos de fluéncia, especialmente aqueles relacionados a modelagem. Os trabalhos
relevantes ao tema da tese sdo descritos e discutidos, a fim de que as principais lacunas do tema
de estudo sejam evidenciadas e a inovagdo desse trabalho fique demonstrada.

O segundo capitulo descreve a metodologia e os resultados do trabalho, referenciando-
se a coletanea de artigos que compdem essa tese, sendo apresentados os principais legados de
cada trabalho. Os detalhes da metodologia e dos resultados estdo demonstrados nos artigos,
todos anexos a essa tese.

No terceiro capitulo os resultados de todos os artigos sao discutidos de maneira
integrada.

Por fim, as conclusdes sdo apresentadas, assim como as sugestoes para trabalhos futuros.

13



1. REVISAO BIBLIOGRAFICA

1.1. Fluéncia

A aplicacao de esforcos constantes em materiais por um longo periodo de tempo conduz
a uma deformacao lenta e permanente, sendo esse fenomeno denominado fluéncia (creep). A
norma ASTM D2293 define fluéncia como “mudanc¢a dimensional com o tempo de um material
sob carregamento, acompanhado de uma deformagdo instantinea elastica”. Em materiais
metalicos a fluéncia ocorre majoritariamente a temperaturas maiores que a ambiente. J4 em
materiais poliméricos, como alguns adesivos estruturais, ocorrem mesmo a temperatura
ambiente (Miravalles, 2007). A fluéncia pode resultar em perda da rigidez do adesivo, além de
poder também reduzir sua resisténcia (Santos, 2008). Trata-se, portanto, de uma propriedade
ndo trivial dentro da engenharia, devendo ser considerada pelos projetistas na previsao do
comportamento ¢ da durabilidade das juntas adesivas.

O processo de fluéncia em juntas adesivas pode ser descrito basicamente em 3 etapas,
conforme representado na Figura 1, onde a tensdo aplicada ao material polimérico, a umidade
e a temperatura sao mantidas constantes. Em ¢ = 0, ha uma deformacao elastica instantanea
(¢0), dependente da tensdo aplicada. As fases sdo entdo descritas como: 1) primaria ou
transiente, i1) secundaria ou estado estaciondrio e iii) terciaria ou final (Dillard, 2010). No
primeiro trecho a fluéncia ocorre de maneira relativamente rapida (alta taxa de deformagao),
diminuindo de intensidade ao final dessa etapa. Na fluéncia secundaria ocorre uma estabilizagdo
da fluéncia, onde se verifica uma velocidade constante de deformacao, sendo normalmente o
trecho mais longo. Na fluéncia terciaria ocorre consideravel acréscimo da taxa de deformagao,
até que o material se rompe (Majda, 2009).

A recuperacdo das deformagdes depende de diversos fatores, incluindo-se a carga
aplicada e as propriedades do adesivo. Se a carga for removida na fase primaria, a recuperagao
tende a ser total. Ja na fase secundaria essa recuperacao normalmente nao ¢ total, e na tercidria
nunca ¢ total (Cavalcante, 2012). Conforme apresentado na Figura 1, caso a deformacgao
continue a ser monitorada apds a remoc¢do da carga durante a fluéncia secundéria, um
decréscimo na deformagdo ¢ observado, sendo este equivalente a deformacdo eléstica
instantanea (&p). Esse processo ¢ denominado recuperacio (recovery), sendo mais acentuado

quanto maior o grau de reticulacao do adesivo polimérico (Dillard, 2010).
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Figura 1 — Curva tipica de fluéncia para um material polimérico viscoelastico.
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Fonte: Dillard, 2010.

De maneira geral, para um mesmo material, a deformac¢do de fluéncia (¢) depende
essencialmente de 3 fatores: 1) tensdo (o), i) tempo (t) e ii1) temperatura. No presente trabalho
o fator temperatura ndo sera considerado como varidvel, portanto essa influéncia ndo sera
detalhada. A Equacdo (1.1) pode ser utilizada para prever a deformacao total de fluéncia,

descrevendo o comportamento apresentado na Figura 1 (Dillard, 2010).
e=¢,+Bo™t+Do%(1—eF) (1.1)

onde as constantes B, m, D, a e [ sdo empiricas, determinadas através do ajuste da curva aos
dados experimentais.

O segundo termo da Equagdo (1.1) representa a fluéncia secundaria e o terceiro termo a
fluéncia primaria, a qual pode ser desprezada em algumas situagdes (Dillard, 2010). Nesses

casos, a diferenciacdo da Equacdo (1.1) resulta em:

& =Bo™ (1.2)
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Existem outros modelos frequentemente utilizados na modelagem da fluéncia, conforme
serd apresentado nos topicos seguintes.

Alguns trabalhos experimentais realizados em juntas de cisalhamento simples
mostraram que os adesivos epoxis tém grande potencial para resistir a fluéncia, o que foi
demonstrado nos testes de longa duracao realizados por mais de 1000-h (Queiroz et. al., 2014;
Carneiro Neto et. al. 2021). A literatura demonstra também que ha um esforgo a fim de melhorar
aresisténcia da fluéncia em juntas adesivas. Khabazaghdam et. al (2020) investigou a influéncia
do refor¢o de um adesivo epoxi com grafeno, obtendo uma reducao de 12.4% no deslocamento
de fluéncia quando comparado com os corpos de prova sem reforcos. O trabalho experimental
de Khalili et. al. (2009) demonstrou que o reforco do adesivo nas juntas de cisalhamento simples
com substratos de aluminio conduz a um efeito consideravel na deformacao inicial e no tempo
de falha. Os autores utilizaram trés tipos de fibras ao longo da camada adesiva com diferentes
orientagdes. Os experimentos, realizados a temperatura de 100° C, demonstraram que a
orientagdo das fibras ndo teve efeito consideravel na deformacao inicial. As juntas refor¢adas
com fibras de carbono com +45° tiveram maiores tempos de falha do que aquelas sem reforgos.
Em outro trabalho, Khalili (2014) demonstrou que quando os adesivos sdo refor¢ados com ligas
de memoria de forma, a vida util das juntas aumenta. Esses experimentos foram realizados em
trés temperaturas distintas, todas acima da temperatura de transicdo vitrea. Foram também
observadas melhorias na deformacao inicial e na taxa de deformagao de fluéncia. O tempo de
vida 1til da junta refor¢ada com seis tiras aumentou 55 % em relagdo aquelas sem reforcos.

O comportamento do material viscoeldstico estd também relacionado ao rearranjo
molecular, o qual pode ser reversivel ou irreversivel (Campo, 2008). Conforme relatado por
Wu, et. al (2019), a aplicagdo da carga de fluéncia em materiais poliméricos pode inclusive
resultar em um alinhamento das cadeias poliméricas, modificando dessa forma as propriedades

dos materiais.

1.2. Modelos viscoelasticos

Nessa se¢do alguns modelos cladssicos viscoeldsticos sdo brevemente apresentados.
Apesar desses modelos nao terem sido utilizados no presente trabalho, a apresentagao ¢ valida
para que os modelos disponiveis na literatura para modelar a fluéncia em juntas coladas sejam
apresentados, e assim a inovagao dessa tese fique ainda mais visivel. Além disso, alguns autores
utilizam uma abordagem hibrida, onde os modelos viscoelasticos sdo implementados nos

programas de elementos finitos (Choi et. al., 2013; Sadigh et. al., 2020; Chen et. al., 2021).
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Os modelos viscoelésticos sdo assim denominados por serem compostos tanto por
elementos elédsticos quanto por elementos viscosos. Dessa forma, pode-se representar um
material intermedidrio entre os solidos perfeitamente elasticos e o fluido newtoniano, ja que a
viscoelasticidade se caracteriza exatamente pela combinacao dos efeitos elasticos e viscosos
(da Silva et. al., 2018). Tal comportamento cabe perfeitamente aos adesivos poliméricos,
especialmente quando submetidos a fluéncia. A mola linear € o elemento eléstico utilizado em
tais modelos, modelando as caracteristicas de um soélido, tais como a elasticidade (E,) e
resisténcia (o), de acordo com a Lei de Hooke (0 = E, X €). Ja o amortecedor € o elemento
viscoso utilizado, o qual modela as caracteristicas do fluido, tais como a dependéncia do fluxo
com o tempo, temperatura e tensao aplicada, de acordo com a Lei de Newton da viscosidade
(o0 =1, X £) (Santos, 2008), onde 7, ¢ a viscosidade e ¢ a taxa de deformacao.

A Figura 2 mostra os modelos viscoeldsticos classicos. O modelo viscoelastico
simplificado foi proposto por Maxwell em 1867, onde uma mola ¢ associada em série com um
amortecedor. Dessa forma, aplicada uma tensdo nas extremidades do sistema, a deformagao
total pode ser obtida pela soma das parcelas elastica e viscosa. J& o modelo de Kelvin-Voigt
propoe a associagdo da mola e do amortecedor em paralelo. Assim, tanto a mola quanto o
amortecedor sdo submetidos a mesma deformagao, sendo a tensao total aplicada na extremidade
dividida entre as porg¢des elasticas e viscosas. Ja& o modelo de Burger consiste em uma

associacao em série dos modelos de Kelvin-Voigt e Maxwell (da Silva et. al., 2018).

Figura 2 - Modelos viscoelasticos cldssicos com suas respectivas equacdes diferenciais
governantes.

HOOKE-clemento de mola (clasticidade linear) 0 = E; % & ,,4.\‘1'.1#!‘\ .8
¥ L)
NEWTON-fluido (viscosidade linear) g = 1y X £ ﬁl—_’_
KELVIN-VOIGT-sélido 0 = Ep X & + 1], X & <d‘__\)]7
_‘JA’-"I llljl\d
: Mo = - A J
MAXWELL-fluido o + (32) X & =1]o X £ -“W—=-
T M AT Maliz, = _ i Nalz - N2
BURGERSJ+(51+EZ+EE) a+(5l52) g=nm 5+(_52 )5 M E —E-
= -a'\'r"\i"'\'l"’l_![ -’7
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Fonte: da Silva et. al., 2018.
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Os modelos viscoelasticos citados tém sido frequentemente utilizados para descrever o
fenomeno reologico dos materiais viscoeldsticos. Majda et. al. (2009) utilizou o modelo de
Burger para modelar os ensaios de um adesivo epoxi considerando quatro cargas de fluéncia a
temperatura ambiente. Os autores constataram que os parametros de Burgers sdo fortemente
afetados pelo nivel de tensdao de fluéncia, sendo entdo proposto um modelo de Burger
modificado, considerando uma viscosidade nao Newtoniana para os amortecedores e uma mola
ndo linear no elemento de Kelvin-Voigt. Esse novo modelo apresentou excelente ajuste com os
dados experimentais da fluéncia primdria e secundéaria. Zehsaz et. al (2015) apresentou
resultados experimentais de testes uniaxiais de fluéncia em um adesivo epdxi com
viscoelasticidade ndo linear. Um modelo constitutivo de fluéncia composto por um modelo de
Maxwell e dois modelos de Zener (mola em paralelo com o modelo de Maxwell) foi proposto,
o qual obteve melhor ajuste com os dados experimentais quando comparado com outros
modelos numéricos existentes até entao. Costa et. al (2015) também investigou a fluéncia de
adesivos epoxis, sendo avaliado o efeito da fluéncia no moédulo de Young apds um
carregamento de 1000-h. De maneira geral, o médulo de Young ndo foi consideravelmente
alterado. Um modelo de Burger ajustado proposto por Feng et. al. (2005) foi utilizado naquele
trabalho, exibindo uma boa concordancia com os resultados experimentais.

A modelagem da viscoelasticidade ndo linear torna os modelos reoldgicos mais
complexo e dificeis de implementar, além de necessitar muitos dados experimentais para a
determinagdo dos parametros (Dillard, 2010). Uma alternativa para representar essas nao
linearidades ¢ a adocdo de abordagens empiricas, usadas frequentemente em modelos

implementados nos programas de elementos finitos.

1.3. Modelos de fluéncia disponiveis no Abaqus

O Abaqus ¢ um software de elementos finitos bastante difundido no meio cientifico,
sendo um dos programas mais utilizados na modelagem de juntas adesivas, especialmente
devido a sua vasta biblioteca de modelos coesivos. Alguns modelos de fluéncia também sao
disponibilizados na biblioteca do programa, embora nao estejam diretamente relacionados aos
modelos de dano coesivo. Outra alternativa para modelar a fluéncia no Abaqus ¢ através das
sub-rotinas, onde pode-se ter como entrada os dados experimentais da curva deformacdo x
tempo, ou ainda, uma equacdo constitutiva que ndo faca parte da biblioteca do programa

(Cavalcante, 2012). De maneira geral, o comportamento da fluéncia no Abaqus ¢ especificado
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por um comportamento uniaxial equivalente, sendo modelado especialmente a fluéncia

secundaria (Abaqus, 2014).

1.3.1 Lei Potencial

A Lei Potencial (power law model) disponivel no Abaqus (ver Equagao (1.3)) possui
duas versdes: 1) time-hardening — adequada quando a tensdo aplicada ao material é constante,
i1) strain-hardening — quando 6 material ¢ submetido a uma deformacgado constante, variando-
se entdo a tensao (relaxagao). Os modelos disponiveis no Abaqus podem ser acessados na
arvore dos Materiais (Materials), acessando o caminho Mechanical >> Plasticity >> Creep
(Figura 3).

No modelo power law a taxa de deformagdo de fluéncia (€) ¢ dada pela Equacdo (1.3)

(Abaqus, 2014).

§=Ao™t™ (1.3)

onde o ¢ a tensdo desviadora; ¢ € o tempo total; 4, m e n sdo parametros dependentes da
temperatura definidos pelos usuarios. Esses parametros podem ser obtidos através do ajuste dos

dados experimentais ao modelo, caracterizando um problema inverso.

Figura 3 - Modelos de fluéncia disponiveis no Abaqus.
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Fonte: O autbr, 2022.

19



1.3.1.1 Teoria do endurecimento por tempo transcorrido (time hardening theory)

Essa teoria tem aplicabilidade quando o estado de tensdes no material ndo varia
consideravelmente, e assim a deformagao ¢ calculada ao longo do tempo para uma temperatura
constante (Cavalcanti, 2012). Dessa forma, para uma tensao constante ¢ = g,, a resolugdo da

equagao diferencial (1.3) resulta em:

tm+1AO.n
£§=—> (1.4)
m+1

onde os valores de n e A devem ser positivos, e o valor de m deve situar-se entre -1 e 0, para
que a taxa de deformacao tenha sentido fisico.

Utilizando o modelo apresentado, analises numéricas utilizando o método dos elementos
finitos em juntas de cisalhamento simples demonstraram que a deformagdo de fluéncia se
acumula nos locais dos corpos de prova onde ha mudangas geométricas (cantos vivos) (Zehsaz,
et. al. 2014). Os autores desse trabalho calcularam os parametros do modelo de poténcia através
do ajuste dos dados experimentais obtidos nos ensaios uniaxiais do adesivo epdxi ao modelo
(Equacao (1.3)), sendo utilizado o método de Levenberg-Marquardt (a ser detalhado na Secao
1.4). Posteriormente, esses mesmos parametros foram aplicados na modelagem das juntas
adesivas, que incluem o substrato e adesivo. Essa mesma metodologia foi utilizada em outros
trabalhos, sendo avaliada numericamente a fluéncia em juntas de cisalhamento simples (Zehsaz,
et. al., 2014; Khabazaghdam et. al., 2020) e juntas de cisalhamento duplo (Sadigh, 2016;
Sadigh, et. al., 2019; Zehsaz, et. al., 2014a). Boa concordancia numérica e experimental foram
observadas nesses trabalhos. Quando a fluéncia ¢ avaliada em juntas submetidas a diferentes
temperaturas o procedimento descrito para o calculo dos parametros deve ser feito
separadamente para cada uma delas. Um estudo paramétrico da falha por fluéncia em juntas de
cisalhamento duplo concluiu que a espessura adesiva ndo tem grande influéncia na vida 1til da
junta e as juntas com filetes apresentaram menor deflexdo com maiores tempos de vida de
fluéncia do que aquelas sem filetes (Zehsaz, et. al., 2014a). Nao foram encontrados na literatura

trabalhos similares nos corpos de prova do ensaio ENF.



1.3.1.2 Teoria do endurecimento por deformacao (strain hardening)
A aplicagdo dessa teoria ¢ adequada quando o estado de tensdo ¢ modificado ao longo

da andlise. Nesse caso a taxa de deformacdo de fluéncia ¢ dada pela seguinte equagdo

(Cavalcante, 2012):

¢ = (Ag™[(m + 1)e]™)mrt (15)

Quando nao ha dependéncia da temperatura as teorias “time hardening” e “strain

hardening” sdo equivalentes (Abaqus, 2014).

1.3.2 Lei do Seno-Hiperbdlica (hyperbolic-sine law model)

Essa Lei tem como diferencial a consideragdo do gradiente de temperatura, se
adequando as aplicacdes onde ha uma relagdo entre a temperatura e a taxa de deformacao. A

equagao a seguir descreve matematicamente esse modelo (Cavalcante, 2012).

& = A(sinhBo)" exp( — ﬁ) (1.6)

onde 7T ¢ a temperatura, 7, a temperatura inicial, Q ¢ a energia de ativagdo, R’ a constante
universal dos gases, 4, B e n sdo constantes do material.

Os parametros 4, B, n, O e R’ ndo devem ser definidos em fun¢do da temperatura, pois
a dependéncia da temperatura ja estd inclusa no modelo, diferentemente dos modelos

apresentados anteriormente (Cavalcanti, 2012).
1.4. Estimacio dos parametros de modelos

Cientistas de diversas areas se deparam com situagcdes onde precisam relacionar
parametros fisicos de um determinado modelo a um conjunto de resultados experimentais
obtidos. Partindo-se do pressuposto de que o modelo ¢ conhecido, pode-se entdo usar regressoes
lineares e/ou ndo lineares para obtencdo dos parametros. Os modelos que descrevem a taxa de

deformacao de fluéncia descritos nas Seg¢des 1.2 e 1.3 sdo exemplos de aplicacdes das
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regressoes. Nesta tese as regressdes foram utilizadas para calcular os parametros de modelos
que descrevem a energia de fratura em modo II (G c) em funcao das varidveis tempo (¢) e carga
de fluéncia (F), sendo, portanto, essas varidveis utilizadas na apresentacdo das equagdes desta

Secao.

1.4.1 Regressodes lineares

Quando o modelo ¢ linear no ajuste dos parametros, entdo um problema de regressao
linear ¢ definido (Aster, 2013). O modelo geral descrito na Equagao (1.7) sera considerado na
apresentacdo do método dos minimos quadrados, utilizado na obtencdo dos parametros
(z1,.--,Zy) da funcdo (Guc) de duas varidveis (tempo e forga de fluéncia, ¢t e F,

respectivamente).

Guc(t, F) =219:(t, F)+... +2pngm (L, F) (1.7)

onde m & ntimero total de parametros a serem determinados ¢ g,(t, F),..., gm(t, F) sdo as
funcdes geradoras, escolhidas de forma a representarem adequadamente o fendmeno em estudo.

Considerando que os valores experimentais da energia de fratura para cada condicio
experimental (¢, F;) sdo representados por /;, pode-se entdo calcular o erro quadratico (E,) pela
Equagao (1.8), representando a soma das diferengas quadraticas entre a energia critica

experimental e a calculada pelo modelo.

E (21, 2m) = 2?21[2191(%131') + ot ZmGm (6 F) — []° (1.8)

onde n ¢ o numero total de dados experimentais.

O minimo dessa fun¢do, caso exista, satisfaz VE, = 0. Assim,

dE,
o 212191t F) + -+ 2 g (8, Fy) — 1] g5 (8, F;) = 0

Vk=1,.. m (1.9)

ou seja,
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Yicilz191, F) + o+ 2y g (6, F) ] 9k (860, F) = X 1 gk (6, Fy), V=

1,..,m (1.10)
Escrevendo-se na forma matricial, tem-se:
(Y91 (tL F)g (0 F) - Xy g (6, F) g1 (80, Fy) Zl]
_Z?=1 91t F) gm0 F) - 121 9m (o F) gm (t, F) | 1Zm
-Z?=1 Iigl (ti; Fl)
: (1.11)
| Yiz1 Ligm (ti, F)
ou ainda:
(91t F) g (6, ) - gm (6, F) g1 (i, F) 1[4 ]
n : . : P =
im1 : . : Pl =
191t F)gm @i F) o gm (i F) gm (8, F) 1 12Zm
_Iigl(til FL)
i1 5 (1.12)
-Iigm(tii FL)
Considerando que g(t;, F;) seja dada por:
91(t, Fy)
gty Fy) = : (1.13)
Im (ti, Fy)

a parte interior do somatoério do lado esquerdo da Equagdo (1.12) pode ser reescrita da seguinte

forma:

gl(ti'Fi)gl(ti'Fi) gm(til Fi)gl(tilFi)
: . : = g(ti, F)g(t, F)" (1.14)

gl(ti' Fi)gm(ti' Fl) gm(ti' Fi)gm(til Fl)



Dessa forma, os coeficientes (z4, ..., Z,;) que melhor se ajustam a fung¢ao (modelo) dado
pela Equagdo (1.7), de acordo com o método dos minimos quadrados, sdo aqueles que

satisfazem o sistema dado pela Equagao (1.15).

Z
[A] Zm = [B] (1.15)
onde
[A] = XL, g(t, F)g(t, F)T (1.16)
e
[B] = X1 Lig(t, F)T (1.17)

Apbs a obtengdo dos parametros do modelo, a validagao dos mesmos deve ser realizada

utilizando-se dados que nao foram usados no processo de regressao.

1.4.2 RegressOes ndo lineares

Quando os parametros do modelo utilizado tém uma relagdo inerentemente ndo linear
com os experimentos, regressoes nao lineares devem ser utilizadas (Aster, 2013). Nesta Secdo
o método de Levenberg-Marquardt (Marquardt, 1963) ¢ apresentado, o qual ¢ amplamente
utilizado na solugdo de problemas inversos que sdo formulados implicitamente, especialmente
os problemas de otimizacdo (Silva Neto, 2016). O método de Levenberg-Marquardt (LM)
possui algumas vantagens em relagdo ao método de Newton, j4 que este ultimo nao pode ser
diretamente aplicado a diversos problemas inversos (Aster, 2013).

Para apresentagdo do método de LM, vamos considerar que os valores da energia critica
de fratura obtidos pelos experimentos e pelo modelo sejam representados por I; € Gy (¢, F),
respectivamente. O vetor de residuos (r;) e a fungdo de erro quadratico (E,) devem ser

calculados pelas Equacdes (1.18) e (1.19), respectivamente.

r; = Gy (t;, Fy) — I, parai=1,..,n. (1.18)
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Er(z1,+,2m) = Yo [Guc(ti, F) — I}]? (1.19)

onde (zq,***,Z;y) sdo os parametros a serem determinados e n ¢ quantidade de dados
experimentais. Da mesma forma que apresentado na Se¢do 1.4.1, ¢ ¢ o tempo de fluéncia e F' ¢
a carga de fluéncia.

A Equacdo (1.19) pode ser reescrita em func¢ao do vetor de residuos, conforme Equagao

(1.20).

E. (24, 2Zy) =113 parai=1,..,n. (1.20)

Para que a funcdo de erro quadratico (E,) seja otimizada, exige-se que aET/Zj = 0.

Logo,

rl-]iTj =0 parai=1,..,nej=1,..,m. (1.21)
onde J;; ¢ a matriz Jacobiana, dada pela Equacao (1.22).

__ 0Gyc(tyFy)

Jij =

parai=1,..,nej=1,..,m. (1.22)
aZj

Se a expansao de Taylor for escrita somente com os termos até a primeira ordem para

o vetor de residuos (Silva Neto, 2016), resulta em:

rftl =k +]ijAz}‘, parai=1,..,nej=1,..,m. (1.23)
onde

k+1 _ _k k - .
Z; =2z + Azj , parai=1,..,nej=1,..,m. (1.24)

sendo k o contador de iteragdes.

Combinando-se as Equacdes (1.21) a (1.23), obtém-se:
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(]ikj)T]iijZ]k = _(]ikj Trk, parai=1,..,nej=1,..,m. (1.25)

Marquardt (1963) propds a adi¢do de um termo a diagonal da matriz (]{})T]i"]-, visando

melhorar o desempenho do algoritmo. Quando seu artigo foi avaliado, os revisores descreveram
que Levenberg (1944) havia feito uma proposta semelhante. Assim, o método passou a ser

denominado método de Levenberg-Marquardt. Dessa forma, a Equagao (1.25) é reescrita como:
k k k k k : :
[UDTTEAZS + A1) = —()rf, parai=1,..,nej=1,..,m. (1.26)

onde /s ¢ a matriz identidade e A é o fator de amortecimento, o qual ¢ alterado ao longo do
processo iterativo, ficando normalmente proximo de 0 ao final do procedimento (Silva Neto,
2016).

E importante observar que o método de Levenberg-Marquardt necessita de uma
estimativa inicial dos parametros. A partir dessa estimativa, a matriz Jacobiana ¢ calculada pela
Equacao (1.22). Em seguida, o valor do modelo € obtido utilizando-se a estimativa inicial, sendo

entdo calculados o vetor de residuos (Equacao (1.18)) e a soma dos erros quadraticos inicial -

el

£ ! usando-se as Equagdes (1.26) e (1.24),

E, - (Equagdo (1.19)). Calcula-se agora Azjk e
respectivamente.

A proxima iteragdo ¢ chamada desde que a nova soma dos erros quadraticos (E;) seja
menor do que a soma inicial £,,. Nessa condi¢do, um menor valor do fator de amortecimento ¢
considerado. Caso contrario, o valor de A aumenta, sendo novamente calculados os vetores
Azf ezt

Enquanto o critério de parada pré-estabelecido ndo ¢ alcangado, a matriz Jacobiana deve
ser novamente calculada com os valores atualizados de Z}”l, acompanhado dos mesmos passos

ja descritos. Finalmente, o programa deve parar de funcionar quando o critério de parada pré-

estabelecido for alcangado.

1.5. Modelos de dano coesivo

Os modelos de dano coesivo (MDC) sdo constantemente aplicados na modelagem das
juntas coladas, tendo como caracteristica a introdu¢do de regides de fratura na estrutura, o que
¢ realizado através das leis de tracdo e separacao (da Silva et. al., 2018). Assim, os elementos

coesivos representam o comportamento das fraturas, enquanto os elementos volumétricos

26



representam as deformacgdes dos meios continuos (Espinha, 2011). A Figura 4 mostra uma

representacao esquematica dos elementos volumétricos e coesivos.

Figura 4 - Representagdo esquematica dos elementos volumétricos e coesivos.

Elementos volumétricos

=l e e e e e e e e e e i . Elementos coesivos

Pontos homadlogos

Fonte: O autor, 2022.

Nos modelos de dano coesivo a fratura ¢ tratada como um fenomeno gradual, sendo que
a propagacdo da trinca ocorre nas chamadas zonas coesivas, onde os elementos possuem
resisténcia as tracdes coesivas. Tais conceitos foram apresentados inicialmente por Berenblatt
(1959 e 1962) e Dugdale (1960) (Azevedo, 2014). O comportamento dos MDC ¢ determinado
através das leis coesivas, também denominadas leis de tracdo separacdo em alguns softwares.
Essas leis consideram um comportamento eléstico linear na primeira parte do carregamento,
ocorrendo posteriormente o inicio e a propagacao da trinca dentro do material coesivo (da Silva
et. al., 2012). A depender do comportamento do material e da interface a ser simulada,
diferentes formas da lei coesiva podem ser aplicadas, sendo as mais utilizadas as leis triangular,
exponencial e trapezoidal (Figura 5). Por exemplo, quando sdo utilizados adesivos frageis,
como ¢ o caso do adesivo NVT 201E (utilizado nessa tese), a lei triangular tende a fornecer
resultados numéricos mais proximos dos experimentais, sendo que para os adesivos ducteis a
lei trapezoidal tende a retornar resultados mais precisos (Campilho, 2013).

Considerando a lei triangular (Figura 6), o comportamento elastico linear ¢ representado
pela reta crescente, sendo as tensdes maximas nos modos puros representadas por t; e t¢
(normal e cisalhamento, respectivamente). O pico do grafico representa o inicio do dano, e a
partir desse deslocamento em tragdo ou cisalhamento (&5 e ¢, respectivamente) a trinca inicia
a sua propagagdo e as propriedades do material coesivo comecam a se modificar. Esse

comportamento € descrito pela reta decrescente, ocorrendo a fratura completa nos respectivos

deslocamentos finais em modo normal ou de cisalhamento (57{ ou 55f ). A érea sobre a curva

nos carregamentos puros de tragdo e cisalhamento sdo representadas por G; e Gy, que sdo as
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energias de fratura em modo I e II, respectivamente. Para que os deslocamentos maximos sejam

definidos (57{ ou 55f ), considera-se que as energias de fratura assumem os valores criticos em
modo I e II (G;¢ e Gjj¢, respectivamente), logo G; = G;¢ € G = Gy .Quando um carregamento
misto ¢ aplicado (esforcos de tragdo e cisalhamento), a identificagdo dos deslocamentos e das

tensdes na curva ¢ feita pelo indice m.

Figura 5 - Formas diferentes em modo puro das leis coesivas: triangular e exponencial (a) e
trapezoidal (b).
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Fonte: Campilho et al., 2012.

Figura 6 - Modelo de dano coesivo com forma triangular.
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As energias criticas de fratura devem ser calculadas através dos ensaios de fratura. Os
ensaios double cantilever beam (DCB) e end notched flexure (ENF) sao os mais utilizados para
calcular G, e Gy ¢, respectivamente (de Moura, 2008; Ajdani et. al., 2020). A vasta utilizagao
desses ensaios se deve a praticidade e a facil configuracao dos mesmos (da Silva et. al., 2012).
Umas das principais dificuldades dos ensaios de fratura, especialmente do ENF, ¢ a medicao

do comprimento da trinca durante o ensaio (de Moura, 2006). Além da visualizagdo nio ser
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trivial, a dimensdo da zona de processo de fratura (ZPF) ndo pode ser desprezada,
correspondendo a uma regido do material deteriorada por conta de processos inelasticos (de
Moura, 2008). Dessa forma, o método compliance based beam method (CBBM) vem sendo
amplamente aplicado no tratamento de dados do ensaio ENF, sendo baseado unicamente na
flexibilidade (compliance) do material (de Moura, 2006). Ou seja, as medigdes da for¢a e do
deslocamento ao longo do ensaio sdo suficientes para obtengao da energia critica de fratura. O
método considera o conceito de trinca equivalente, considerando inclusive a adi¢do da
dimensdo da ZPF. Outros métodos para calcular as energias de fratura também estao disponiveis
na literatura, porém a grande maioria destes exige a medigdo do comprimento da trinca, a
exemplo dos métodos CCM (compliance calibration method) e DBT (direct beam theory)
(Carneiro Neto, 2017).

A Equacdo (1.27) apresenta a relagdo entre as tensdes na interface dos elementos finitos
(0) e o vetor de deslocamentos relativos entre os pontos homologos (8,-) antes do inicio do dano

(ver Figura 4).

[o] = [K][6] (1.27)

onde /K] ¢ a matriz diagonal que contém a rigidez dos elementos coesivos.

Em um carregamento puro a matriz de rigidez /K] pode ser aproximada por K;; = E
(mddulo de Young), K,, = K33 = G (modulos de elasticidade ao cisalhamento).

Para modelar o inicio do dano, diversos critérios podem ser adotados. Se o carregamento
for com modo puro (I ou II), o inicio do dano € assumido quando a razao entre a tensao corrente
(ou atual) e a tensdo maxima em modo puro possui valor um (Abaqus, 2014). Se um
carregamento misto € aplicado, o critério da tensdo nominal quadratica pode ser utilizado, o

qual ¢ dado pela Equacao (1.28).

{M}Z n {f_}z —1 (1.28)

tn ts

onde ¢, e t; sdo as tensdes correntes normal e de cisalhamento, respectivamente, e o simbolo ( )
representa o a funcdo de Macaulay, cujo objetivo ¢ garantir que somente tensdes compressivas

nao sao suficientes para iniciar o dano.
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A evolucao do dano pode ser quantificada através do calculo da variavel de dano (D),

representando o dano geral no material considerando todos os esfor¢os combinados.

_ 6f(5c - 60)

onde §, representa o valor maximo do deslocamento efetivo alcangado em todo o histérico do
carregamento (ABAQUS, 2014). Por simplicidade, adota-se os simbolos &, ¢ 65 para descrever
o deslocamento no inicio e no final do dano, respectivamente.

A variavel de dano (D) varia entre 0 (sem degradacdo) e 1 (degradacao total). Dessa
forma, quando o critério de inicio do dano ¢ alcangado, o vetor de tensdo nominal (o) passara

a ser regido pelo Equacdo (1.30), representando a reta decrescente da lei triangular.
[0] = (la] — [DDIK][6r] (1.30)

onde [I;] representa a matriz identidade.

Assim, quando a variavel de dano tem valor 1, a tensdo € nula no elemento, pois ocorreu
a total ruptura do mesmo.

Os critérios energéticos devem ser utilizados para os carregamentos em modo misto. A
Equagao (1.31) apresenta o critério de fratura da lei de poténcia (power law fracture criterion),
onde a fratura ¢ regida pela energia necessaria que cause a fratura nos modos individuais

(normal ou cisalhamento).

[y ey -

onde o critério linear (o = 1) e o quadratico (o = 2) sdo os mais utilizados (Aratjo, 2016).
Quando um carregamento com modo puro ¢ aplicado ao corpo de prova, por exemplo,
modo de cisalhamento, a area sob a curva tensdo-separagdo com formato triangular equivale a

energia critica de fratura em modo II (Guc). Assim, o deslocamento final (65) pode entdo ser

calculado através da Equacao (1.32).

2G
Of = ey t2 (1.32)
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Se alguma propriedade coesiva variar, como ¢ a proposta desta tese, entao a biblioteca
de modelos do Abaqus ndo pode mais ser utilizada, devendo-se entdo desenvolver uma sub-

rotina para descrever o comportamento constitutivo do material.

1.6. Implementacio de novos modelos de fluéncia no Abaqus

Os atuais modelos de fluéncia disponiveis na literatura ndo consideram a mudanga da
energia critica de fratura devido aos esforg¢os de fluéncia. Essa deve ser a principal razdo que
nao foi encontrada na literatura a modelagem da fluéncia em juntas adesivas considerando esse
aspecto. Os modelos de dano coesivo sdo vastamente utilizados na modelagem das juntas
adesivas estruturais, devido as diversas vantagens ja apresentadas ao longo desse trabalho, além
de prever com excelente precisdo diversos resultados experimentais. Assim, a principal lacuna
que essa tese visa preencher ¢ a adaptagdo do modelo de dano coesivo para que este contabilize
as mudancas nas energias criticas de fratura em modo II de acordo com os diferentes tempos e
cargas de fluéncia, prevendo também a degradacdo da tensdo de cisalhamento maxima, ja
considerada anteriormente por Costa et. al (2018), porém para fadiga. Para que esse modelo
seja desenvolvido, € necessario utilizar as sub-rotinas do Abaqus, ja que a biblioteca de modelos
possui apenas os modelos de dano coesivo tradicionais, ou seja, com tensdo maxima de
cisalhamento e a energia critica de fratura constantes.

Existem diversas sub-rotinas disponiveis para implementacdo no Abaqus. Nesse
trabalho ¢ apresentada a sub-rotina user material (UMAT), que pode ser usada na defini¢ao do
comportamento constitutivo do material (Abaqus, 2014). A sub-rotina UMAT ¢ chamada em
todos os pontos onde a mesma ¢ definida, sendo no caso desse trabalho chamada em toda a
camada adesiva. Um codigo em linguagem FORTRAN deve entdo ser desenvolvido para
implementagdo da sub-rotina. Para que o Abaqus possa ler esse codigo, ha a necessidade da
instalacdo e integragdao de outros dois programas: Visual Studio Community e oneAPI (antigo
Intel Parallel Studio). Esses programas devem estar corretamente integrados para que a sub-
rotina funcione. O passo a passo para que esse link entre os programas ocorra devidamente pode
ser consultado no relatorio técnico elaborado por Cuevas (2021).

Para que o modelo constitutivo seja implementado, a matriz Jacobiana (J) deve ser

fornecida pelo usuario, sendo dada pela Equagdo (1.33) (Abaqus, 2014).

__94o
T d4e

J (1.33)
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onde Aa¢ o incremento de tensdo ¢ Ae o incremento de deformacgao.

No Abaqus a matriz Jacobiana recebe o nome DDSDDE(LJ), a qual define a mudanca
no I-ésimo componente de tensdo ao final do incremento de tempo causado por uma perturbagao
do J-ésimo componente da matriz de incremento de deformacao (Abaqus, 2014). Quando um

modo puro ¢ aplicado, a matriz Jacobiana ¢ diagonal, conforme Equagao (1.34).

E 0 O
J=10 G 0] (1.34)
0 0 G

onde £ ¢ o mddulo de Young e G ¢ o mddulo de cisalhamento.

Definida a matriz Jacobiana, a matriz de tensdes (STRESS na sub-rotina UMAT) pode
ser calculada. A matriz STRESS ¢ entdo passada como o tensor de tensdo no inicio de cada
incremento, sendo atualizada na sub-rotina UMAT para ser o tensor de tensdo no final do
incremento, de acordo com a matriz Jacobiana e com o incremento de deformacao (DSTRAN).

Quando uma carga de fluéncia ¢ aplicada, tanto a méxima tensao quanto a energia critica
de fratura podem ser alteradas, de acordo com os tempos e cargas de fluéncia aos quais as juntas
foram submetidas. Dessa forma, a sub-rotina UMAT deverd prever a variacdo desses
parametros coesivos, de acordo com os diferentes tempos e cargas de fluéncia.
Consequentemente, o deslocamento final calculado pela Equagdao (1.32) ndo sera mais
constante, assim como a area do grafico tragdo-separagdo. Portanto, para que a fluéncia seja
modelada, devem ser previstas equagdes que modelem: 1) a mudanca da tensdo de cisalhamento
maxima de acordo com os parametros de fluéncia (tempo e carga), ii) a mudanga da energia de

fratura em modo II, também de acordo com o tempo e a carga de fluéncia. Como consequéncia,

tanto os deslocamentos no inicio do dano quanto ao final do dano (62 e (sz , Tespectivamente)
sao atualizados a cada incremento da simulagcdo. Assim, uma lei triangular com parametros

variaveis deverd ser obtida, conforme apresentado na Figura 7.
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Figura 7 - Lei de tragcao-separagao modificada para modelagem da zona coesiva nas juntas
ENF submetidas a fluéncia.
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2. METODOLOGIA E RESULTADOS

A descrigdo completa da metodologia e dos resultados desse trabalho estio apresentadas
detalhadamente em cada um dos artigos da coletanea que compde a presente tese, 0s quais estao
nos Anexos A, B, C e D, na ordem que sdo apresentados a seguir. Destaca-se aqui a intensa
campanha experimental realizada, sendo submetidos ao teste de fluéncia mais de 60 corpos de
prova do ensaio ENF. No presente capitulo, a metodologia e os resultados de cada um dos

artigos sdo apresentados de maneira resumida.

2.1. Artigo 1 — Efeito da fluéncia na energia de fratura residual de adesivos em modo II
(Effect of creep on the mode II residual fracture energy of adhesives) — Journal of
Applied Polymer Science

Nesse artigo a variacao da forca maxima e da energia critica de fratura em modo II foi
investigada experimentalmente no ensaio ENF. Os experimentos foram divididos em trés
etapas:

1. Ensaios quase estaticos: Nessa etapa os ensaios ENF foram realizados da maneira
tradicional, sem nenhuma carga de fluéncia. Os valores de referéncia da forga
maxima (Pmax) do ensaio (quando se inicia a propagagdo da trinca) e da energia
critica de fratura em modo II (Grc) foram obtidos, para posterior comparacao;

2. Ensaio de fluéncia nos corpos de prova do ensaio ENF: Os ensaios de fluéncia
ocorreram com diferentes cargas constantes de fluéncia (40%, 50%, 60% de Piax)
aplicadas por tempos pré-determinados (12-h, 24-h, 48-h, 60-h). As curvas de
deslocamento versus tempo foram comparadas para diferentes cargas e tempos de
fluéncia;

3. Ensaios pos fluéncia nos corpos de prova do ensaio ENF: Os mesmos corpos de
prova testados na etapa 2 foram submetidos ao ensaio ENF tradicional, a fim de
medir a mudanga em P € Gric.

Os resultados demonstraram que tanto as cargas quanto os tempos de fluéncia t€m
consideravel influéncia tanto na forga maxima quanto na energia critica de fratura. Um aumento
na for¢a maxima (Pnax) foi observado na comparagdo entre valores das etapas 1 e 3, chegando
a ocorrer um aumento de 26% (ver Figura 8a). O aumento na energia critica foi ainda mais
consideravel, chegando a um crescimento de 47% (ver Figura 8b), novamente comparando-se

o valor da etapa 3 com o valor de referéncia (etapa 1). De maneira geral, maiores cargas
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conduzem a maiores valores de Pnax € Gic, € também maiores tempos de fluéncia conduzem a
maiores Puax € Grc. Porém, esse aumento das propriedades tem um limite, o qual foi investigado
para a carga de fluéncia de 60%, sendo obtido um “ponto 6timo”, ou seja, ¢ a melhor condigao
para que os ganhos nas propriedades da junta ocorra. O tempo de fluéncia para o “ponto 6timo”
foi 48-h, o que significa que tempos maiores de fluéncia levardo a diminui¢ao dos valores das
propriedades mecanicas e coesivas do adesivo.

O principal legado desse trabalho foi mostrar que o pré-carregamento de fluéncia em
juntas ENF pode melhorar de maneira significativa a energia de fratura em modo II e a

resisténcia estaticas dessas juntas.

Figura 8 - Aumento percentual devido a fluéncia: a) forca maxima (Puax), b) energia critica de
fratura em modo II (Grc).
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2.2. Artigo 2 — Avaliacido da vida qtil de fluéncia em juntas adesivas usando amostras do
ensaio ENF (Assessment of the creep life of adhesively bonded joints using the end

notched flexure samples) — Engineering Failure Analysis

Nesse artigo os ensaios de fluéncia foram realizados com cargas distintas até a
ocorréncia da falha, portanto, nessa etapa, os tempos nao sao pré-definidos conforme ocorreu
nos experimentos do Artigo 1. As cargas de fluéncia consideradas foram: 70%, 75% e 80% de
Prax. O tempo maximo considerado no ensaio foi de 720-h (30 dias), assim, quando a trinca
nao se propagou apds esse tempo o ensaio foi interrompido e, em seguida, um ensaio usual ENF
quase estatico foi realizado, a fim de se medir a energia residual de fratura em modo II (da
mesma forma que a etapa 3 do Artigo 1).

Os principais resultados obtidos nesse artigo foram os seguintes:

e C(Curvas tipicas de fluéncia apresentadas para as diferentes cargas de fluéncia
consideradas. Houve uma grande mudanca no tempo de falha para juntas
submetidas a cargas relativamente proximas. O tempo até a falha para as juntas
testadas a 75% de Puax foi de cerca de 12-h, j4 para a carga de 70% de Ppax ndo
houve ruptura apds os 30 dias (720-h). Dessa forma, a fluéncia tercidria ocorreu
somente para os corpos de prova testados a 80% e 75% de Puax. O limite de
resisténcia de carga para as juntas ENF foi entdo obtido como sendo 70% da forca
maxima (Pmax). Para a fluéncia, o limite de resisténcia de carga ¢ definido como a
maxima carga que uma junta pode resistir sem propagagdo da trinca apds um
determinado tempo (no caso, 30 dias);

e As curvas de fluéncia foram plotadas em um mesmo grafico, obtendo-se assim o
diagrama de resisténcia de fluéncia em relagao ao tempo. Conectando-se os pontos
do inicio da fluéncia terciaria, o envelope de falha foi entdo obtido, conforme
mostrado na Figura 9. Esse envelope apresenta uma referéncia do tempo e da carga
que uma junta submetida a fluéncia deve falhar. Assim, para diferentes cargas de
fluéncia, os tempos até a ruptura podem ser estimados por esse envelope;

e A energiade fratura de fluéncia em modo II (Gyc,) foi obtida utilizando-se o método
CBBM. Para maiores cargas de fluéncia maiores valores de Gucr sdo obtidos.
Quando a carga de fluéncia diminuiu de 80% para 75% de Puax, Gucr diminuiu 30%.
Ja quando a for¢a de fluéncia diminuiu de 75% para 70% de Puax, Gucr diminuiu

14%. Essa menor redugdo se deve a menor taxa de deslocamento que ocorreu nas
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juntas testadas a 70% da forca maxima. Assim, a energia de fratura de fluéncia
obtida para a carga de 70% de Pnax € @ méxima quantidade de energia que a junta
pode absorver quando submetida a esse esfor¢o por 30 dias. Assim como a energia
critica de fratura em modo II (Grc) € uma propriedade essencial na modelagem de
juntas submetidas a carregamentos estaticos, a energia de fratura de fluéncia em
modo II (Gucr) se apresenta como uma propriedade util na modelagem de juntas
submetidas a carregamentos de fluéncia;

e A curva de carga versus vida de fluéncia foi apresentada, demonstrando o limite de
resisténcia de carga para as condigdes testadas;

e A curva Gycrversus vida de fluéncia também foi apresentada, sendo proposta uma
fungdo exponencial para descrever o comportamento observado. Assim, de acordo
com o tempo até a falha, o valor de G pode ser obtido;

e As falhas adesivas e coesivas das juntas foram analisadas, concluindo-se que
maiores cargas de fluéncia conduzem a um maior espalhamento da rugosidade ao

longo da camada adesiva, resultando em maiores valores de Gyc.

Figura 9 — Curvas tipicas de fluéncia e envelope de falha.
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Fonte: O autor, 2022.

O principal legado desse trabalho foi apresentar o conceito de energia de fratura de
fluéncia e demonstrar sua utilidade para fins de projeto. Além disso, foi investigada a fluéncia
nos ensaios ENF, o que ndo tinha sido feito até entdo. Resultados impactantes confirmaram a
relevancia desse estudo, especialmente a grande diferenca na vida de fluéncia para cargas

relativamente proximas.
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2.3. Artigo 3 — Modelos de dano coesivo para a avaliacio da vida de fluéncia de
cisalhamento em juntas coladas (Cohesive zone models for the shear creep life

assessment of bonded joints) — Mechanics of Time-Dependent Materials

O objetivo desse artigo foi propor duas funcdes que pudessem calcular a energia de
fratura em modo II para diferentes cargas e tempos de fluéncia, devendo os resultados estar em
acordo com os dados experimentais obtidos no Artigo 1. Com esse proposito, regressdes
lineares e ndo lineares foram realizadas para que os valores dos parametros dos dois modelos
(funcdes) fossem obtidos. Dois métodos foram utilizados nas regressdes: 1) método dos
minimos quadrados (MMQ), e ii) método de Levenberg-Maquardt (MLM). Alguns resultados
experimentais adicionais (ndo utilizados nas regressdes) foram usados para avaliar e validar os
modelos propostos. Por fim, as fun¢des propostas foram implementadas em uma sub-rotina
UMAT para que a curva de fluéncia numérica fosse comparada com a curva experimental,
verificando-se assim a adequabilidade das fung¢des propostas.

As fungdes de duas varidveis (tempo (¢) e carga (F)) propostas para calcular a energia

de fratura residual (Gir) estdo apresentadas nas Equacdes (2.1) (modelo 1) e (2.2) (modelo 2).

1 t \%2
Gur(t, F) = [(Z) (1.93z, + t) (1 - %) [25F + 2,] @2.1)
Gur(t, F) = a; + ayt + azF + a,t? + asF? + agtF (2.2)

onde 74, Z5, Z3, € z4 (Equagdo (2.1)) e (a4, .., ag) (Equacdo (2.2)) sdo os coeficientes que devem
ser obtidos através das regressoes, sendo ajustados para que os resultados obtidos pelos modelos
estejam condizentes com os experimentos.

Para o modelo 1 foi utilizado apenas o MLM na regressao. Para o modelo 2, foram
utilizados tanto o MLM quanto o MMQ. Comparando-se os valores de Gpr obtidos
experimentalmente com aqueles obtidos pelos modelos propostos, baixos erros percentuais
foram obtidos, sendo o valor méximo de 13.5% (para o modelo 2 — MMQ), conforme mostrado
na Tabela 1. Os resultados experimentais adicionais foram utilizados para validar os modelos,
Jé& que esses dados ndo foram utilizados na obten¢do dos parametros dos modelos (células em
cinza na Tabela 1). Apesar de um erro percentual mais alto do que o esperado (28.1 %) ter sido
obtido no modelo 1 — MLM, os demais erros foram menores que 11%, demonstrando a

adequabilidade dos modelos. Os valores dos residuos foram também apresentados,
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demonstrando a baixa diferenga das energias criticas experimentais ¢ as obtidas nos modelos
propostos.

A soma quadratica dos residuos foi utilizada para que o modelo e método com maior
precisao fosse identificado, sendo este o modelo 2 com o método de Levenberg-Marquardt.

Os modelos calibrados foram utilizados na sub-rotina UMAT, sendo obtidas trés curvas
de fluéncia para a carga constante de 60% da P 1) modelo 1 — MLM, ii) modelo 2 — MLM e
ii1) modelo 2 — MMQ. As curvas numéricas foram comparadas com as curvas experimentais
obtidas com a mesma carga de fluéncia (60% da Punw) € tempos de 12-h e 48-h. Boa
concordancia numérica e experimental foi observada em todos os casos, demonstrando a
adequabilidade dos modelos propostos.

Finalmente, em cada carga de fluéncia avaliada, a variagcdo de Gz ao longo do teste de

fluéncia para cada modelo foi apresentada.

Tabela 1 — Valores da energia de fratura experimentais € numéricos com 0s respectivos erros.
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Temno | F(%da | I-Resultados | Modelo 1 Modelo 1 Modelo 2 Mﬁ‘g‘_’l%fm Model 2 Mr&“_"}fm

(h)p forca experimentais MLM - MLM - Erro MMQ - ercentual MLM - ercentual

maxima) (N/mm) (N/mm) | percentual (%) | (N/mm) P %) (N/mm) P )

(1]

12 0.4 1.877 2.01 6.9% 2.130 13.5% 2.007 6.9%
24 0.4 2.283 221 3.3% 2.266 0.7% 2.221 2.7%
48 0.4 2.094 2.09 0.3% 1.979 5.5% 2.026 3.2%
12 0.5 2.533 2.31 8.8% 2.344 7.5% 2.337 7.7%
24 0.5 2.544 2.54 0.2% 2.556 0.5% 2.574 1.2%
48 0.5 2.259 2.40 6.3% 2.420 7.1% 2.425 7.4%
12 0.6 2.515 2.61 3.9% 2.493 0.8% 2.581 2.6%
24 0.6 2.808 2.87 2.2% 2781 1.0% 2.841 1.2%
48 0.6 2.837 2.72 4.3% 2.796 1.5% 2.738 3.5%
60 0.6 2.522 1.81 28.1% 2.524 0.1% 2.376 5.8%
24 0.7 3.300 3.20 2.9% 2.941 10.9% 3.022 8.4%

Fonte: O autor, 2022.

O principal legado do trabalho foi apresentar duas funcdes de duas variaveis que
calculassem adequadamente as energias criticas de fratura, levando em consideragdo o efeito
da fluéncia. Essas fungdes sdo essenciais para a modelagem numérica, ja que nas simulacdes
realizadas os pardmetros coesivos variam em cada incremento de tempo. Assim, deve-se
conhecer tais propriedades ndo somente nos tempos de fluéncia utilizados nos experimentos
(12-h, 24-h, 48-h), mas também ao longo de toda simulagdo, incluindo-se os tempos entre 0 e

12-h, 12-h e 24-h e 24-h e 48-h.



2.4. Artigo 4 — Lei de tracdo-separaciao de cisalhamento customizada para modelagem de
zonas coesivas de juntas ENF submetidas a fluéncia (4 customized shear traction
separation law for cohesive zone modelling of creep loaded ENF adhesive joints) —

Theoretical and Applied Fracture Mechanics

Esse trabalho trata da simulagao numérica dos ensaios de fluéncia nas juntas do tipo
ENF descritos no Artigo 1. Os modelos de danos coesivos, apesar de amplamente utilizados na
modelagem de juntas coladas, ndo haviam sido utilizados até entdo no estudo da fluéncia.
Assim, o principal objetivo desse artigo foi simular o comportamento de fluéncia de juntas
adesivas submetidas a cargas de cisalhamento utilizando um modelo de dano coesivo (MDC)
customizado (modificado). Esse modelo ¢ a principal contribui¢do cientifica dessa tese. A sub-
rotina UMAT foi utilizada nas simula¢des efetuadas no software Abaqus.

A evolucao do dano do MDC customizado ¢ simulado pela lei triangular. Porém, essa
lei triangular ndo € mais estatica, e sim dinamica. Isso significa que a maxima tragao suportada
pelos pares de nds homologos (7) dos elementos coesivos ¢ modificada ao longo do ensaio de
fluéncia (ver Figura 7), assim como o deslocamento final (Jy). Em outras palavras, as dimensdes
do tridngulo sdo ajustadas ao longo da simulagdo, variando-se assim a energia de fratura em
modo II, o que precisa ser feito em acordo com os valores experimentais apresentados no Artigo
1.

As equacdes (2.3) e (2.4) foram apresentadas nesse artigo, representando as variagoes
da energia de fratura em modo II (G;r) e da tensdo de cisalhamento maxima (t,,),

respectivamente.
G”R(t,F) =27 +Zzt+23F+Z4t2 +Z5F2 +Z6tF (23)
onde ¢ € o tempo de fluéncia ao longo da simulagdo, F ¢é a carga de fluéncia, ¢ (z4, ..., Z,) sdo

os parametros do modelo proposto, obtidos através do método dos minimos quadrados (ver

Secao 1.4.1).
— tk
T = (T = DA =) 0.4

onde 7, ¢ a tensdo de cisalhamento maxima inicial, ¢f € o tempo total at€ a falha, ¢ € o tempo

corrente da simulagdo, b e k sdo parametros de ajuste do modelo.
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O MDC modificado foi entdo implementado através da sub-rotina UMAT, sendo
obtidas as curvas numéricas de fluéncia para os diferentes conjuntos de valores de b e k, os
quais foram ajustados para que ocorresse uma aproximacdo dos resultados numéricos e
experimentais. Dessa forma, para cada carga de fluéncia considerada, diversas curvas
numéricas foram geradas, cada uma referente a um conjunto de valores de b e & (ver Equacao
(2.4)), conforme exemplificado na Figura 10 (carga de fluéncia de 50% de Puax). A faixa de
valores b e k foram, respectivamente, de 0.5 a 3.5 e de 1 e 4. O parametro b influencia
majoritariamente a fluéncia primdria, sendo observado que maiores valores de b conduzem a

maiores taxas de deslocamento. J4 a fluéncia secundaria ¢ afetada principalmente pelo

parametro k, ja que maiores valores de £ conduzem a maiores deslocamentos de fluéncia.

Figura 10 — Curvas experimental e numéricas para a carga de fluéncia equivalente a 50% de
Pmax-
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Fonte: O autor, 2022.

Em geral, as curvas de fluéncia (deslocamento x tempo) numéricas e experimentais
apresentaram boa concordancia. A fim de se obter a melhor curva numérica para cada carga de
fluéncia simulada, uma analise estatistica foi realizada. As diferencas entre os deslocamentos
obtidos numericamente e experimentalmente foram registradas em diversos instantes (2-h, 4-h,
8-h, etc.), sendo calculada a soma quadratica dessas diferencas para cada conjunto de
parametros b e k. Assim, o conjunto de valores b e kK com menor valor caracterizou a melhor
curva numérica para cada carga de fluéncia. Para tais curvas, a menor diferenca percentual entre
as simulacoes e os experimentos foi de 11%, considerando os diversos instantes avaliados ao

longo da simulacao. De qualquer forma, ¢ importante destacar que as outras curvas numéricas



também apresentaram resultados aceitaveis, ja que o erro percentual maximo para todos os
casos foi de 20%.

Para validar o modelo de dano coesivo customizado um teste de fluéncia adicional em
uma junta ENF foi realizado, onde a carga de fluéncia foi equivalente a 45% de Ppax € 0 tempo
total de ensaio foi 18-h. Os resultados desse ensaio ndo foram utilizados na calibragdao dos
parametros b e k. A curva de fluéncia experimental foi entdo comparada com a curva numérica
obtida nas mesmas condig¢des, sendo novamente obtida uma boa proximidade entre as curvas
experimental e numérica, confirmando a adequabilidade do modelo proposto.

Por fim, a lei de tragdo separacdo customizada para a carga de fluéncia de 50% de Ppax
foi apresentada, assim como os graficos que mostram as variagdes de alguns parametros
coesivos: deslocamento final (dy) e energia de fratura residual em modo II (Gr).

O principal legado desse trabalho foi apresentar detalhadamente um modelo de dano
coesivo customizado capaz de modelar a fluéncia das juntas ENF, desenvolvido especialmente
para considerar a mudanga dos pardmetros coesivos por conta da fluéncia ao longo da

simulagao.
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3. DISCUSSAO

O desenvolvimento de um modelo de dano coesivo para investigar a fluéncia de juntas
coladas submetidas a esfor¢os de cisalhamento necessita de uma andlise experimental prévia.
Assim, pode-se mensurar como a energia de fratura em modo II est4 variando de acordo com o
tempo e com a carga de fluéncia. Durante a intensa investigacdo experimental realizada
(especialmente nos Artigos 1 e 2), resultados ndo intuitivos foram constatados, com destaque
para o aumento de Gc e Pnax para maiores tempos e maiores cargas de fluéncia. Dessa forma,
para condigdes controladas de tempo e carga, a fluéncia nas juntas ENF nao degrada as
propriedades da junta, mas sim aumenta a resisténcia das mesmas, chegando a um crescimento
de 26% na for¢a maxima e 47% na energia de fratura. A principal razdo para esse aumento das
propriedades sdo as tensdes residuais, as quais sdo induzidas pela deformacgdo viscosa que
ocorre frequentemente em materiais poliméricos quando submetidos a fluéncia. Outra possivel
razao para este crescimento ¢ o alinhamento das cadeias poliméricas, que ocorre devido ao fluxo
viscoso causado pela aplicagdo de cargas constantes por longos periodos (Wu, 2019). Assim,
como a resisténcia ¢ maior na direcdo paralela as cadeias, o aumento da forca maxima ¢
observado. Esses efeitos devem ser considerados no modelo numérico desenvolvido, para que
a simulacao traduza adequadamente o que ocorre nos experimentos.

As energias de fratura residuais foram entdo obtidas (Artigo 1) para condig¢des
especificas de tempos (12-h, 24-h, 48-h) e cargas de fluéncia (40%, 50% e 60% de Ppax). Na
analise numérica realizada com elementos coesivos, essa propriedade deve ser informada a cada
incremento de tempo da simulacdo, ou seja, ¢ necessario informar Gyr para tempos entre 0 e
12-h, 12-h e 24-h e entre 24-h e 48-h, pois Gur ndo foi obtido experimentalmente nesses
intervalos. Essa ¢ a principal razdo da proposi¢ao das fungdes apresentadas nas Equagdes (2.1)
e (2.2) (Artigo 3), possibilitando assim a obten¢do de Gy para quaisquer tempo e carga dentro
das faixas avaliadas experimentalmente. Porém, essa fungdo deve traduzir a tendéncia
observada nos experimentos: i) para um mesmo tempo, maiores cargas de fluéncia levam a
maiores valores de G, i1) fixando-se a carga de fluéncia, Gz aumenta até um tempo especifico
(ponto 6timo) e depois comega a diminuir. As regressdes lineares e nao lineares foram
realizadas para que as constantes das fung¢des propostas fossem calculadas de maneira
consistente, ou seja, fazendo com que as fungdes estimassem a energia de fratura de acordo
com a tendéncia experimental. Para tal intuito, foram aplicados os métodos de Levenberg-
Marquardt ¢ o método dos minimos quadrados. Os resultados foram validados com

experimentos adicionais, os quais ndo foram previamente utilizados na obtencao das constantes
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de cada funcdo proposta. O principal objetivo do Artigo 3 foi obter essas constantes, além de
avaliar qual das duas fung¢des produz curvas numéricas de fluéncia mais proximas das
experimentais.

O modelo de dano coesivo modificado apresentado detalhadamente no Artigo 4
considerou, além da mudanca da energia critica residual, a degradacdo da tensdo de
cisalhamento ao longo do tempo, de acordo com a Equacdo (2.4). Equagdo similar foi
apresentada no trabalho de Costa et. al. (2018) na modelagem de adesivos degradados por conta
da umidade e fadiga. A degradacdo da tensdo ¢ parte essencial do modelo de dano coesivo
proposto, pois como a simulagdo realizada ¢ estatica, forcas constantes iriam gerar
deslocamentos constantes. Ja com a diminuic¢ao da tensdo ao longo do tempo, os deslocamentos
aumentam durante a simulagdo, assim como ocorre nos experimentos. As constantes b e k da
Equacdo (2.4) foram calibradas de acordo com os resultados experimentais obtidos para cada
condicdo de carga e tempo, podendo posteriormente serem implementadas na sub-rotina
UMAT.

De maneira geral, as curvas de fluéncia numéricas tiveram boa proximidade com as
curvas experimentais (Artigos 3 e 4). Um teste de fluéncia adicional foi realizado a 45% de Puax
por 18-h (Artigo 4), para que o modelo coesivo modificado fosse entao validado. Novamente,
uma boa concordancia numérica e experimental foi verificada.

O Artigo 2 complementou a investigacdo experimental, onde foi apresentado o conceito
de energia de fratura de fluéncia em modo II (Gucr), sendo realizados ensaios de fluéncia até a
ocorréncia da falha, o que ndo havia sido feito para os ensaios ENF. Esse trabalho constatou
uma grande diferenca no tempo de falha de fluéncia das juntas ENF para cargas relativamente
proximas. Obteve-se também a carga de endurecimento por fluéncia, sendo considerado o
tempo de 30 dias. Assim, a carga méaxima na junta ENF (nas mesmas condi¢des apresentadas)
que pode ser aplicada por 30 dias sem que ocorra propagagdo da trinca por conta da fluéncia ¢

equivalente a 70% da forca méxima (Pnuax) obtida no ensaio ENF estatico.
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CONCLUSOES

O principal objetivo da presente tese foi desenvolver um modelo de dano coesivo
modificado para juntas do tipo ENF. Para tal intuito, foi investigado experimentalmente os
efeitos da fluéncia na energia critica de fratura em modo II (Guc), assim como na for¢a méxima
do ensaio ENF (Puax). Foram considerados dois fatores de influéncia: tempo e carga. Os
experimentos foram divididos em duas partes: 1) fluéncia com tempo pré-definido e ii) fluéncia
até a propagacao da trinca.

Na primeira parte dos experimentos as juntas foram testadas com cargas e tempos pré-
definidos (Artigo 1). Os resultados experimentais mostraram que, de maneira geral, Gic e Pax
aumentam para maiores tempos e maiores cargas de fluéncia. Porém, o aumento das
propriedades tem um limite, a partir do qual as propriedades das juntas comecam a se degradar
até a ruptura. Dessa forma, um “ponto 6timo” pode ser investigado para cada carga de fluéncia.
No caso que a carga de fluéncia foi igual a 60% da forga maxima, o tempo de fluéncia do “ponto
6timo” foi 48-h.

Na segunda parte dos experimentos os testes de fluéncia foram realizados até a
ocorréncia da falha (Artigo 2), sendo pré-determinado um tempo maximo de 720-h (30 dias).
O limite de endurecimento a fluéncia foi obtido, sendo equivalente a 70% de Pax. Ou seja, essa
¢ a maxima carga que a uma junta colada pode absorver sem que ocorra propagacao da trinca
apos os 30 dias do teste de fluéncia. Quando a carga de fluéncia aumentou para 75% de Ppax 0
tempo de falha foi inferior a um dia, demonstrando a sensibilidade das juntas a fluéncia mesmo
com pequenas diferencas de cargas. Maiores valores da energia de fratura de fluéncia em modo
II foram obtidos para maiores cargas. Um comparativo com as energias de fratura critica e
residual foi realizado.

Duas fungdes para descrever a energia residual (Gur) em funcdo das pré-cargas de
fluéncia e dos tempos foram propostas e validadas no Artigo 3. De posse dessas fungdes, o
modelo de dano coesivo modificado foi testado, apresentando boa concordancia numérica e
experimental. O Artigo 4 apresentou de forma detalhada o modelo de dano coesivo modificado,
demonstrando a variacao nas dimensoes da lei de tracdo-separagao triangular de acordo com a
evolucdo do tempo na simulagdo. Uma equagdo para descrever a degradacdo da tensao de
cisalhamento maxima do adesivo foi proposta (Equacdo (2.4)), sendo também utilizada a
Equacido (2.2) (a mesma do Artigo 3) para descrever a mudanca da energia de fratura residual
ao longo das simulagdes. Os efeitos dos parametros b e k da Equagao (2.4) foi investigado, os

quais influenciam predominantemente a fluéncia primaria e secunddaria, respectivamente. Os

45



erros do modelo de dano coesivo proposto foram quantificados, sendo a maior diferenca
percentual entre os dados numéricos e experimentais de 20%. Um experimento adicional foi
realizado para que o MDC modificado fosse validado. Por fim, os parametros coesivos foram

avaliados através da variacdo da lei triangular, deslocamento final e energia de fratura residual.

SUGESTOES PARA TRABALHOS FUTUROS

Investigagdes experimentais em modo I poderao ser realizadas posteriormente, para que
seja avaliada se a mudanca das propriedades das juntas submetidas a carregamentos em modo
I ocorrem de maneira similar aquelas carregadas em modo II. Apds os resultados experimentais,
um modelo de dano coesivo modificado também podera ser implementado para descrever a
fluéncia do ensaio double cantilever beam (DCB).

Para que o modelo desenvolvido seja mais abrangente, estudos relacionados ao modo
misto também devem ser realizados, o que tornaria 0 modelo mais robusto e completo, sendo
em contrapartida consideravelmente mais complexo.

Por fim, o modelo numérico apresentado nesse trabalho foi aplicado somente na
modelagem da fluéncia primaria e secundaria. Assim, esfor¢o adicional podera ser realizado
para simular também a fluéncia terciaria, podendo os resultados experimentais do Artigo 2

serem usados para validar tal modelo.
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1 | INTRODUCTION

The industrial use of structural adhesives has increased
in recent years due to several advantages such as the
capacity of bonding dissimilar materials, ability in bond-
ing very thin specimens, improving the fatigue life,
weight reduction, and good damping properties.'” In
some applications, the joints are subjected to a constant
static load for a long time. In these cases, a pronounced
time-dependent stress-strain behavior in the adhesive is
observed.! Polymers are considered to be viscoelastic
materials, therefore their material behavior is time and
temperature dependent. This time dependent response
must be considered in mechanical models aiming to
increase the reliability of bonded structures, although this

Viscous flow that often occurs in adhesive materials leads to a permanent
deformation when adhesives are subjected to creep loading. Creep loading has a
significant influence on the strength of bonded structures. Due to the viscous
behavior, the fracture energy also may change with time for joints that experience
creep loading in service. In this work the effects of two creep parameters (creep
load and time) on the residual mode II fracture energy of an adhesive was investi-
gated using end notched flexure (ENF) specimens. To achieve this, ENF samples
were subjected to different creep loading levels at different creep times followed
by quasi static tests to obtain the residual shear fracture energy of the adhesive.
Experimental results showed that pre-creep loading of the bonded structures can
significantly improve the fracture energy and the static strength of the joints.

adhesive, creep, ENF, fracture energy, mode II

makes the design more difficult.* Dead loads (creep load-
ing) may often occur due to gravity, resulting in many
cases in plastic deformation of the adhesives, which can
make their properties time dependent. Creep can be
defined as a time dependent permanent deformation of
materials when submitted to a constant load,” which is
generally referred to as creep or retardation.” Under static
strain conditions, creep is referred as relaxation and a
decrease in stress is observed over time, which can occur
in a joint with a confined construction. In both cases the
adhesives can exhibit viscoelastic and viscoplastic behav-
ior when they are subjected to high temperature and high
stress levels.” Above the glass transition temperature (T,)
the adhesives present a rubbery state, therefore the dis-
placements at this state are greater than in glassy state,

T Appl Polym Sci. 2021;138:e51387.
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which can contribute to the failure. Thus, in general the
application of adhesives in temperatures close to the Ty is
not recommended, as the strength of bonded joints
decreases at higher temperatures.® Even at room temper-
ature polymeric adhesives present time dependent defor-
mation, although this effect is increased for higher
temperatures.”® The rate of deformation depends mainly
on the temperature, load, and time."> One of the main
properties of adhesives is the fracture energy, which is
employed to simulate the response of bonded joints. For
this purpose, cohesive zone model (CZM) approach has
been extensively applied in the modeling of bonded
joints.* ! This methodology combines a stress based
analysis and fracture mechanics to model the onset dam-
age and crack propagation, respectively. The critical frac-
ture energy in mode I and II (Gyc and Gy, respectively)
can be obtained using non-local parameters (force and
displacement), beyond the crack length.'* To calculate
Gic, the DCB (double cantilever heam) test is the most
used,'>'* while the end notched flexure (ENF) test is the
most widespread test method to calculate Gye of adhe-
sives due to its simplicity and easy test set up.’* The
values of critical fracture energy are considered con-
stant in the numerical models, because they do not
take into account changes in the residual fracture
energy due to creep. In order to obtain mechanical
models more consistent, the effects of creep on the crit-
ical fracture energies must be evaluated in tensile and
shear modes. In saturated bulk adhesive samples at 50°C,
creep tests revealed large viscoplastic deformations even at
low loads."® In this same study, mixed mode flexure (MMF)
specimens were tested at various levels of moisture in order
to evaluate their dependence on the interfacial fracture
strength. The parameters of CZM were moisture dependent
and were determined by associating the predicted and
experimental results of the MMF tests. The numerical and
experimental results were in good agreement, although the
model did not consider residual strains. In order to verify
the numerical model efficiency, it was applied in thick
adherend shear test (TAST) and single lap joint (SLI) speci-
mens, obtaining a good numerical and experimental corre-
lation.® Both works™'® did not include adhesive plasticity
in the numerical model, which was done by Liljedahl
etall’

The mode I and II fracture energies are affected by
the temperature level, especially for temperatures
above the glass transition temperature (Tg).m’lg The
work of Banea et al.'” investigated the change in G due
to temperature, concluding that Gy values increase for
temperatures well below T, and decrease as the tempera-
ture approaches T,. The increase in Gpc occurred
because as the temperature increases the ductility

increases, which results in an additional plastic deforma-
tion of the adhesive. In another work, Banea et al.'®
investigated the change in Gic due to temperature. For
temperatures below T, the fracture energy in mode I did
not vary considerably. A major change in G- was verified
when the adhesive T, was overpassed. Xu et. al*” investi-
gated the effect of environmental aging conditions in the
fracture energy in mode I (Gic). DCB tests were per-
formed prior to and after aging at 177 and 204°C for
22 months. Comparing the joints without aging condi-
tions and the joints with aging at 177°C for 22 months,
the maximum fracture energy decreased by 34%. Consid-
ering the aged joints at 204°C (for 22 months), the maxi-
mum fracture energy decreased by 81%. Fernandes
et. al?! investigated the effect of temperature in the frac-
ture behavior of composite joints for pure mode I and
II. The specimens were exposed to three temperature
levels (0. 25, and 50°C) during 3months. The results
showed that G- values are similar for 0 and 25°C. A
reduction of 33% was observed comparing the specimens
tested at 50°C with those tested at 25°C. It must be due to
the proximity of T,. The fracture energy in mode II (Gnc)
was similar for the joints aged in 0 and 25°C conditions,
and a slight increasing was observed for the specimens
aged at 50°C.

The investigation of the creep effect on the strength
of adhesive joints are rare in the literature. There are
some numerical and experimental studies that aim to
predict creep behavior (displacement-time curve) for
SLIs**? and double lap joints,>*****® however there is no
evaluation in the change of fracture energy.

The degradation of fracture energies may occur due
to load application for extended time (sustained load).
This specific investigation was not found in literature.
Thus, this work aims to study the variation in critical
fracture energy in mode II due to creep loading. Mode II
was considered in this work, as the whole bonded layer is
loaded when a creep load is applied to the joint. But in
double cantilever beam (DCB) tests the creep stresses are
localized ahead of the crack tip and creep load is not sup-
posed to influence the mode I fracture energy (Gic)
because this energy is obtained from the regions in the
specimens where creep stresses are not applied to.

The main contribution is the analysis of how the vari-
ation in Gpc occurs, according to different times and
loads. The usual ENF tests were performed without creep
load so that the reference value of Gyc was obtained
corresponding to a maximum load (Ppax). Next, the ENF
specimens were submitted to a constant load (creep),
considering a fraction of Ppga. After the creep tests in
ENF specimens, the usual ENF test was performed, and
the residual fracture energy was obtained.
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FIGURE 1 Typical stress-strain curve of a tensile test in a bulk
specimen of NVT 201E adhesive |Color figure can be viewed at
wileyonlinelibrary.com]

2 | EXPERIMENTAL PROCEDURE

In order to investigate the effect of creep on the shear
fracture energy of adhesives, ENF specimens were man-
ufactured and tested in the following conditions:
(a) quasi-static testing condition, (b) creep test followed
by a quasi-static test.

21 | Materials

The structural NVT 201E epoxy adhesive (Fine Compos-
ites - Brazil) was used to bond carbon steel A1020 sub-
strates for all the tested specimens. This adhesive was used
in previous works.?”*® It is a two-component (with the
weight ratio of 100 x 52, resin to hardener, respectively),
with the glass transition temperature of 71°C and density
of 1.24 g/cm®. As recommended by the manufacturer, the
curing time for this adhesive is 24 h at room temperature.
Figure 1 shows a typical stress-strain curve of a bulk speci-
men obtained in a tensile test, in accordance with ASTM
D638 recommendations. Considering five samples, the
Young's modulus (E), Poisson' ratio (v) and tensile failure
strength were determined (see Table 1). The transverse
and longitudinal deformations were measured by an opti-
cal extensometer, so, the Poisson' ratio was calculated. The
shear modulus (G) was calculated by the Equation (1).
The substrate properties are also presented in Table 1.

E

T 2

TABLE 1 Substrate and adhesive properties

Adhesive Carbon steel

Description NVT 201E A1020%
Young's modulus - E 313 + 0.37GPa 207 GPa
Shear modulus - G 121 GPa 75 GPa
Poisson's ratio - v 0.29 + 0.09 0.30

Tensile failure 28.70 + 1.66 MPa 400 MPa

strength
22 | Joint geometry and manufacturing

The details of the geometry and dimensions of the ENF
specimens are shown in Figure 2. The thickness of the
metal substrates and the epoxy adhesive were considered
as f; = 12.7 mm, and f, = 0.4 mm, respectively. The total
length was 2L =298 mm, the initial crack length was
a,=46mm and the width (not shown in Figure 1) was
B = 254mm. The joint geometry is similar to the one
proposed by ASTM D-3433-99 standard. Although this
standard treats the fracture energy in mode I (DCB speci-
mens), it is usual to use a similar geometry for mode II,
which facilitates the manufacturing process and the com-
parison of the obtained results.*

To manufacture the joints, the substrates were initially
sandblasted and then were cleaned with acetone. To guar-
antee the adhesive thickness in the joint, a calibrated metal
strip with the thickness of the adhesive layer was placed at
one end, and a double-beveled plate with the same thick-
ness was placed on the other end. The length of the plate
with the double-bevel at the end was defined in accordance
with the initial crack length (a,), with an excess length to
allow its removal after the curing process.

NVT 201E adhesive was applied on both parts of the
substrates. The steel substrates were then bonded and
the excess adhesive was removed. The pressure is manually
applied by the operator at the mold top. The required adhe-
sive thickness is obtained by adjusting the height between
the bottom and top mold parts. The total height is the sum
of both substrates’ thicknesses and adhesive thickness.
Right after the steel substrates are bonded, the excess of
adhesive is carefully removed using a spatula. The mold has
pins that prevent the substrate misalignment. The average
cure time was 24 h, as recommended by the manufacturer.
The ambient temperature and humidity were controlled
around 22°C and 62%, respectively.

23 | Testing conditions

In the first step, usual ENF tests were carried out on
some samples using a universal testing machine
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(Shimadzu, Autography AG-X Plus, Japan). The tests
were performed under displacement control conditions at
a rate of 0.5 mm/min. For this step, four specimens were
tested. The load and displacement were measured during
the tests using the compliance-based beam method
(CBBM)*! for the determination of the critical fracture
energy in mode II (Gyc). The average value of the maxi-
mum load (P,,.,) Was also calculated to be considered as
a reference value for the creep loads. The boundary con-
ditions are those shown in Figure 2.

In the second step, creep tests were performed on
ENF specimens. During the creep tests, the displace-
ment and the time were measured by the universal
testing machine. Two main factors that influence creep
are time and load. The creep times considered in this
study are 12, 24, and 48 h. For each creep time, the
joints were tested at three different load levels: 40%,
50%, and 60% of P,... Three specimens were tested for
each condition. Additional tests were performed to
investigate the adhesive sensitivity to creep, including
testing at higher load level (80% of Py,y) and for a lon-
ger creep time (60 h). Table 2 shows the description of
the experiments considered in this study. After the
creep test, a visual inspection was done in order to ver-
ity if the crack has propagated and also to see if plastic
deformation on adherend had occurred. As the creep
etfect in metals is usually associated with elevated tem-
peratures, which are often greater than roughly half of
the absolute melting temperature, the creep effect on
the adherends tested at room temperature was consid-
ered negligible.®*>?

The third step occurred about 10 min after the con-
clusion of the second step. The residual fracture energy
in mode II (Gpr) was obtained by performing quasi static
tests on ENF samples that had already experienced creep
loading based on the conditions explained in Table 2.

LOAD

a,
4——9-f: l La

3 | DATA REDUCTION METHOD

The CBBM method is based on the concept of the equiv-
alent crack length. It intends to solve the monitoring
difficulties in ENF tests.’! Indeed, this method does not
need the direct crack length measurement and the
effects of fracture process zone (FPZ) ahead of the crack
tip are also taken into account. In the CBBM method,
the experimental compliance (C) is obtained from
the Castigliano theorem, as a function of the crack
length (a)*":

_(3a3+2L3)+ 3L
~ 8EBt  10GBt

(2)

where E is the Young's modulus of the substrate and G is
the shear modulus. The other parameters are described
in Section 2.2.

The flexural modulus of the specimen (Ef) is
obtained by rearranging Equation (2), considering the
initial compliance (C,) and the initial crack length (a,).
This procedure is very important because the changeabil-
ity of the material properties between different samples
are taken into account.”

3a3 213

==l (3)
f SBIS 3CCM:c»'r

where Cycor is calculated by Equation (4)*:

3L

R 4
10GBt; “

Cocorr = Co

Using the flexure modulus of the specimen (Ey) instead
the flexure modulus of the substrate in Equation (2), the
equivalent crack length is obtained as*":

NVT 201E ACHESIVE t
s

SUBSTRATE - A36

[ SUBSTRATE - A36

FIGURE 2 Schematic

representation of ENF specimens [Color
figure can be viewed at

Creep time 12-h 24-h

Load (% static strength)  40%, 50%, 60%, 80%"  40%, 50%, 60%

“The crack propagated for both specimens before the creep test completion.

wileyonlinelibrary.com]

TABLE 2
experiments

Description of the creep

40%, 50%, 60%  60%
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FIGURE 3 Load-displacement curves in ENF tests [Color
figure can be viewed at wileyonlinelibrary.com|
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Finally, the critical fracture energy in mode II (Gy;.) can
be calculated by Equation (6)*:

9pP%g 2

e 6
16B%t, Ey (6)

Giic=

Thus, using the load-displacement (P-5) data and the
equivalent crack length (Equation 5), the R-curve can be
obtained. This procedure was done on the first step of
experiments (static ENF tests) and in the third step, when
ENF tests were performed shortly after the creep tests
(second step).

4 | RESULTS AND DISCUSSIONS

41 | Quasi-static tests

The curves from of the initial four ENF specimens tested
are shown in Figure 3. Good repeatability was observed
for the stiffness of the specimens and also for the
maximum load. Using the CBBM method, as described in
Section 3, the equivalent crack length (agq) was calculated
as well the fracture energy in mode II. Thus, the R-curves
were generated (Figure 4) in order to find the critical
fracture energy in mode II (Gy), which is obtained
considering the plateau values in the R-curves. As the

Glic (N/mm)

T

T T T T
80 100 120 140 160 180
Equivalent crack length (mm)

FIGURE 4 R-curves from the ENF tests obtained by the CBBM

method | Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3  Static results: Maximum load and critical fracture
energy in mode T

Specimen Prax (KN) Gc (N/mm)
1 12.66 186

2 12.83 181

3 13.69 2.05

4 12.99 2,00

Average 13.04 193

SD 3% 5%

failure is brittle and the crack propagates in one step, a
clear plateau in the R-curve cannot be defined. This way,
an average of the energy values was calculated consider-
ing the extreme values of the stretch of the R-curve that
approaches a straight line, which occurs when the crack
(aeq) propagates from 62 to 158 mm approximately.

Table 3 shows the average values of the maximum
load (Ppa) and the shear fracture energy (Gp). The
mean value of P,,, is used as a reference in step 2, when
a percentual value of Py, is considered. The mean value
of Gy is used to check the change in the fracture energy
of the creep tested ENF samples. This way, this reference
value (Gp.) can be compared with the fracture energy
values obtained in ENF samples that already experienced
creep (the third step).

After the tests, the specimens were opened in order to
verify if the failure was cohesive or adhesive. The crack
propagation occurred in only one step for all the speci-
mens. Cohesive failures were observed, although the
crack path is closer to one interface than the other. These
fracture surfaces are presented in Section 4.3.3 and com-
pared with the tested creep aged specimens.

Appli.ed POlmgc:[:_W] LEY. | sof12
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Displacement versus time for the creep tests performed: (a) specimens tested for 24-h with different creep loads,

(b) specimens submitted to 40% of Py, (the primary and secondary creep), (c) specimens submitted to 50% of P, ,, (the primary and
secondary creep), (d) specimens submitted to 60% of P, (the primary and secondary creep) [Color figure can be viewed at

wileyonlinelibrary.com]

4.2 | Creep tests

As the final goal is to calculate the change in Gy, the
creep tests were monitored with one camera in order to
be sure that the crack would not propagate. During creep
testing, no plastic deformation of the adherends was
observed.

Typical creep curves (displacement vs. time) are
shown in Figure 5. In Figure 5(a) there are two regions
well defined in the graph: primary and secondary creep -
preceded by the instantaneous elastic strain. The instan-
taneous elastic strain occurs quickly and it is represented
by the vertical lines just at the beginning of the creep

tests. Then, the primary and secondary creep take place
and a delayed elastic strain is observed. In adhesive mate-
rials a viscous flow often occurs and it may lead to vis-
cous deformation (non-recoverable),' which can create
residual stresses. The creep curves do not present tertiary
creep because the tests were interrupted and not contin-
ued until crack propagation.

Figure 5(a) shows that higher creep loads lead to
greater deformations for the same creep time. For the
samples tested for 24-h, the final displacement varied
from 0.76 mm (40% of Ppay) to 1.27 mm (60% of Pay).
Most of the final displacement (more than 75%) is due to
the instantaneous elastic deformation. Additionally,
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Typical load-displacement curves of ENF specimens tested post creep and initial static results without creep for different

creep loads: (a) 40% of Py, (0) 50% of Py, .\ and (c) 60% of Py, [Color figure can be viewed at wileyonlinelibrary.com]|

generally at higher creep times creep displacements are
higher. Figure 5(b-d) show the primary and secondary
creep curves (the initial displacements were normalized
and set to zero), for the samples tested at 40%, 50%, and
60% of Pp,y. respectively. Considering a constant load,
the deformation rate for the conditions tested are similar
as expected, which can be seen by the proximity of the
curves obtained for different creep times, mostly in
Figure 5(b,c). This juxtaposition of curves at different
times was not observed for the creep load of 60% of Pax
(Figure 5(d)). The differences observed occurred probably
due to small variations in manufacture of the samples, as
for example the pre-crack condition or the presence of
voids within the adhesive layer. Despite the effort
invested in the manufacture of joints to avoid voids or
bubbles, these factors are difficult to control and can lead

to some variations such as those observed. Furthermore,
the applied load is 60% of the average value of Ppgy, this
way, in practices the percentual of P, can be higher
than 60% for some samples and lower than 60% for the
others. These differences are observed for all the tested
joints but are more pronounced for the joints tested at
higher load levels.

These data are important to verify the creep behavior
in ENF specimens. Besides that, the verification of no
plastic deformation of the adherends is essential, which
did not occur as already described. The elastic deforma-
tion observed at the samples during the creep tests was
quickly recovered.

The specimens tested with 80% of P did not com-
plete the 12 h test. For this group, the crack propagation
occurred during the first hour of creep testing.
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4.3 | Quasi-static results after creep tests

431 | Load-displacement curve analysis

In order to analyze the creep effect on the fracture energy
in mode II, the classical three-point bending load was
performed on the ENF samples that had already experi-
enced creep loading. As creep is a function of time and
load, these factors were considered to investigate how the
maximum load varies. Figure 6 compares the typical
load-displacement curves for all the tested conditions
along with the quasi-static results. There was no consid-
erable change in the initial compliance (C,), which sug-
gests that for the tested conditions the creep load did not
introduce any damage in the joints. It is very interesting
to note that an increase in the maximum load compared
to the original value (P,,.,) obtained in static conditions
(without creep) occurs. This modified value of maximum
load is hereafter called Py,oq, which is the peak of the cur-
ves in Figure 6.

The modified maximum load values for all the times
and creep loads investigated are shown in Figure 7. Con-
sidering the same time and different loads, the results
show that in general higher creep loads lead to greater
joint strength (Pmoq). Considering the specimens creep
tested at 40% of Pp,.x for 12 h, no major change occurred
in the modified maximum load (Pyeq). For the other
groups, an increase in maximum load occurred, varying
from 11% to 28% when compared to the reference value
(Pnax)» see Figure 8. The increase in maximum load after
creep must have occurred due to the viscous deformation
of the adhesive. The non-recoverable deformation leads
to residual stresses, specially ahead of the crack tip where
the stress is concentrated, which can result in joint
strength improvement.**** The plastic deformation of
the adherends could also contribute for that, but it was
not considered for two main reasons: (a) plastic deforma-
tion on steel was not observed visually, and (b) creep in

18
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12 24 48 60
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metals usually occurs at higher temperatures for longer
times, which was not the case.

432 | Residual fracture energy analysis

The ENF specimens that had been already creep loaded
(see Table 2) were tested under quasi static loading condi-
tions in order to investigate the effects of creep on mode
II fracture energy. By performing these tests, the residual
fracture energies in mode II (Gpr) were obtained.
Figure 9 shows the obtained R-curves for different test
conditions. The points where the crack propagation
onsets as well as the point where the crack
propagation stops are marked by crosses on the curves
shown in Figure 8. An increase in the level of the plateau
of the R-curves is observed which means that the fracture
energy increases for the joints subjected to creep loads.
For the samples tested for 12 and 48 h, a similar behavior
occurred, as shown in Figure 10. For a creep time of 12 h,
no major changes occurred in Gy considering the loads

30%
25%
20%
15%
10%

60%
5%

% Increase in Maximum Load

0% % of Pmax
12-h 24-h 48-h 60-h

Creep time

FIGURE 8 Average percentage increase in the ENF failure
load after creep testing of the ENF samples [Color figure can be
viewed at wileyonlinelibrary.com|
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FIGURE 7 Comparison of the
modified maximum loads (P,,4) post
creep (PC) for different creep times and
load levels [Color figure can be viewed
at wileyonlinelibrary.com]
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of 50% and 60% of P,y This may be due to the short
creep time which does not have a significant influence on
the viscous deformation of the adhesive. It is important
to note in Figure 10 that for all the tested conditions the
fracture energy increased, which indicates that pre-creep
loading of the bonded structure improves the joint
strength. The only exception were the samples tested for
12h with 40% of P,,,, which did not present significant
changes in fracture energy, as both the applied load and
the creep time are too small to affect the fracture energy
of the adhesive. However, these results are limited to the
adhesive considered in this study and further investiga-
tions are needed to confirm the same response for other
adhesive types.

If the creep load is kept constant, generally longer
creep times lead to a higher improvement in Gug, but
certainly it has a limit. This limit was investigated for a

STATIC

POST CREEP 24H 40%
POST CREEP 24H 50%
POST CREEP 24H 060%

Fracture Energy in Mode Il (N/mm)

1]

T T T

40 60 80 100 120 140 160
Crack Length (mm)

FIGURE 9 R-curves for ENF tests performed after creep tests
for 24 h [Color figure can be viewed at wileyonlinelibrary.com]
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creep load of 60% of Py ax. An optimum value of Gy was
obtained for the samples tested for 48 h (2.84 N/mm).
Times longer than 48h lead to smaller fracture energies.
It can be explained by the viscous deformation of the
adhesive which generates residual stresses that increase
the joint strength. After 48 h, the adhesive properties are
degraded and the residual fracture energy decreases, as
occurred for the samples tested for 60 h. The degradation
process is caused by the creep damage that occurs at
some material points. The load is constant, but the stress
at some points is higher, so, at those points the adhesive
will undergo some plastic deformation. On the other
hand, by increasing the creep time, the points with
higher stress levels will experience the third creep stage,
which causes damage and degradation of material at
those points. Figure 11 shows the percentage of improve-
ment of shear fracture energy values compared with Gy
(reference wvalue). As already discussed, all groups
achieved an increase in the shear fracture energy,
reaching a 47% increase for the joints tested for 48-h and
60% of Ppax, which is a significant improvement in shear
fracture energy.

The results suggest that viscous deformation occurs
gradually on the adhesive as the load or time increase.
This is the reason why both maximum load and residual
fracture energy increase for longer times and higher
loads. The permanent deformation causes residual
stresses on the adhesive, which leads to an accumulation
of energy that contributes to the increase in Gpe. The
residual stresses considerably influence the failure mech-
anisms in materials.** Besides, the plastic deformations
can change the material properties and increase the
strength of materials.>® Thus, as the permanent deforma-
tion takes place due to viscous flow at the adhesive
resulting in residual stresses, an additional load in rela-
tion to Pmax is needed after creep tests to propagate the

mmm PC-40%0f Pmax

»

E

== PC-50%0f Pmax

1 PC-60%0f Pmax

Gllc-reference
value

o

FIGURE 10 Residual fracture
energy in mode II for all groups 12
analyzed [Color figure can be viewed at

wileyonlinelibrary.com|
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crack in the adhesive layer. Another possible reason to
the strength improvement is that, in general, tensile
strength is greater in direction parallel to the polymer
chains than in directions normal to them.***” The align-
ment of the chains occurs due to viscous flow caused by
creep™ and consequently the joint strength increases,
however further increases in creep time or in creep load

B

2

5 50%

5

2 40%

.

't 30%

2

& 20%

£

2 10%

g % of Pmax

B 0%

= 12-h 24-h A8-h 60-h
Creep Time

FIGURE 11 Percentage increase in shear fracture energy
values obtained after creep tests performed on ENF samples [Color
figure can be viewed at wileyonlinelibrary.com|

will damage the chains and will degrade the adhesive
properties, as was observed for the samples tested for 60 h
at 60% of the Pyax.

4.3.3 | Failure on ENF specimens

Cohesive failure was predominant in all the tested speci-
mens, although the crack path was closer to one interface
than the other. Figure 12 shows some fracture surfaces
for both static loading (with no creep) and also for the
ENF tests performed after creep loading with 50% of Pmay.
The specimens tested in static conditions (Figure 12(a))
present similar quantities of adhesive in both sides at the
upper part, followed by an adhesive concentration on one
side of the joint in the lower part. The specimen tested at
50% of Py for 12 h (Figure 12(b)) had a similar behavior.
The specimen tested for 24 and 48 h presented peaks and
valleys (more roughness compared to Figure 11(a)) on the
fracture surface. In ENF test the stress is distributed along
the bondline. As expected for brittle adhesives, the crack
propagates in only one step.” Right before the abrupt fail-
ure occurs, several regions along the bondline are micro/

FIGURE 12 Failure surfaces of
ENF specimens: (a) after static tests
(no creep). Static test after creep testing
at 50% of Py, for (b)12h, (c) 24h, and
(d) 48 h [Color figure can be viewed at
wileyonlinelibrary.com]

62



CARNEIRO NETO eT AL

macro cracked.*® By increasing the load, the crack coales-
cence takes place and the joint fails. As stated in Sec-
tion 4.3.2, creep loading introduces residual stresses and
viscous deformation in the adhesive layer which leads to a
change in stress distribution. Based on the new gradients of
the stresses, the crack does not propagate along a straight
line as it occurs for the joints with no creep, as shown in
Figure 12(a). Crack kinking and multisite cracking were
observed in some specimens submitted to creep, which can
be a possible reason to postpone the failure (increase the
strength) and consequently allow a higher energy absorp-
tion, which leads to a higher shear fracture energy. Based
on these results, it is not possible to relate the creep time
with the type of failure, as there is no characteristic behav-
ior of failure.

5 | CONCLUSIONS

The aim of this work was to investigate the effects of
creep loading on mode II fracture energy of adhesives by
considering two influencing factors: creep time and
applied creep load. All specimens supported the expected
time of creep test without crack propagation, with the
exception of the specimens tested at 80% of P After
the creep tests, no plastic deformation of the adherends
was observed.

The results show that, generally, for greater loads and
longer creep times, Pyoq and Gur increase. Additionally,
it was found that creep loading for most of the tested con-
ditions not only does not introduce any degradation on
the fracture energy and the joints strength, but also
improves the strength and consequently the shear frac-
ture energy of the joints. A possible reason for the
increase in Ppnog and Gpg is the viscous deformation of
the adhesive and consequently the induced residual
stresses. Obviously, the increase in these properties has a
limit, which was investigated for the samples tested with
60% of Py.. It was also concluded that the optimum
value of Gur occurs in the specimens previously creep
tested for 48 h. For the samples creep tested for longer
times (60 h), Gyg decreases because the damage initiates
and propagates through the adhesive layer, consequently
both the strength and the shear fracture energy decrease.
The failures were predominantly cohesive in all speci-
mens. An important conclusion of this work is demon-
strating that for specific loads and creep times, pre-creep
loading of bonded structures can significantly improve
the fracture energy and the static strength of the joints.
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ANEXO B - Avaliacao da vida util de fluéncia em juntas adesivas usando amostras do ensaio
ENF (A4ssessment of the creep life of adhesively bonded joints using the end notched flexure

samples) — Engineering Failure Analysis

65



Engineering Failure Analysis 133 (2022) 105969

ENGINEERIN
FAILUR
ANALYSI

Contents lists available at ScienceDirect

G
£

Engineering Failure Analysis

journal homepage: www.elsevier.com/locate/engfailanal

L))

Chack for

Assessment of the creep life of adhesively bonded joints using the %=
end notched flexure samples

R.M. Carneiro Neto*, A. Akhavan-Safar™ , E.M. Sampaio ©, J.T. Assis®, L.F.
M. da Silva
* Center of Technology and Application of Composite Materials, Federal University of Rio de Janeiro, Macaé, RJ, Braxil

® Institute of Science and Innovation in Mechanical and Industrial Engineering (INEGI), Rua Dr. Roberto Frias, 4200-465 Porto, Portugal
© Laboratory of Adhesion and Adherence, University of State of Rio de Janeiro, Polytechnic Institute, Nova Friburgo, RJ, Bravil

Y Departamento de Engenharia Meca Faculdade de E hara, Universidade do Porto, Rua Dr. Roberto Frias, 4200465 Porto, Portugal

ARTICLEINFO ABSTRACT

Keywords: The behavior of polymeric adhesives is time and temperature dependent, as they are considered
Creep viscoelastic materials. These materials can undergo creep deformation even at low stress levels
ENF test

and room temperature. This way, a viscous flow can occur at the adhesive layer and it can lead to

f;:;z f[mcm:e enerey viscous deformation, causing a modification in the adhesive properties. The current work aims to
Bonded joints investigate the shear creep fracture energy of an epoxy adhesive using end notched flexure (ENF)

Durability samples creep tested until failure. The endurance creep limit for cracked bonded joints subjected
to pure shear loading conditions is also investigated using ENF samples, representing the
maximum creep load which ENF bonded joints can sustain without creep fracture after a specified
time. The Gyg,-life curve was obtained where the Gy, is the mode II creep fracture energy. Results
showed that small changes in creep load can significantly change the creep endurance limit.
Creep fracture energy can be employed for joint design against creep service loads.

1. Introduction

Structural adhesives are widely applied in the joining of structural components due to their advantages over other conventional
mechanical joining methods. They provide design flexibility, service life extension, simple application, in addition to more uniform
stress distribution [1,2]. Various sectors have applied bonded joints in their structures such as aeronauties, automotive, marine, oil,
etc. When an adhesive joint is submitted to a constant load for an extended period of time the creep takes place and a pronounced time-
dependent stress-strain behavior occurs on the adhesive [3]. As the adhesives have synthetic polymers as components, they are
considered viscoelastic materials, thus their behavior are time and temperature dependent. Viscoelastic materials ean undergo creep
deformation even at low stress levels and room temperature, although this effect is amplified for higher temperatures [4,5]. This way, a
viscous flow can occur at the adhesive layer and it can lead to viscous deformation, causing a modification in the adhesive properties
[1,6]. Temperature, load and time are the factors that most influence the rate of creep deformation [3,7].

The change in material properties depends on the creep strain. When the dead load is applied to a material an instantaneous elastic
strain occurs, followed by three regions of creep curve [3,9]: i) primary creep —also called as transient, where the creep strain increases
non-linearly, ii) secondary creep, also known as steady state, characterized by linear increase of creep strain at a lower rate, and iii)
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Table 1
Substrate and adhesive properties [6].

Description Adhesive NVT 201E Carbon steel A1020

Young's modulus - E 3.13+ 0.37 GPa 207 GPa

Shear modulus - G 1.21 GPa 75 GPa

Poisson’s ratio - v 0.29 = 0.09 0.30

Tensile failure strength 28.70 + 1.66 MPa 400 MPa

LOAD
APPLICATION
EPOXY ADHESIVE l

< ] >

Fig. 1. Schematic representation of ENF specimens.

tertiary creep, the final stage where the creep strain inereases considerably until failure occurs [1 0]. Both instantaneous elastic strain
and creep strain can be reduced by adding multi-walled carbon nanotubes [11].

Cohesive zone models (CZMs) have been extensively applied to model bonded joints [3]. The critical fracture energy in mode II
(Gyc) is a key property used in the CZM, which is usually obtained by testing an ENF sample. When CZM associated with the finite
element method (FEM) is applied, the fracture energy is used as input to the programs as a constant value, as this analysis is often
performed for static conditions. However, when the creep takes place in bonded joints these properties must vary [6]. This investi-
gation is rarely found in literature, although there are some works that evaluated the change in cohesive parameters due to hygro-
thermal ageing and fatigue loading conditions [12-15]. However, works related to the change in creep fracture energies due to a
sustained load application have not been considered so far.

The creep data can be represented by different forms, including plotting the log of time to rupture against stress, which is similar to
the S-N curve produced by fatigue testing. The endurance limit concept is very often used in fatigue, representing the stress level (S)
below which an infinite number of loading eycles (N) can be applied to a material without failure. This concept can be extended to
creep, as the designers must know how long the bonded joints will resist without erack propagation when a dead load is applied.
Accordingly, the endurance load limit for creep is defined as the maximum load that the joint can withstand without any crack
propagation after a specific time. When experiments are performed at different creep loads, the creep rupture envelope can be con-
structed by connecting the points of onset of the tertiary creep [3]. This envelope gives a reference related to the time and load that a
joint must fail, contributing to the safety in structural designs. According to the requested creep load, the respective time until failure
must be obtained by the envelope. This investigation is rarely carried out in bonded joints. Thus, this work aims to investigate the shear
creep fracture energy of an epoxy based adhesive using ENF specimens. Furthermore, the endurance load limit for ENF samples
submitted to creep load is also investigated and the creep rupture envelope is presented. The main goal is to obtain the shear creep
fracture energy versus creep time that can be used for the joint design purposes.

2. Experimental procedure
2.1. Materials

Carbon steel substrates were bonded using the structural NVT 201E epoxy adhesive (Fine Composites - Brazil), which has been
previously used on pipe repairs [16.17]. This adhesive has two-component (with the weight ratio of 100 x 52, resin to hardener,
respectively), a glass transition temperature of 71 °C and a density of 1.24 g/cm?. The curing time was 24-h at room temperature for all
the samples. The steel and adhesive properties are shown in Table 1.

2.2. Joint geometry and manufacturing

Fig. 1 presents the geometry of the ENF specimens. It is similar to the joint proposed by ASTM D-3433-99. The dimensions used
were 2L = 298mm (total length), a, = 46mm (initial crack length), t; = 12.7 mm (substrate thickness), and t, = 0.4 mm (adhesive
thickness). The width is B = 25.4 mm (not shown in Fig 1).

The manufacturing process included sandblasting on the substrates, followed by a cleaning with acetone. A metal shim with the

2
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same thickness of the adhesive layer was placed at one end of the joint in order to guarantee the adhesive thickness required. At the
other end a double-beveled plate was placed with the same thickness of the adhesive layer, also aiming to guarantee the adhesive
thickness. It had an excess length (more than the length without adhesive) to allow its removal after the required time to cure.

The epoxy adhesive was applied to the substrates and the excess of adhesive was carefully removed using a spatula. In order to
obtain the adhesive thickness required the height between the bottom and top model parts can be adjusted. The total height must take
into account the thickness of both adhesive and substrates. The substrate misalignment is prevented by the mold pins. As recom-
mended by the manufacturer, the joints were tested only after the cure time of 24-h. The ambient humidity and temperature were
controlled around 62% and 22 °C, respectively.

2.3. Testing conditions

The tests in ENF samples were performed at different creep loads until erack propagation for most groups. The shear creep fracture
energy (Gyg) was then obtained using the data from the creep tests by the compliance-based beam method (CBBM) [1£]. The run out
condition in this study was considered as 30 days (720-h). It means that if the joint did not fail after this time, the creep test was
concluded and a quasi-static test was conducted on the ENF sample to obtain the residual fracture energy in mode IL In this condition
the obtained energy is called residual fracture energy (Guz).

The creep tests in ENF samples were performed using a universal testing machine (Shimadzu, Autography AG-X Plus, Japan). In
case of post creep tests, a static test was performed under displacement control at a rate of 0.5 mm/min. In all the considered cases the
load and displacement were recorded aiming to be used for obtaining the creep fracture energy (Gy,) or the post creep (residual)
fracture energy (Guz). For this purpose, the compliance-based beam method (CBBM) was used to treat the raw data. The creep loads
were defined considering a percentage of maximum load (Pp,,,) obtained on the quasi static ENF test, which were 70%, 75%, and 80%
of Pmax. At least 3 specimens were tested for each condition.

After completing the tests, a visual inspection in all samples was done in order to check if any plastic deformation occurred on
adherend. If it happened the results obtained in that cases could not be validated. Besides that, the creep effect on the adherends was
considered negligible, as the creep in metals usually occurs at temperatures greater than roughly half of the absolute melting [19,201.

The creep curves were evaluated for different conditions, as well as the R-curves. Furthermore, the endurance load limit was also
obtained, which is an important parameter to the designers.

3. Data reduction method

The CBBM method was applied in order to calculate the fracture energy in mode II. This method overcomes the difficulty of
measuring the crack length during its propagation as it is based on a crack equivalent concept [21]. Furthermore, this method takes
into account the effects of the fracture process zone (FPZ), consequence of plastification and nucleation of multiple micro-cracks along
the adhesive thickness [21]. The experimental compliance (C) has great importance in the CBBM method and should be calculated by
Eq. (1) [18].

(3a® +2L7) 3L

C=3" :
8EBL +1{]GB[\. @

where a is the crack length, E is the Young's modulus of the substrate and G is the shear modulus. The other parameters are deseribed in
Section 2.2 (see Fig. 1).

The material properties of different samples may vary, this way a flexural modulus becomes necessary to consider this aspect [21].
Furthermore, the flexural modulus takes into account the contact between the two arms at the region without adhesive and the stress
concentration on the crack tip [21]. If Eq. (2) is rearranged, the flexural modulus (Ef) can be obtained considering the initial
compliance (G, ) and the initial erack length (a,) [15].

3a’ +20°
= o Tow 2
/ 8Bt Cocorr e
where Goear is caleulated by Eq. (3) [18]:
3L
CU:TJJ’F =] C‘“ i m (3)

1f the flexural modulus of the specimen is used in Eq. (1) (not E) then the equivalent crack length can be then obtained by Eq. (4)

[18].

€. 2% ¢ (1/3)
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Finally, the critical fracture energy in mode Il (G,.) can be now obtained by Eq. (5) [15]:
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Fig. 2. Typical creep curves for different load levels: a) 80% of P,,,, b) 75% of P,,,,,, ¢} 70% of P,,,,, d) creep strength-time diagram.

Accordingly, the R-curves can be obtained using the load—displacement data and the equivalent crack length. For the joints where
the erack did not propagate after 30 days, a post creep ENF test was performed, thus the load inereases until a peak followed by a drop.
For the joints tested until erack propagation the load was constant along almost all the test time, but as soon as the crack propagates the
load decreases and the displacement increases considerably. The data from these points are essential to obtain the shear creep fracture

energy.
4. Resulis and discussions

4.1. Creep tests

After the creep tests no plastic deformation on the adherends was observed. The joints tested at 70% of Pp,q, did not fail after 30
days. As discussed in Section 2, 30 days is considered as run out and the joints subjected to creep for 30 days were tested in quasi static
conditions to measure the residual fracture energy in mode II. Forthe joints tested at creep loads of 75% and 80% of Pnay, creep life was
shorter than 30 days and the creep tests were continued until failure.

Typical creep curves (displacement vs. time) are presented in Fig. 2(a—c) for all the creep loads applied, besides the creep strength-
time diagram (Fig. 2d), where all the three typical curves are plotted in the same graph and then the envelope can be drawn by
connecting the points of onset of the tertiary creep (black line). For this last graph a logarithm scale was used in x axis (time). For the
creep loads of 80% and 75% of Pray the creep curves have the three regions (primary, secondary, and tertiary). For 70% of Ppax the
tertiary region was not presented as the crack did not propagate. As higher the creep load as higher the instantaneous elastic
displacement (see Fig. 2d), demonstrating the consisteney of the results obtained.

The displacement at the onset of the tertiary creep region for the creep loads of 80% and 75% of P,,,, was 1.39 mm and 1.36 mm,
respectively. The final displacement for the joint tested at 70% of Ppge was only 1.29 mm after 30 days, and smaller than the
displacement of the other load levels. It was also observed that the displacement rate significantly decreases by a small reduction in the
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Fig. 3. Typical R-curves for the different creep loads.
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Fig. 4. Mode Il creep fracture energies as a function of the applied creep load.

creep load. For example, from 300-h to 720-h the displacement increased by only 2.4% (from 1.26 mm to 1.29 mm) for the joints

subjected to the 70% creep load. Thus, the creep endurance limit for the tested ENF samples is between 70% and 75% of the static
strength if the 30 days creep life is considered as run out.

4.2. Shear creep fracture energy

The shear creep fracture energies (Gy,) for different creep load levels were analyzed. Fig. 3 shows typical resistance curves (R-
curves) for each one of the creep loads applied to the ENF samples. CBBM method was used for all the groups. When a plateau is not
well defined in R-curves, as occurred for 80% of Ppy, the fracture energy was considered as the slope inflection region of the R-curve
[22].

For higher creep loads, higher values of Gy, were obtained as shown in Fig. 4. As shown by Eq. (5), the higher the creep load the
higher the shear creep fracture energy (Gy,), although other variables also influence it, as e.g., the compliance (C). The average value
of Gy decreased by 30% when the creep load varied from 80% to 75% of the Py, By reducing the creep load from 75% to 70% of Pyyqr

5
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areduction of 14% in Gyc, occwrred. This small reduction is because of the displacement rate observed for the joints tested at 70% of
the Ppq which is lower for longer times (above 300-h). It suggests that the shear creep fracture energy obtained for the creep load of
70% of the Py, is the maximum amount of the energy that the cracked joint can absorb without rupture. In other words, Gy for 70%
of the Prac indicates the maximum strain energy release rate that the joint can experience due to the creep loading for 30 days. The
shear critical fracture energy (Gyy) is a key property for the design and mechanical behaviour simulation of bonded joints in static
conditions. Similarly, the creep fracture energy (Gyc,) is a useful parameter for the joint design purposes subjected to creep loading.

For a creep load of 709% of Ppqy, the joint didn’t fail after 30 days and consequently the post creep quasi static test was conducted
where the residual fracture energy (Gyr) was obtained as 2.42 + 0.02 N/mm. The result is in accordance with the work of Carneiro
Neto [6], where an increase in the critical fracture energy obtained in statie condition (1.93 N/mm [6]) is expected due to creep effect.
According to the results, 25% of improvement in fracture energy occurred, confirming that creep loading of ENF samples can lead to an
increase in their cohesive properties. Fig. 4 shows the different energies evaluated in this work, including the residual, eritical and
shear creep fracture energies in mode II (Gyg, Gyc and Gyyc, respectively) for all the samples tested. The highest value is the residual
fracture energy. Considering the average values, the creep fracture energy is higher than the critical fracture energy only for a creep
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and valleys

Fig. 7. Failure surfaces of ENF specimens for the sample tested at: a) 70% of Py, (after post creep test), b) 75% of Py, (after creep test), c) 80% of
Py (after creep test), d) detailed view of the sample tested at 75% of Py, and e) 80% of Py
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load of 80% of Pmax.

The creep load as a function of the log time (creep life) is presented in Fig. 5, also demonstrating the endurance load limit for the
tested conditions, which was close to 70% of Ppqy. This way, creep loads lower than 70% of Py, will be supported by the ENF samples
without creep failure occurrence.

Fig. 6 shows the creep fracture energy as a function of creep time in log scale, for the different creep loads evaluated. In general,
good repeatability was observed for all the considered creep loads. The highest standard deviation occurred for the fracture energy
calculated for the samples tested at 80% of the Py, was about 10%. Considering the same creepload level, the differences in time until
rupture were irrelevant considering the order of magnitude (80% and 75% of Py, - a fraction of hour or couple hours, respectively, in
comparison to 720-h for the creep load of 70% of the P,,,,). The creep fracture energy decreases for lower loads and consequently the
time until rupture increases. When the creep load is close to Py, the failure oceurs at a quite short time, but for creep loads far below
Py, the behavior is very different, as the displacement keep increasing even for long times without rupture (see Fig. 2¢) [23]. For the
tested bonded joints conditions, this transition occurred from 70% to 759%, resulting in a big difference in creep life for close creep
loads, varying from around 12-h to more than 720-h for the creep loads of 75% and 70% of Py, respectively. Similar result was
reported by Queiroz et al. [7], although for another adhesive joint (single lap joint). The authors showed that reducing the creep load
from 80% to 70% of the static strength results in a significant change in the creep life (from 8-h to 1768.5-h, respectively). The work of
Zehsaz et al. [24] showed that increasing the creep load by 1% led to a considerable change in the creep life (from 24-h to 10-h),
although in this work the authors used a small creep load (about 5% of the static strength). A recent work [25] also showed that a
small decrease in ereep load (from 25 MPa to 22.5 MPa) led to a considerable change in creep life (by a factor of about 5). These results
demonstrate the complexities involved in the study of creep phenomenon in bonded joints, showing that the creep behavior and the
endurance creep limit are significantly dependent on both the materials used (substrates and adhesive) and the type of the bonded
joint. The Gy-life curve was obtained considering the shear creep fracture energies obtained for the different creep loads. This
exponential function can estimate Gyer according to the time until failure obtained for each creep load.

4.3. Failure mode of the creep tested ENF specimens

Cohesive failures were predominant for all the tested conditions. For the creep load of 70% of Ppay, the fracture surfaces are not
relative only to creep (Fig. 7a), as the static test on ENF samples that had already experienced creep loading was performed (post creep
test). This fracture surfaces presented similar quantities of adhesive in both adherends sides only at the upper part. For the lower part
the failure remained cohesive, although an adhesive concentration was observed in one side. Fig. 7b and c present the fracture surfaces
relative to the samples submitted to the creep loading of 75% and 80% of Py, respectively. For both situations, more roughness is
observed (peaks and valleys) when compared to the samples tested at 70% of P, especially for the creep load of 80% of P, In fact,
the peaks and valleys are more widespread for the joints tested at the 80% of Pyyy, which can be better visualized on the detailed views
of these samples shown in Fig. 7c and d. As the crack propagation in brittle adhesives occurs in only one step [26], some regions along
the adhesive layer are micro / macro eracked before the quick failure [27]. When a sustained load is applied, viscous deformations take
place and consequently the stress distribution may change [6]. Due to the new stress gradient, crack kinking and multisite cracking
occur, which were more accentuated to higher ereep loads (Fig. 7¢). It allows the joint to absorb more energy, leading to higher values
of creep fracture energy for higher creep loads.

5. Conclusions

This work aimed to obtain the endurance limit load of ENF samples for the time of 30 days. The creep curves were analyzed for
three different creep loads. The creep strength-life diagram was constructed, which contains essential information for the designers, as
it gives an idea about the time and the load that the ENF joint may fail. This way, the experimental results indicated that if a creep load
of 70% of Py, is applied to the ENF samples for 30 days, the crack will not propagate and thus the joint will not fail due to creep.

It is important to highlight the considerable change on the creep life considering the load levels with close values. For a creep load
of 70% of Py, the joint did not fail after 30 days, however, for 75% of P4, the test lasted less than 1 day. It shows the great importance
of studying creep in bonded joints.

The shear creep fracture energy was obtained for the different groups evaluated. Higher ereep loads had greater values of Gy¢,. This
property has important information for the designers, as well as for the simulations of bonded joints submitted to creep loading. As for
the joints tested for 30 days there was no failure, these samples were unloaded and then a post creep ENF test was performed. The
residual fracture energy in mode II increased 25% compared to the static values, which is in agreement with previous works [6]. The
Gra-life curve was obtained, and an exponential function was used to predict Gy values for different times of failure by creep.

Finally, the fracture surfaces were also analyzed for different creep loading conditions.
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Abstract

Epoxies are the most common structural adhesive type in bonded joints. They are viscoelas-
tic materials that show time and temperature dependent behavior under creep. Cohesive zone
models (CZM) are often used to model the adhesive bonds, but rarely to model the creep
behavior of adhesive bonds. The application of creep load to end notched flexure (ENF)
samples leads to a change in the shear fracture energy, which depends on both creep time
and creep load. Accordingly, in order to model the creep behavior in ENF joints, fracture
energies must be accessed for each time increment along the simulation. For this purpose,
the proposition of functions must be addressed, which must contain two variables including
creep load level and creep time. The current research presents two different functions to
determine the shear fracture energies according to the different creep times and creep loads.
The function parameters are obtained by linear and nonlinear regressions. The models were
validated and then used in a numerical analysis as part of the adhesive constitutive behavior,
using CZM. Very good agreement between the numerical and experimental creep curves
was observed.

Keywords Bonded joints - Creep - Regression - Fracture energy - Cohesive zone modelling

1 Introduction

Adhesive joints are extensively used in the engineering industries. Their extensive appli-
cations 1n diverse sectors such as aeronautic, marine and automotive are due to their ad-
vantages, such as better stress distribution, reduced stress concentrations, reduced corrosion
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between dissimilar materials and better vibration absorbance, compared with conventional
mechanical joining approaches (Ramalho et al. 2020; Ciardiello et al. 2020).

Epoxy adhesives are the most widely used structural adhesive type in bonded joints.
They are viscoelastic materials that present time and temperature dependent behavior when
subjected to constant loads, thus, the mechanical behavior of viscoelastic materials is both
time and temperature dependent (Chen and Smith 2021). Thereby, when the dead load is
applied in an adhesive joint for an extended time, the adhesive properties can change and
special attention to this aspect should be given (Carneiro Neto et al. 2021). Creep is defined
as a time-dependent deformation of materials when subjected to constant stresses at elevated
temperatures. However, as epoxy adhesives present viscoelastic behavior, the creep effect is
also observed even at room temperature (da Silva et al. 2018). When a dead load is applied
to a material an instantaneous elastic strain occurs, then three regions are usually observed
in creep curves (Dillard 2010; Madja and Skrodzewicz 2009) including 1) primary creep,
where a non-linear high creep strain rate is observed, ii) secondary creep, characterized by
a stabilization of the creep strain rate (also called as steady state), and iii) tertiary creep,
where the failure occurs due to the considerable increase in creep strain rate (Berrekheroukh
et al. 2021). The creep strain can be reduced by some methods, including the addition of
multi-walled carbon nanotubes (Khoramishad and Ashofteh 2019) or filleted joints (Zehsaz
et al. 2014b).

The cohesive zone models (CZM) have been frequently used in recent years to simulate
the behavior of bonded joints under static conditions (da Silva et al. 2018; Wolf et al. 2018).
They present some important aspects of joint design, such as the crack initiation, propagation
and failure, needing for this purpose the predefinition of all possible crack paths (da Silva
et al. 2018). The simulation of crack propagation in CZM depends on the fracture energy.
a relevant cohesive property defined by the energy needed to modify a unit area of a frac-
ture surface from the initial unloaded state to the final state of complete separation (Jensen
et al. 2011). In other words, it can be understood as the capacity of a material to support me-
chanical efforts until the crack has fully propagated. Fracture energies under various loading
models are obtained by fracture tests relied on the concepts of so-called Linear Elastic Frac-
ture Mechanics (LEFM). The most popular way to calculate the shear fracture energy (Gc)
is to conduct a fracture test on end notched flexure (ENF) samples (Akhavan-Safar et al.
2020), which provides a load-displacement curve that is used to obtain the resistance curve
(R-curve), thereby the Gyc value can be obtained by the plateau region of the R-curve. A
recent work (Carneiro Neto et al. 2021) has shown that the creep history of ENF samples
can influence the shear fracture energy, even increasing this cohesive property according to
controlled conditions. In other words. both creep load and creep time must be considered to
calculate the modified value of Gpe. In order to model the creep behavior of bonded joints
using the CZM, the change in G yc must be accessed in numerical models through the propo-
sition of functions with two variables (creep time and creep load). Accordingly, the creep
response of ENF samples can be simulated using the CZM, which has not been considered
yet. The creep behavior of bonded joints has been numerically studied by researchers, espe-
cially in the simulation of single lap joints (Zehsaz et al. 2014a; Khabazaghdam et al. 2020)
and double lap joints (Zehsaz et al. 2014b; Sadigh 2016; Sadigh et al. 2019), although the
authors did not consider the adhesive as a cohesive element in the creep models. Moreover,
the creep effect of fracture tests in ENF samples has not been considered so far.

This work aims to present two models that calculate Gy as a function of both creep load
and creep time, based on the experimental test results. To achieve this, the experimental data
already obtained in the work of Carneiro Neto et al. (2021) were used. The parameters of the
models were obtained by linear and non-linear regressions, using two methods: least squares
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and Levenberg-Marquardt. Additional experimental results were considered to evaluate and
validate the proposed models. Next, a numerical analysis using the finite element method
was performed aiming to predict the creep behavior of the ENF sample. For this purpose,
a subroutine user material (UMAT) was implemented to simulate the adhesive constitutive
behavior, taking into account the variation of the shear fracture energy according to the
proposed models.

2 Models proposed

In order to calculate the shear fracture energy, two models are presented in this section. The
crack did not propagate during the creep tests performed by Carneiro Neto et al. (2021).
Despite the significant effect of creep on the fracture energy of the adhesive, however, for
the conditions considered in this study, the creep crack didn’t propagate during the creep
loading. Creep tests were stopped before any crack growth and then by performing a quasi-
static test the new fracture energy of the adhesive (post-creep fracture energy) was obtained.
These data were used to define the functions where the fracture energy varies depending on
the pre-creep loading and the time conditions.

The models depend on both creep time and creep load and do not depend directly on
crack propagation, since the main use of the models is to obtain the fracture energy values
for different times and loads in accordance with the tendency observed in the experiments.
This way, the models must be valid not only for the creep times (12 h, 24 h, 48 h) and creep
loads (40%, 50% and 60% of the maximum load in ENF static test) used in the experiments,
but also for the times and loads between the cited values and in the vicinity of the extreme
values.

2.1 Mixed equation

Equation (1) is proposed for the calculation of the shear fracture energy (Gyye) of the adhe-
sive as a function of load (F) and time (t), according to the experimental data presented by
Carneiro Neto et al. (2021). The exponential part of Eq. (1) was used in the work of Costa
et al. (2018), aiming to consider the cohesive property degradation. The linear functions of
t and F were added to the structure aiming to consider the improvement in G ¢, when both
creep time and load increase, as occurred in the experiments (Carneiro Neto et al. 2021).
This improvement occurs until a determined time and then the Gpc decreases. Hereafter,
the empirical Eq. (1) will be called model 1.

1 o\
Gre(t, F}:[(Z—l)(lg?ﬁ]‘i—f}(l—ﬁ) [z3F + 4] (1)

where 7|, 72, 73, and z4 are coefficients that must be determined to fit the calculation results
to the experimental data.

As these parameters have an inherently nonlinear relationship with the experiments, a
nonlinear regression must be performed. The Levenberg-Marquardt (LM) method (Mar-
quardt 1963) was used to calculate the parameters of the predefined model (mixed equation).
The LM method is widely used for nonlinear regressions due to some advantages over the
Gauss-Newton method, finding the solution even if it starts very far off the initial estimation
(Huang and Tseng 2016).
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First, the coefficients (2. z2, 3. z4) must be estimated. Thus, the calculation of the Jaco-
bian matrix (J;;) must be done by Eq. (2).

_ Gyt F)i

i
d az;

(2)
where i =1, ..., M J=dyuny N. M is the number of experimental data (here M =9.3

data for each creep time) and N is the number of coefficients to be determined (here N = 4).
The residual vector (r;) can be now obtained by Eq. (3).

ri=Gyc(t, Fi)—1I; (3)

where [ is the vector containing the experimental data.

The call of the next iteration occurs by the comparison between the initial sum of resid-
uals squared (Sp) and the new sum (S) obtained after the first iteration. If § is less than Sy,
the next iteration is called. g

The calculation of the vector of unknown parameters ( Z ) can be performed through an
interactive process that aims to minimize the sum of residuals squared. Equation (4) calcu-

lates the vector of increments (A Z ). Then Eq. (5) is used to calculate the new estimation
vector.

[(J-u)TJrn +}LHID]A_Z}H — _(JH)T?H (4)
E;.Jz+l - E}n + A?n (S)
wheren =1, ..., N,, and N, is the maximum number of interactions. A is the damping factor

- a non-negative parameter that is adjusted at each iteration to contribute to the algorithm
convergence. [p is the identity matrix.

While the pre-established stopping criterion is not reached, the Jacobian matrix should be
calculated by Eq. (2) using the vector of unknown parameters with the update values, then
the same steps already described must be followed. Finally, the program must stop running
when the pre-established stopping criterion is reached.

2.2 Polynomial equation
The calculation of the shear fracture energy as a function of both creep load (F) and creep

time (t) must be done using Eq. (6), which contains the generating functions represented by
gi(t, F).

Guct, F)=2121(t, F) + - + Zn8u(r, F) (6)
where gi(f, F), ..., gum(f, F) are reasonable functions chosen to well describe the phenom-
ena and zy, ..., Z, are the constants of the model that should be fitted to the experimental

data obtained in a previous work (Carneiro Neto et al. 2021).

Both methods least squares (LSM) and Levenberg-Marquardt (LM) can be used in order
to solve the parameter estimation problem.

The calculation of the parameters through the LSM is presented in this section (the LM
method was detailed in Sect. 2.1). Considering the linear regression procedure using LSM,
the parameters that best fit the model are those obtained by the system resolution Ax = B,
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where x is the vector of parameters and A and B are matrices calculated using Egs. (7) and
(8), respectively.

A:zﬂ:T;T;T (7)
i=1

B:i!i?} (8)
i=l1

where
gi(n, F1)
L= ©)
Sm Ur's Fr)
and (ty, F1), ..., (t,, F;,) are the experimental data defined for the creep tests, and [; repre-

sents the corresponding fracture energy in the mode II values obtained for each experimental
condition of creep time and creep load. g;(f;, F;) represents the generating function value
for (t;, F;).

In this step, the residual vector should be calculated (see Eq. (3)), providing the differ-
ences between the model predictions (according to Eq. (6)) and the experimental data.

The squared error function is given by Eq. (10). When the minimization of the squared
error function occurs, then Eqs. (7) and (8) can be obtained.

R

E@),....an) =Y [a1gi(ti, )+ + tugu(ti, F;) — L (10)

=l

Equation (11) presents a polynomial function of two variables that calculates the Gpe. It
will be called Model 2 hereatter.

G;;C[r.F)=a1+a3r+a3F+a4r2+a5F2+aﬁrF (11)
Thus, m =6, and the generating functions are set by:

gi(t, -Y=1;g(t,F)=t,g:(t, F)=F; £
gi(t, Fy=1% gs(t, F) = F*; go(t, F) =t F

2.3 Validation of the proposed models

The coefficient of determination (R?) was calculated for all regressions aiming to verify how
well the experimental data are simulated by the two proposed models.

The experimental data used for the regressions analysis were tested at 40%, 50% and 60%
of Py for different creep times (12 h, 24 h and 48 h), all obtained in reference (Carneiro
Neto et al. 2021). In the same work (Carneiro Neto etal. 2021), the results of samples tested
at 60% of P,y for 60 h were presented, which was used in this work to validate the model
as it was not used for the regressions analysis. An additional experiment presented in the
current work was also used to validate the models and see their robustness.
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Table 1 Adhesive and substrate

propertics (Carneiro Neto et al. Description Adhesive NVT 201E  Drawn steel A1020
2021)
Young's modulus — E 3.13 £ 0.37 GPa 200 GPa
Shear modulus — G 1.21 GPa 75 GPa
Poisson’s ratio — v 0.29 +0.09 0.32
Shear fracture energy 1.93 £0.10 -
Maximum tensile strength 28.70 £ 1.66 MPa 400 MPa
LOAD APPLICATION
| a, | EPOXY ..nDHESWE t Lt ;

-+ 4 Ll

Fig. 1 Schematic representation of end notched flexure ENF specimens

The residual values and the percentage relative errors - ¢; - (see Eq. (13)) were also
calculated for all models and methods.
Guc (t;, F;) — 1

e;:l{}[}xabs(f) (13)

3 Experimental procedure
3.1 Materials

An additional experiment was performed aiming to validate the proposed models. This end
notched flexure (ENF) sample was subjected to a creep load of 70% of P, for 24 h. The
materials used to manufacture the joint were the same as those used by Carneiro Neto et

al. (2021): an epoxy adhesive (NVT 201E) and carbon steel A1020 for the substrates. The
properties of both the adhesive and the substrate are presented in Table 1.

3.2 Joint geometry and manufacturing

The geometry of the ENF sample is shown in Fig. 1. The total length is 2L = 298 mm, the
thickness of the adhesive and substrates is 7, = 0.4 mm and ¢, = 12.7 mm, respectively. the
initial crack length is @, =46 mm. The width is 25.4 mm (not shown in Fig. 1).

The substrates were initially sand blasted and then cleaned with acetone. The bonding
process must guarantee the same adhesive thickness along the joint length. For this purpose,
acalibrated metal strip was placed at the right end and a double-beveled plate was positioned
at the left end. This way, a pre-crack is imposed in the ENF sample, with the plate length
defined according to the initial erack length (a,). Moreover, an extra length was used to
remove this part after the curing process. As recommended by the adhesive manufacturer,
the curing time was 24 h at room temperature.
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3.3 Test procedure

A universal testing machine (Shimadzu, Autography AG-X Plus, Japan) was used to provide
load. time and displacement data during the test. The experiments were performed in two
steps: 1) creep tests on the ENF sample performed under a constant load for a fixed time - the
creep load was 70% of P, and the creep time was 24 h. ii) post creep ENF tests — where
the usual ENF tests were performed on the same sample that have already experienced creep
loading, aiming to calculate the modified value of shear fracture energy. This experiment was
performed under displacement control conditions at a rate of 0.5 mm/min.

After the creep test, a visual inspection was performed on the sample aiming to check
if the crack had propagated and if there was some plastic deformation of the substrates.
Crack propagation during the test would invalidate the results, as the modified value of the
fracture energy in mode Il is calculated considering that the joint has not failed (Carneiro
Neto et al. 2021). Plastic deformations on the substrates would also invalidate the results of
the post-creep test, as this aspect is not considered in the data reduction scheme.

3.4 Data analysis

The compliance-based beam method (CBBM) has been widely used to treat the data of
fracture tests, presenting the concept of equivalent crack length (a) and taking into account
the effect of the fracture process zone (FPZ) ahead of the crack tip (De Moura and De
Morais 2008). Equation (14) can be used to obtain the experimental compliance, which is
the inverse of the stiffness (De Moura and De Morais 2008).

_(3a*+20% 3L
~ BEBP 10G Bt,

(14)

where E is the Young’s modulus of the substrate, a is the crack length and G is the shear
modulus. The geometric parameters have already been described in Sect. 3.2.
Rearranging Eq. (14) the flexural modulus ( £ ;) can be obtained, as presented in Eq. (15).

3af, 4213

_ 15
8B I.fj Cocarr Y

I

where Cy, must be calculated using Eq. (16) (De Moura and De Morais 2008):

3L

Cﬂmrr - CO T 10G Bt

(16)

The equivalent crack length (a, ) can be now obtained by substituting Eq. (15) in Eq. (14)
and isolating a, as shown in Eq. (17).

Consr JEa 2( Ceow 1y L3/ (17)

a.=a+ Aazpr=| =
Ocoir ‘ 3 Cf_k‘m'r

Lastly, the shear fracture energy in mode II can be calculated using Eq. (18).

9p2,2

e T 18
lﬁBzfijf (8

Guc=
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4 Numerical simulation

A CZM with a triangular shape was assumed in this work, as this shape is usually used to
model brittle adhesives (Ayatollahi et al. 2019). CZM aims to simulate the fracture process
through the use of both local strength and energy parameters (Delzendehrooy et al. 2021).
Before the damage onset, the stress at the interface of the finite element (o) and the vec-
tor of relative displacements between homologous points (§,) have a linear relationship, as
presented in Eq. (19) (De Moura and De Morais 2008).

o =Ks, (19)

where K is the matrix that contains the stiffness of the cohesive elements.

As in the ENF fracture test only shear effort occurs, the stress peak is defined by the
maximum shear strength (7,). The displacement at the damage onset is represented by §,.
Then a linear softening process takes place at the cohesive element, where the shear fracture
energy has a greater importance. The simulation of the degradation process is considered
by the release of energy in a cohesive zone behind the crack tip (Sadigh et al. 2019). The
damage parameter must be defined (Eq. (20)), representing the damage level at the cohesive
material.

D =5;(5.— 8,)/3.( — 5,) (20)

where & is the current relative displacement and 8 is the final displacement.
Now the softening relationship can be presented, as shown in Eq. (21).

o=(1;— D)X}, (21)

where I, is the identity matrix.

The load in the static ENF test increases until it reaches a peak value, followed by a
drop as a consequence of the crack propagation. This peak load is called the maximum load
( Pypay) of the ENF experiment. The work of Cameiro Neto et al. (2021) presented creep tests
performed at constant load levels considering a fraction of P, varying from 40% to 60%.

In order to simulate the creep behaviour of ENF samples, Models 1 and 2 must be im-
plemented in a Fortran code linked to Abaqus (the finite element program). This allows the
shear fracture energy variation due to the creep phenomenon to be included in the constitu-
tive behavior of the adhesive material. Thus, the numerical analysis can be performed using
the CZM and taking into account the change in fracture energy observed in the experiments,
which is usually not done because the presented models are not available in the library of
Abaqus. In short, the constitutive behavior of the adhesive is considered by the Fortran code,
which takes this information to Abaqus at each time increment.

Two steps were executed in the numerical simulations, both static. The first refers to
the creep load application, where the load varies from 0 to the creep load level. Here the
instantaneous elastic displacement is observed. Then the constant load step takes place,
where the load is kept constant.

The boundary conditions are those presented in Fig. 1. Solid elements with reduced in-
tegration (CPE4R) and cohesive elements (COH2D4 from Abaqus) with 4 nodes were used
for the substrates and adhesives, respectively. The bi-dimensional model contained 11096
elements and 12979 nodes.

Finally, the numerical analysis of the joints tested at 60% of Py, were compared to the
experimental results for two different creep times (12 h and 48 h).
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Table 2 Parameters of the models proposed

Function and method #(1) z(2) z(3) z(4) z(5) z(06) R2

Function 1 - LM —36.714 —18.869 1.3731 0.3627 i = 0.8499
Function 2 — LSM 0.6108 0.0004 42830 —0.0006 —3.2250 0.0631 0.8239
Function 2 - LM —0.5029 0.0360 6.9434  —0.0007 —4.3017 0.0192 0.8669

Table 3 Experimental and model values for the shear fracture energy and the corresponding errors

Time F (% of I- Model Modell Model2 Model2 Model2  Model 2
(h) maximum Experimental 1LM- LM- LSM - LSM - LM - LM -
Load) Results (N/mm) Percent (N/mim) Percent (N/mim) Percent
(N/mm) Error (%) Error (%) Error (%)
12 04 1.877 2.01 6.9% 2.130 13.5% 2.007 6.9%
24 04 2.283 2.21 3.3% 2.266 0.7% 2.221 2.7%
48 04 2.094 2.09 0.3% 1.979 5.5% 2.026 3.2%
12 0.5 2.533 2.31 8.8% 2344 1.5% 2.337 1. 7%
24 0.5 2.544 2.54 0.2% 2.556 0.5% 2.574 1.2%
48 0.5 2.259 240 6.3% 2420 1.1% 2425 7.4%
12 0.6 2.515 2.61 3.9% 2493 0.8% 2.581 2.6%
24 0.6 2.808 2.87 2.2% 2.781 1.0% 2.841 1.2%
48 0.6 2.837 2.72 4.3% 2.796 1.5% 2.738 3.5%
60 0.6 2522 1.81 28.1% 2524 0.1% 2.376 5.8%
24 0.7 3.300 3.20 2.9% 2941 10.9% 3.022 8.4%

5 Results and discussion

The Scilab program was used to perform linear and nonlinear regressions. Table 2 presents
the values of the parameters of models 1 and 2, besides the methods used in each case and
the coefficients of determination (R?). The values of R? indicate the proximity between the
values obtained by the models and the experiments. As they varied from 82% to 87%, the
quality of the regression is satisfactory.

Table 3 presents the experimental values of the Gyc and the values obtained by both
models. In general, the percentage errors were low, occurring the maximum percentage dif-
ference for model 2 with LSM (13.5%). Considering all the other groups. the percentage
difference was less than 10%, confirming the quality of the regressions.

In order to validate the proposed models, two additional experimental data (not consid-
ered in the regressions) were evaluated (the last two rows in Table 3). The Gy¢ value of
the samples tested at 60% of Py, for 60-h was obtained in reference (Cameiro Neto et al.
2021). The Gy value of the sample tested at 70% of B, for 24 h is presented in this work
and was calculated using the data reduction scheme described in Sect. 3.4. In general, the
percentage errors were relatively low, except for the Model 1 with LM method, which pre-
sented a percentage error of 28.1%. This highest value must have occurred because the creep
time considered (60-h) is not in the time interval considered in the regression procedure (12
hto 48 h). Even given this aspect, Model 2 returned acceptable percentage errors.

To demonstrate the differences between model and experimental values, the residual val-
ues are presented in Fig. 2. The samples tested at 50% of P, for 12 h (model 1 LM) and

@ Springer

84



Mechanics of Time-Dependent Materials

0.3
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Fig.2 Residual values for all models and methods: a) Model 1 using the Levenberg-Marquardt method, b)
Model 2 using the Least Square Method and ¢) Model 2 using the Levenberg-Marquardt method

Table 4 Sum of the residuals

i 2 2
squared for different models and kel anict e thad 2iriy 272
methods
Model 1 -LM 0.12134 0.63331
Model 2 - LSM 0.14225 0.27106
Model 2 -LM 0.10760 0.20605

40% of Py also for 12 h (model 2 LSM) presented residual values above 0.2 N/mm, but
even in these cases the values do not appear to be outliers as 0.2 is a low value in compari-
son to the energy values. All other groups had residual values of less than 0.2, demonstrating
that the regression procedure was adequate.

In order to define the model and method that provide the greatest precision, the sum of
the residuals squared was calculated for each case. These sums were performed for two
different situations: i) considering only the data used for the regression - r;;? - (blank cells
in Table 3), and 11) considering all data from Table 3, including the experimental data used to
validate the models - r;»2 (grey cells in Table 3). For both ri1* and rj»? lower value occurred
for model 2 with the LM method (see Table 4).

The numerical analysis was performed in using a user material subroutine (UMAT),
which aimed to simulate the creep behavior of the ENF samples. taking into account the
experimental evidence that the shear fracture energy varies according to the different creep
times and creep loads. Thus, the models presented in this work (Models | and 2) were ap-
plied to describe the constitutive behavior of the cohesive elements (adhesive). After running
the analysis, some information can be accessed in Abaqus, including the von Mises stress,
displacements and loads. Figure 3 presents the vertical displacement (U2) along the sample,
showing little more than half of the specimen.
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Fig. 3 Results of vertical displacement (U2) in Abaqus when the time running was 19 h. The numerical
simulation was performed at 60% of Fyqy for 48 h. Only half of the span is shown (Color figure online)

14
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Fig.4 Experimental and numerical creep curves for the samples tested at 60% of Py for 12 h
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Fig.5 Experimental and numerical creep curves for the samples tested at 60% of Py for 48 h

Figures 4 and 5 show the displacement results of the numerical analysis in ENF samples,
where the numerical and experimental creep curves are presented. Good agreement between
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Fig.6 Variation of shear fracture energy for different creep times and creep loads: a) Model 1 with the LM
method, b) Model 2 with the LSM and ¢) Model 2 with the LM method

the numerical and experimental creep curves is observed for the joints tested at 60% of P
for 12 h (Fig. 4). It can be seen that there were no considerable changes in the numerical
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curves even with the different models evaluated. The numerical curve for the joint tested
at 60% of Py, for 48 h also presented good proximity with the experimental one. The
numerical values are slightly higher than the experimental ones. This is to be expected as
there are no defects in the numerical model, which naturally occurs in the adhesive layer
(Costa et al. 2017). The numerical creep curves obtained with the different models and
methods did not present much change. It occurred due to the suitable application of the
regression procedure, leading the models to return consistent values for the shear fracture
energy. Thus, it shows that both models 1 and 2 are adequate to model the primary and
secondary creep of ENF samples under the conditions presented in this work. As the joints
were not tested until failure, the crack did not propagate and tertiary creep was not observed
in both the experimental and numerical analysis.

The variation of the Gy along the creep test for different creep loads and for different
creep models is presented in Fig. 6. For all methods presented, higher creep loads lead to
higher values of Gy, which is in agreement with the work of Carneiro Neto et al. (2021).
For the same creep load, the fracture energy increases up to a certain time and then starts
to decrease, as also reported in reference (Cameiro Neto et al. 2021). This confirms the
adequacy of the models and methods presented in this work.

6 Conclusions

Two models to calculate Gy as a function of creep time and creep load were presented in
this work. Linear and nonlinear regressions were performed to calculate the parameters of
both models using the LSM and LM methods. The regressions presented low residual values
and R? values above 82%. The models were validated by two additional experiments that
were not considered in the regression procedures.

A UMAT was developed in order to describe the particular constitutive behavior of the
adhesive. In this way, the change in shear fracture energy was taken into account and the
models presented in this work were implemented in a Fortran code linked to Abaqus. The
numerical and experimental creep curves had good proximity. The different models did not
lead to considerable changes in the numerical simulations, which demonstrates the model
robustness and the regressions qualities. As model 2 with the LM method presented lower
values of the sum of the residuals squared, it stands out from both model 2 with LSM and
model 1 with LM method. Anyway, it is important to highlight that all models and methods
returned consistent numerical results.

Further work is necessary to investigate the numerical modelling of tertiary creep (and
consequently the creep life of ENF bonded joints).
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ABSTRACT

Considering the creep behavior of bonded joints is of paramount importance since a constant service load can
significantly change the properties of adhesives. Several models have been proposed to analyze the creep
response of adhesive joints. However, none of them considers the cohesive zone modelling (CZM) as a robust
damage analysis approach. The aim of the current work is to present a customized CZM based approach to
predict the creep behavior of adhesives subjected to pure shear loading conditions using end notched flexure
(ENF) samples. To achieve this a triangular shape cohesive law was used and the variation in cohesive properties
of the adhesive was addressed through the proposition of two developed equations, one for the mode II fracture
energy and the other for the shear traction. A family of numerical curves can be obtained for each creep con-
dition, thus, the best numerical curve was achieved through a statistical analysis. The effects of the model on the
cohesive parameters were also evaluated. The model was validated by an additional creep test. The numerical
results were compared to the experimental data obtained in previous work and a good agreement was observed.

1. Introduction

Bonded joints are often used in diverse engineering applications due
to their several advantages over other mechanical fastening methods.
The benefits of adhesive bonding include a better stress distribution, less
stress concentrations and better fatigue performance [1-2]. Polymeric
adhesives exhibit viscoelastic or viscoplastic behavior when submitted
to a creep loading [3], thus these materials can undergo creep even at
low stress levels and at room temperature, which occurs due to the na-
ture of their constituent molecular chains [4,5].

The creep effects can modify the adhesive properties due to the
viscous flow that occurs at the adhesive layer leading to a viscous
deformation [6]. Accordingly, to increase the durability and reliability
of bonded joints submitted to dead loads, many efforts have been made
aiming to accurately model the creep behavior of these joints. For this
purpose, researchers usually apply rheological models or numerical
methods already available in most commercial finite element programs.
Zehsaz [7] used the Norton-Bailey model (a time hardening model) to
analyze creep in single lap joints (SLJs). The model parameters were
fitted to the experimental values obtained in tensile ereep testing of bullk

* Corresponding author.
E-mail address: aAlthavan-Safar@inegi.up.pt (A. Akhavan-Safar).

https: //doi.org/10.1016/j.tafmec.2022.103336

adhesives using a nonlinear regression. The results showed that creep
strains increase considerably along the adhesive layer, especially at the
comers. In order to improve the situation, the author proposed two
modified methods: increasing the adhesive thickness and using filleted
joints. In a recent work [4] the same model was used to investigate the
creep in graphene-reinforced SLJs, but the parameters were calculated
considering the true stress and strain values obtained in a tensile creep
test. The creep tests revealed that, in general, the addition of graphene
up to 0.5 wit% decreases the creep strain of the tested specimens. The
Norton-Bailey model was adjusted considering a weight function, and
accordingly the true creep strain of the composite was obtained. The
numerieal results showed a good agreement with the experiments up to
0.25% wt of graphene in the adhesive. A similar methodology was
applied to model double lap joints (DLJs) in several works [3,8,9].
Sadigh et al. [3,9] investigated creep in DLJs using the generalized time
hardening model [3] and the modified power law equation [5]. The
simulations occurred at different temperatures and different stress
levels, both with good accuracy. The work of Zehsaz [9] proposed a
rheological model with five parameters, which were also calculated by a
fitting procedure using the experimental data of tensile creep tests.
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Fig. 1. Residual fracture energy in mode II for different creep times and creep loads [6].

Accordingly, an improved form of the model was proposed with only
three parameters, resulting in a good prediction of experimental results.

The creep models of bonded joints available in the literature do not
treat the adhesive as a cohesive material, so there are no cohesive zone
models (CZMs) capable of modeling ereep in bonded joints. CZMs are
widely applied to model bonded joints due to their capacity to model
both the damage onset and the damage propagation of adhesive joints
subjected to different loading conditions including quasi-static, impact,
and fatigue [10-13]. Furthermore, the strength prediction of CZM is less
sensitive to the mesh size, which is an advantage over other numerical
simulation methods [10]. In CZM, a traction separation law between
paired nodes from the adhesive layer must be specified in order to
simulate the macroscopic damage along a predefined crack path [13].
The damage onset is defined by a stress (strain) criterion and the crack
propagation must be defined by a fracture eriterion considering the
predefined traction separation law. The damage evolution (softening)
process can be represented by several laws, including triangular, expo-
nential, or trapezoidal shapes [14]. The total area under the CZM shape
in each loading mode (shear or tensile) is the fracture energy, a cohesive
property that is related to the capacity of a material to withstand me-
chanical efforts in the presence of flaws [15]. Double cantilever beam
(DCB) specimens and end notched flexure (ENF) samples are the most
common joints used to caleulate the fracture energies of adhesives in
pure modes I and I, Gic and Gue, respectively [13,16-19]. Chauffaille
etal. [20] analyzed the fracture energy of single cantilever beam (SCB)
samples submitted to different constant loads. The authors observed that
the erack growth rate decreased for longer times up to a part of the
graph. Furthermore, the static fracture energy (G;c) was large than the
values obtained at the creep tests, which is in agreement with a previous
theoretical work [21]. A recent work [22] showed that the creep fracture
energy in mode Il increases for higher creep loads. Furthermore, the
creep fracture energies are also different of the critical fracture energy in
mode II (Gg), although a larger proximity between those values was
observed when compared to the previous work [20]. Another recent
work [6] showed that the shear fracture energy can change considerably
due to creep and this change is both time and load dependent. Accord-
ingly, a model to be able to predict the creep behavior in bonded joints
using CZM must take into account the variation in fracture energies asa
function of creep load and time. This variation must oceur in different
ways for mode I and mode 11 efforts, as for mode I the creep stresses on
the samples are localized ahead of the crack tip, so the energy is ob-
tained from the regions in the specimens where creep stresses are not
applied to. Now for mode I, the whole bonded layer is loaded when a
creep load is applied to the joint.

Despite the extensive application of CZM for damage analysis of
bonded joints, this approach has not been considered for creep fracture

analysis of joints. This work aims to simulate the creep fracture behavior
of bonded joints subjected to shear loading conditions using a custom-
ized CZM, taking into account the variation in ereep fracture energy and
also considering the shear traction degradation. To achieve this, ENF
creep response was modelled in Abaqus using a user defined material
(UMAT) subroutine for different tested eonditions. The numerieal results
were calibrated with the experiments performed at the same conditions
by Cameiro Neto et al. [6] and a good agreement was observed. The
model was validated with an extra experiment and the cohesive prop-
erties variation was analyzed.

2. Experimental data

In this section a summary of the experimental data used to calibrate
the parameters of the models is presented, as well as the experimental
procedure adopted to perform the additional experiment, which aimed
to validate the proposed model presented in Section 3. In all cases, the
data acquisition was performed by the universal testing machine (Shi-
madzu, Autography AG-X Plus, Japan). The displacement, time, and
load were recorded by the system machine.

2.1. Experimental data used to calibrate the parameters of the customized
model

The values of both maximum load (Py,,) and eritical fracture energy
in mode II (Gy) for the quasi-static test performed on ENF samples were
obtained in the work of Carneiro Neto [6], whose values are Ppg =
13.04 kN and Gyc = 1.93 N/mm. Furthermore, the authors concluded
that the shear fracture energy is both creep time and creep load
dependent. Initially, in the first step, creep tests were performed in ENF
samples at different constant loads (40%, 50%, and 60% of Py,,,) and
different pre-defined creep times (12-h, 24-h, and 48-h). The data of the
first step (creep curves) are not presented here as they were not used to
calibrate the models. These creep curves will be presented in Section 4
(Results) in order to compare the customized model proposed with the
experimental data. Then, after the conclusion of first step, the specimens

Table 1
Adherend and adhesive properties [6].

Description Adhesive NVT 201E ~ Drawn steel A1020
Young's modulus - E 3.13 + 0.37 GPa 200 GPa

Shear modulus - G 1.21 GPa 75 GPa

Poisson’s ratio - v 0.29 + 0.09 0.32

Critical fracture energy in mode I 1.93 = 0.10 -

Maximum tensile strength 28.70 = 1.66 MPa 400 MPa

Maximum shear strength 12.5 MPa =
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Fig. 3. Customized traction sepamation law for cohesive zone modelling of
creep loading in ENF joints.

were immediately unloaded and soon after the post creep tests (second
step) were performed under displacement control (rate of 0.5 mm/min)
aiming to obtain the shear residual fracture energy (Gpg), meaning a
modified value of Gy due to residual stresses appearance caused by the
creep load. The values of Gy (second step) are presented in this section,
which were caleulated using the compliance-based beam method
(CBBM) [14]. The residual fracture energy has a great importance
because the customized numerical model will consider the fracture en-
ergy varying with both creep time and creep load, as occurred in the
experiments. Despite the numerical analysis proposed, the quasi-static
results may be useful as they give an idea about the variation of frae-
ture energy due to creep. The results of Gy for different creep times and
creep loads are presented in Fig. 1.

2.2. Additional experimental procedure

In order to validate the numerical model, an additional experiment
was performed. This verification test was conducted at a creep load of
45% of Ppay (5.87 kN) for 18-h. It aimed to validate the proposed model,
as this creep load was not previously considered in the calibraton
procedure.

The epoxy adhesive NVT 201E was used to join the carbon steel
A1020 substrates, as in the work of Carneiro Neto et al. [6]. The prop-
erties of both adhesive and substrates are presented in Table 1. The
thickness adopted for the substrates and adhesive were t; = 12.7 mm and
t, = 0.4 mm, respectively. The total length was 2L = 298 mm and the

initial crack length was @, = 46mm, as shown in Fig. 2. The width was B
= 25.4 mm.

Before the bonding process, the substrates were sandblasted and then
they were cleaned with acetone. Aiming to ensure the adhesive thick-
ness along the joint length, a double-beveled plate was placed at one end
and a calibrated metal strip was positioned at the other end, both with
the same adhesive thickness. The double-beveled plate was used to
generate a pre-crack and its length was defined in accordance with the
mitial erack length (a, ), besides an excess length used to remove it after
the curing process (24-h at room temperature). The shape of the pre-
crack tip is triangular due to the positioning of the double-beveled
plate, which is also important to force a cohesive failure along the ad-
hesive layer.

The ereep test was performed under a eonstant load (45% of Ppq,) for
18-h. A universal testing machine (Shimadzu, Autography AG-X Plus,
Japan) was used. For the load application point (see Fig. 2), the essential
information for the creep curve generation (displacement and time) was
recorded by the universal testing machine. This experimental curve was
then compared to the numerical creep curve obtained by the customized
model.

3. Numerical analysis
3.1. Customized traction separation law

In this work the classical CZM associated with finite elements is
adapted aiming to predict the creep behavior of ENF samples. As the
creep is being simulated, the numerical analysis is time-consuming, this
way a 2D model was implemented, which gives satisfactory results with
less computational effort than 3D analysis [23,24]. A UMAT subroutine
was developed to define the mechanical constitutive behavior of the
adhesive. Four-node two-dimensional quadrilateral solid elements with
reduced integration (CPE4R) were used to simulate the behavior of the
substrates (steel). Cohesive elements with 4 nodes (COH2D4 from
Abagqus) were used for the adhesive layer. The direct linear equation
solver available in Abaqus program uses a sparse, direct and Gauss
elimination method to solve the equation systems. This approach was
used in this work because it can reduce the computational time when the
equations system has a sparse structure, as often occwrs for structures
modeled with beams [27].

The damage mechanics is the physical basis of the numerical model
presented. It considers the stress-based analysis and the fracture me-
chanies concepts, simulating both damage onset and non-self-similar
growth of damage [28]. The gradual degradation of the cohesive
properties is taken into account as a consequence of the dead load

Table 2

Model parameters obtained using a linear regression.
Method z(1) z(2) z(3) z(4) z(5) z(6) R
LSM 1.8979 0.0336 -1.3812 —0.0006 2.8011 0.0178 0.789
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Table 3
Calculation of the total residual for one set of b and k values.
Time (h) 12-h 24-h 48-h
dy dat Ri2 du dei Ri2 dnt dag Ri2
0.01 Ay dey (dyy - dwe[)i Ay dey (dyy - du}: dyy dey (dyy - deﬂf
2 dya dyz (dya - dea)™ dys daa (dys - daa)” dys daa (dya- de:];
4 dos des (dys - das)” dys des (dus - des)® dus des (dns - d-eﬁj;
8 dys des (s - des? s des (dys - des) dus des (dns - de)®
12 dus des (dus - das)” dug des (dus - des)f dug des (dns - deslf
24 due des (dys - dea)” dus des (s - des)™
32 du7 dez (du7 - de)
40 dyg deg (dyg - deg)?
48 dug deg (dyo - dog)”®
IR (12-h) R: IR? (24-h) Ra ER (48-h) Rs
Ry =Ry +Ra + Ry
application on the ENF sample. matrix of the constitutive model, defining the variation in the i stress

Equation (1) presents the relation between the stresses at the inter-
face finite element (7) and the vector of relative displacements between
homologous points (5;) before the damage initiation [14].

T = K8, (1)

where K is the diagonal matrix containing the stiffness of the cohesive
elements.

In Abaqus subroutines, K is called DDSDDE (i,j) matrix, where for the
bidimensional cohesive model used i = j = 2. In fact, it is the Jacobian

component when the time increment ends caused by an infinitesimal
perturbation of the j component of the strain increment array [25]. For
the customized model proposed the matrix K is given by Equation (2),
valid only before the damage onset.

E 0
K:[G G} @

where E is the Young's modulus and G is the shear modulus, both from
the adhesive.
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Fig. 4. — Results of numerical simulations for the creep load of 40% of P,ay.
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Table 4
Total residue values for different parameters sets (b;, Iy).

Creep Load (% of Pmax) k b Rt

3.5 0.0367
3.5 0.0273
3.5 0.0273
0.0927
0.0598
0.0337
0.0265
0.0354
0.0396
0.1491
5 0.0395
0.0414
0.0754
0.1241
0.0610
0.2096

40%
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w
w
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Equation (1) is valid only before the damage initiation. Fig. 3 pre-
sents the triangular law for shear mode (red line), which was used in this
work because ENF specimens yields mode II fracture toughness. The
triangular law for static conditions is represented by the red line, where
Ty, O, and & are the maximum shear stress, the displacement at the
damage onset and maximum displacement, respectively. As reported by
Possart et. al [27], even before the crack appearance an amount of
mechanical energy is dissipated along the adhesive thickness, then the
energy dissipation continues until failure. This aspect is not considered
in this work as the CZM used treats this region with an elastic behavior.
The damage starts to oceur due to the rupture of the oriented networl
chains, which depends on the stress gradient along the adhesive layer.
After the damage onset, a linear softening process occurs at the cohesive
element, which is simulated by the release of energy in a cohesive zone
behind the erack tip [14]. This is a very important aspect of the CZM
because the fracture process zone (FPZ) is taken into account, where
nonlinear effects are significantly important [28]. Thus, it is essential to
implement a damage parameter aiming to represent the damage level at
the cohesive material, varying from 0 (no damage) to 1 (full damage).
Equation (3) represents the softening relationship [14].

t=(I; — D)K&, 3)

where I; is the identity matrix and D is the damage matrix (diagonal).
The damage parameter for mode II (D) is given by Equation (4) [14].

D =68,(5.— 8,)/6.(6, — &,) @)

where 5, is the current relative displacement. The damage parameter

(D) is defined in UMAT code as a solution dependent state variable,
which is updated along the numerical analysis in accordance to Equation
(4)

Under compression loading, Equation (1) must be used even after
crack propagation. It aims to prevent the interpenetration of the surfaces
[14]1.

As the shear fracture energy (Gyc) is equal to the area under the
triangular shape, the final displacement (5¢) can be obtained by Equa-
tion (5) [14].

& =2Gyc/7, (5)

When creep takes place a stress redistribution mechanism along the
process zone occurs [27,29] and the shear fracture energy varies [6]. As
reported by Jumel et al. [29], the erack nucleation process occwrs
differently in creep compared to the static condition, which reinforces
the need to update the values of the cohesive properties. Furthermore, a
degradation in shear traction (r,) is assumed for the adapted CZM. As the
creep load is constant, both variations are essential for the model con-
sistency because they will allow that higher displacements be obtained
for longer times in the simulations, as it occurs on the creep tests.

If a usual CZM was used, the displacement would not increase even
after some hours, because it considers that a constant load leads to a
constant displacement. This is the reason why taking the variation in
cohesive properties into account is essential in a proper simulation of the
creep behavior of adhesive joints subjected to ereep loading conditions.
Thus, after the application of ereep load, the value of shear traction will
maodify from 7, to 7;, where i denotes the time increment (creep time), as
schematically presented in Fig. 3, and consequently the displacements at
the damage onset and at the total failure will change to &; and &,
respectively. After the damage onset the stiffness is kept constant along
the analysis, in accordance to the experimental results obtained in
reference [6]. The new final displacement (8mf) is obtained considering
the updated values of the residual fracture energy shown Gy and the
shear traction (r,,), according to Equation (6).

Sy = 2G g/ T (6)

Thus, after the damage onset the DDSDDE(2,2) matrix is now given
by (I; —D)K (see Equation (2)), varying according to the creep effects
since the modified value of final displacement (4,7 will be updated
along the simulation. If the current relative displacement (8.) is higher
than 8. then the cohesive element totally failed, so there is no more
stiffiness (DDSDDE(1,1) = DDSDDE(2,2) = 0).

In order to obtain a relation to describe Gy as a function of the creep
time (t) and the applied creep load (F), Equation (7) is proposed. This
function must be able to reproduce the experimental values according to
different creep loads and creep times with good precision, following the
tendency observed in the experiments. This statistical approach should

95



R.M. Carneiro Neto et al.

0.7 a)
0.6

S
o

I~
-

Experimental
Numerical

o
w

Displacement (mm})

e
o

=1
Y

o T T T T T T T T T
0 i 2 3 4 5 6 7 8B 8

Time (h)

0 11 12 13 14

b
o

Theoretical and Applied Fracture Mechanics 119 (2022) 103336

T
B

o
o

=
o

=
n

E 05
E
@®
£ 04 Experimental
& Numerical
F o3
Il

0.2

0.1

0

18 20 22 24 26

o
53
-
@
@
-
=]
-
<]
-
B
a

Time (h)

c)

Displacement (mm)
2 8 o & B8 o
[+ ] w o w o -

o
=
|

47_/_1,4’,—’—:,"_//

Experimental
Numerical

0 5 10

15

20 25 30 35 40 45 50
Time (h)

Fig. 7. Best numerical creep curve for the creep load of 40% of Py versus the experimental results for different creep times: a) 12-h, b) 24-h and ¢) 48-h.

reflect the variation of the fracture energy as a function of time and load
and also take the interactions of these two parameters into account. If
another adhesive is used in an ENF sample, the application of Equation
(7) should be used only after performing calibration tests aiming to
confirm similar behavior. The parameters (z;, ..., 2s) were calculated
using a linear regression based on the least squares method (LSM) (see
Section 3.2 for more details) considering the experimental data obtained
in the work of Cameiro Neto et. al. [5], as described in Section 2. The
parameters values are presented in Table 2.

Gur(t,F) = z1 + 2ot +23F + 2l + s F + tF @)

In Equation (7], F is just the percentual value of the maximum load
obtained in ENF tests. For example, for the creep load of 40% of the
maximum load, Fis equal to 0.4.

In this wotk, the decrease in shear maximum strength is considered
time dependent, being smaller for longer times as shown in reference

30]. Accordingly, Equation (8) is proposed in order to represent this
degradation.

tn = (5,-B)(1 - )

(8)

where t is the current time increment representing the creep time, t; is
the total time until crack propagation, b and k are fitting parameters. As
will be shown ahead, b influences the primary creep and k influences the
secondary creep.

In short, over time both r and Gy vary. The variation of 7 (shear
maximum strength) influences the peak of Fiz. 3. Now the change in Gy
influences the final displacement, aceording to Equation (6). Both

cohesive properties are essential parameters in any CZM. Applying the
proposed traction separation law varying the triangular shape di-
mensions according to Equations (7) and (3) has as main consequence to
take into account the properties degradation and also the particular
crack nucleation process along the adhesive layer.

The simulations were performed in two steps, both static. The creep
load was applied in the first step, where the load varied linearly from
0 to the respective creep load. The static properties of the adhesive were
maintained in step 1 to their initial conditions (see Table 1). Then, in the
second step, the cohesive properties were changed as a function of time
inerement (ereep time), as already deseribed. The boundary conditions
are presented in Fig. 2. The total ime was assumed as 1 month (720-h).

The customized traction separation law presented was developed
specifically to modelling the ENF sample although it can be useful to
simulate other types of bonded joint.

3.2. Statistical analysis

3.2.1. Least squares method

The least squares method (LSM) considers the minimization of the
squared error function (E), given by the quadratie differences between
the numerical and experimental values of Gyr, as presented by Equation
(9).

E(ziyer26) = Z ag1(ti Fr) + - + 2ot Fr) — I

i=1

9)

where n is the number of experimental data, (g;,---.gs) are the gener-
ating functions (see Equation (7)), and I is the vector with experimental
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data. The pair (t;, F;) represents the creep time and creep load for the i
experimental data.

3.2.2. Obtaining the best numerical curves

The creep curves obtained by the numerical simulations are depen-
dent on the shear traction degradation rate (see Equation (2)) through b
and k parameters. This way, in order to obtain the numerical curve that
best approximates the experimental data, a statistical analysis is
performed.

A residual vector (r) is defined by Equation (10), that shows the
differences between the experimental and numerical results for a
determined number of data points.

= dy— do am

where d,; and d,; are the numerical and experimental displacements at
the loading point in the ENF specimen for the same time, and i is the
number of points analyzed along the creep curve. For the creep times of
12-h, 24-h and 48-h the number of points analyzed were 5, 6 and 9,
respectively.

Next, the sum of the residuals squared was calculated for each creep
time, as presented in Table 3. Then, for this set of b and k parameters, the
total square residue (R;;) was caleulated taking into account all the sums
of the residual squared obtained for different creep times (R; R; R3), as
shown in Table 3.

Finally, the procedure described was repeated for the different sets of

parameters, so that the other values of total square residue were ob-
tained (Ry, Rez,.-., Ryy), where n is the number of parameters sets (b;, k;)
evaluated. The best numerical curve is then obtained considering the
lower value of the total squares residues.

Additionally, the percentage relative errors (e) were calculated using

Equation (11) aiming to analyze the proximity between the numerical
and experimental curves.
ey = 100 x abs(™-—5) 65))

4. Results and discussion
4.1. Defining parameters b and k

The simulations were performed in Abaqus software using a devel-
oped subroutine UMAT to take into account the variation of the cohesive
properties as a function of creep time. The fitting procedure included
several simulations aiming to identify the range of values of parameters
b and k that returned consistent results. In general, the ranges of b and k
values were similar even for the different ereep loads, since k varied
from 1 to 4, and b varied from 2 to 3.5, except for the creep load of 60%
of Pyay, where b varied between 0.5 and 1.5. Fig. 4 shows the numerical
simulation results for the samples submitted to the creep load of 40% of
Pmax, showing the effect of both parameters (b and k) variation in
Equation (8). The experimental results for the samples tested at the same
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conditions for 48-h [6] were also plotted in the same graph for com-
parison. The parameter b mainly influences the primary ereep (Fig. 4a),
as for higher values of b higher displacement rates are obtained on the
primary creep. When b is set to 3.5, there is no considerable difference
by varying the k parameter between 3 and 4. The secondary creep is
most affected by the parameter k (Fig. 4b), thus, the higher the
parameter k the greater the obtained creep displacement, since the line
that represents the secondary creep is steeper. There is a good agreement
between the numerical and experimental data, especially for the higher
values of b.

The numerical and experimental results for the creep load of 50% of
Ppngy are presented in Fig. 5. In Fig. 5a the effect of parameter b is even
clearer, which is related to the primary creep. It has low influence on the
secondary creep as can be seen compared to the slope of the curves with
different b values. Higher values of k parameter lead to higher values of
creep displacements (Fig. 5b). Furthermore, when different values of k
parameter are evaluated considering the same value of b (b = 3 in
Fig. 5b), the curves presented are coincident until approximately 10-h,
which confirms that the b parameter influences predominantly the pri-
mary creep. A good agreement between numerieal and experimental
data was observed, although it is not clear which numerical curve gives
the best approximation. For this purpose, a comparison analysis using a
statistical procedure becomes necessary, which will be done in Section
4.2,

The numerical curves for the creep load of 60% of Py, are presented
in Fig. 6. The numerical instantaneous elastic displacements are about

10% higher than the experimental one, although this difference is

acceptable. Thisvalue depends on the static properties and it is modelled
in step 1, as described in Section 3.1. The same trends for the parameters
b and k are also observed and a good proximity between the numerical
and experimental curves is achieved.

Generally, the presented numerical curves show the expected
behavior of the ENF samples subjected to creep load where the curves
start with an instantaneous elastic displacement (step 1), followed by a
creep part (step 2). In the second step a slow displacement rate is
observed. When the constant load is applied to the joint, even before the
crack growth, the properties of the adhesive layer may change due to the
crack nucleation process that oceurs because of the residual stresses, asa
consequence of the creep effect. Also based on the results [6,22], it was
shown that creep as a time dependent phenomenon, males permanent
damages within the adhesive layer. The way to consider this effect
adopted in this work was to make the cohesive properties dependent of
both creep time and creep load, which lead to new stress gradients along
the time, as predicted by the authors [2729].

4.2, Statistical analysis to obtain the best numerical curve

This section addresses how to perform a statistical analysis in order
to get the best numerical curve for each creep condition. Table 4 shows
the values of the total square residue (R,) for different sets of parameters
and different creep loads. The lower R; values are highlighted for each
creep load, as well as the set of parameters that produce the best
agreement between numerical and experimental data, considering all

the conditions tested.
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The selected parameters were then used in the numerical simulation
and the respective numerical curves for each creep load are presented in
Figs. 7-9, as well as the experimental data. In general, a good agreement
between numerical and experimental data is observed for all the groups.
Furthermore, the numerical curves show the retarded and decelerating
displacement of the samples, as expected for a viscoelastic material [29].
For the creep load of 40% of Py, the creep time of 24-h (Fig. 7b)
presented the biggest difference between numerical and experimental
data considering all the six instants of times evaluated (see Table 3),
although the maximum relative errors for this case was only 11%.
Considering the creep load of 50% of Png. (Fig. 8) all the relative errors

were less than 8%, demonstrating the model suitability. In the same
way, the numerical creep curves for the loads of 60% of Py, (Fig. 9)
presented good agreement with the experimental data and the highest
value of the relative error was 7%.

It is important to note that the numerical values obtained using all
the sets of parameters (b and k) are acceptable since the maximum ob-
tained relative ervor was only 20% (for the creep load of 50% of Ppqy,
creep time of 24-h, and where b = 2 and k = 3, see Table 3). It means that
since the range of values of b and k parameters are known, in general the
numerical prediction is less sensitive to the small changes in parameters

b and k which makes the proposed method more applicable for the
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prediction of the creep response of joints. For parameter k, the range was
similar for all the creep loads, but for parameter b the range changed
from (0.5 - 1.5) to (2-3.5) for the creep load of 60% and the other ereep
loads (40% and 50% of Ppg,), respectively. All the other values of
relative errors were less than 18% which is an acceptable error. Fig. 10
presents the relative errors obtained when the worst set of parameters
(those that led to greater errors) were used for each creep load. How-
ever, most errors are less than 10% and only in five cases it is more than

15%, which demonstrates that the model has great potential to be
applied for the creep of ENF samples.

4.3. Model validation

The proposed model should be able to predict the creep behavior of
ENF samples not only for the creep loads of 40%, 509, and 60% of Ppg,,
but also for other ereep loading conditions. Accordingly, for further
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validation of the proposed approach, one ENF sample was creep tested at
the creep load of 45% of Ppyy for 18-h. The same conditions were
simulated numerically and the creep response was predicted using the
developed method. The experimental and numerical results are pre-
sented in Fig. |1, where the values of parameters b and k were both set to
3, which are similar to the values obtained for the best curves for the
creep tests of 50% and 60% of Py, A very good agreement between the
numerical and experimental curves is observed, validating the custom-
ized CZM proposed and demonstrating the model robustness.
Although the proposed model depends on previous creep tests, as
well as the post creep tests aiming to evaluate the change in shear

fracture energy, it presents the advantage of simulating a range of creep
loads between 40% and 60% of Py, while the Bailey Norton model
[8.9] or the generalized time hardening model [10] are usually applied
for only one creep load in adhesively bonded joints. Furthermore, the
parameters of rheological models are stress dependent [11], which also
restricts its application to the creep loads previously tested.

4.4. CZM shapes as a function of creep time

The traction separation law with triangular shape as a function of
creep time and for the creep load of 50% of Py is presented in Fig. 12.
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As shown in Fig. 12 the shear strength decreases for longer creep times,
as predicted by Equation (8). This degradation oceurs due to the ereep
phenomenon and it is suitable to prediet the behavior of ENF joints
submitted to constant loads.

The final displacement (&) is related to both the residual fracture
energy (Gpr) and shear traction (), as presented in Equation (6). The
change of J and Gig for different creep loads are presented in Figs. 13
and 14. As presented in Fig. 14, the higher the creep load the higher the
residual fracture energy. Higher creep loads do not necessarily lead to
higher values of &, because it depends not only on the fracture energy
Gpr (which increases for higher creep loads), but also on the shear
strength, which decreases with creep time, in accordance to the b and k
values (see Equation (8)).

5. Conclusions

This work presented a customized traction separation law for cohe-
sive zone modelling of creep loaded ENF adhesive joints. Two relations
were proposed in order to take into account the variations in shear
strength and residual fracture energy due to creep effects.

The numerical results presented a very good agreement with the
experimental data. The degradation on the shear traction depends on
parameters b and k choice, which influences primary and secondary
creep, respectively. The best numerical curves were obtained for all the
creep loads by a statistical analysis. For these best curves, the maximum
relative error was only 11%, demonstrating the adequacy of the pro-
posed model. Furthermore, even for the other set of parameters, a good
proximity between the numerical and the experimental data was
obtained.

The customized proposed CZM was further validated through a creep
experiment, where an ENF sample was tested at a different ereep load
level (45% of Png). Again, a good agreement between numerical and
experimental results confirmed that the model is suitable to predict
creep behavior in bonded joints. Finally, the cohesive properties were
analyzed through the variation of the triangular law, final displacement
and residual fracture energy.

For mixed mode loading conditions not only the same study should
be conducted for pure mode I loading conditions, the interaction of the
creep loadings in mode 1 and mode 11 should be also analyzed. Another
parameter that should be taken into account in the developed equations,
is the mode ratio that plays a key role in defining the cohesive param-
eters. Accordingly, the models developed in this study would be more
complex for mixed mode creep loading conditions. Further studies are
needed to analyze the creep response of bonded joints subjected to
mixed mode loading using GZM.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the worlk reported in this paper.

References

1

K. Demir, 8. Akpinar, Investigation of internal step and me;:l. part
joint strength in the adhes y Dunded i

e, Experimental

ner, E. :l"lbtll[ H f"w- R :‘\ SRE\. 5 ackman, ‘J
i 1e thickness,

tion and numerical modelling of the influence
ion mode on the response of duc
J. Mech. Phys. Solids 130 (2019) 349_369.

12

Theoretical and Applied Fracture Mechanics 119 (2022) 103336

[3] M.AS. Sadigh, Creep simulation of adhesively bonded joints using modified
generalized time hardening model, J. Mech. Sci. Technol. 30 (2016) 1555-1561,

https://doi.org/10.1007/51 2206-016-0310-7.
[4] A. Khabaza F.M. Da Silva, E.AS. Marques
X. Shang, Creep behaviour of a graphene-reinforced epoxy adhesively bonded

int: experimental and numerical investigation, The Journal of Adhesion 97 (13)

2 ) 1189-1210.

[5] Budhe S, Banea MD, de Barros S, da Silva LFM, An updated review of adhesively
bonded joints in composite materials, International Journal of Adhesion and
Adhesives, 72, 30-42, 2017.10.1016/j.ijadhadh.2016.10.010.

[6] R.M. Carneiro Neto, A. Akhavan-Safar, E.M. Sampaio, J.T. Assis, L.F.M. da Silva,
J. Appl. Polym. Sei. (2021), €51387, https://doi.org/10.1002 387.

51387

[71 M. Zehsaz, F.V. Tahami, M.A.S. Sadigh, Creep analysis of ad.heswely bonded single
lap joint using finite element method, J. Mech. Sci. Technel. 28 (2014) 2743-2748,

/doi.org/10.1007/512206-01 4-0508-5.

[8] M.A. Saeimi Sadigh, B. Paygozar, L.F.M. da Silva, F. Vakili Tahamid, Creep
deformation simulation of adhesively bonded joints at different temperature levels
using a mod.i.ﬂed power-law model, Polym. Test. 79 (2019), https://doiorg

2019.106087.

10.1016/

-Sadigh, Parametric study of the creep
ter. Des. 64 (2014) 520-526.

M. da Static strength
, Int. J. Adhes, Adhes. 96 (

d a d :
reversed bending

lure of duub
[10] LD.C. Ramalho,

ction of ad
Sahin, Th
v bonded j

17 s

o

Ap

[12] A Ak E. M"rqlh—" RE Go

A modified degradation technique for fatigue life assessment of a dhes ive mat
subjected to cy shear loads, Proc. Inst. Mech. Eng. C; J. Mech, Eng. Sci, 235
(2021) 550--559.

[13] C.D.M. Liljedahl, A.D. Crocombe, M.A. Wahab, L A. Ashcroft, Damage modelling of

adhesively bonded joints, Int J Fract 141 (2006) 147-161, https:/ doiorg/

10.1007 /5107 04-006-007 2-9.

M.F.5.F. De Moura, Numerical simulation of the ENF test for the mode-II fracture

characterization of bonded joints, J. Adhes. Sci. Technol. 20 (1) (2006) 37-52,

https://doi.org/10.1163 /1568561 06775212422,

[15] J. Manterola, et al., Effect of the width-to-thickness ratio on the mode I fracture
toughness of flexible bonded joints, Eng. Fract. Mech., 218, 106584, 2019.
10.1016/j.engfracmech.2019.106584.

[16] J. Monteiro, A. Akhavan-Safar, R. Carbas, E. Marques, R. Goyalc, M. El-zeind, L.F.
M. da Silva, Mode Il modeling of adhesive materials degraded by fatigue loading
using cohesive zone elements, Theor. Appl. Fract. Mech. 103 (2019}, 102253,
https://doi.org/10.1016/j.tafmec 2019, 102253,

[17] MLF.S.F. De Moura, J.J.L. Morais, N. Dourafo, new data reduction scheme for mode
I wood fracture characterization using the double cantilever beam test, Eng. Fract.
Mech. 75 (2008) 3852-3865, https://doi.org/10.1016/].
engfracmech.2008.02.006,

[18] K. Senthil, A. Arockiarajan, R. Palaninathan, Experimental determination of
fracture toughness for adhesively bonded composite joints, Eng. Fract. Mech. 154
(2016) 24-42, https://doi.org/10.1016/).engfracmech.2015.11.015,

[19] J.M. Gorman, M.D. Thouless, The use of digital-image correlation to investigate the
cohesive zone in a double-cantilever beam, with comparisons to numerical and
analytical models, J. Mech. Phys. Selids 123 (2019) 315-331, https://dol.org/
10.1016/j.jmps.2018.08.013.

[20] s. C.hauﬂ'a.llle J. Jumel, M.E.R. Shanahan, Pre-cracking behaviour in the single
cantilever beam adhesion test, Int J Fract 169 (2011) 133-144, htrps://doiorg/
10.1007/510704-011-9586-x.

[21]1 AL P.C. Paris, Instantaneous evaluation of J and C, Int. J. Fract.

(1983) R19-R21.

R.M. Carneiro Neto, A. Akhavan-Saf 1. Sampaio, J.T. Assis, L.F.M. da Silva,

Assessment of the ereep life of adhesively bonded joints using the end notched

flexure samples, Eng. Fail. Anal. 133 (2022) 105969,

[23] R.D. Adams, J. Comyn, W.C. Wake, Structural adhesive joints in engineering.
Chapman and Hall, 1997.

[24] D.A. Dillard, A.V. Pocius, The mechanics of adhesion, Elsevier, Amsterdam, 2002.

[25] ABAQUS HTML documentation, Dassault Syst. (2017).

, J. Jumel, M. Budzil i Shanahan, Expe

e strain prior to o L ant [(hl esmgh
test, J. Adhes. Sci. Technol. 29 (9) (2015) 896-909.

[28] T. Yang, X. Yang, R. Huang, K.M. Liechti, Rate-dependent traction-separation
relations for a silicon/epoxy interface informed by experiments and bond rupture
kinetics, J. Mech. Phys. Solids 131 (2019) 1-19, https://doi.org/10.1016/].
jmps.2019.06.01 3.

J. Jumel, 8. C

[14]

381

[22]

ital study

ver beam

[29

E.R. 8 1an, J, Guitard, Viscoel

=

vered beam (8 tion

170

) test under s

[30] 5.G. Campilho,

aded by humidity

102



103

APENDICE A - Declaraciio de nio Violacio de Direitos Autorais

de Terceiros

Declaragdo de ndo Violagdo de Direitos Autorais de Terceiros

Eu, RAMULFO MARTINS CARMEIRQ METO, CPF: 024.771.215-96, aluno de
Doutorado do Programa de Pos Graduag8o em Modsiagem Computacional do Instituto
Politécnico do Rio de Janeiro da Universidade do Estado do Rio de Janeiro, declaro
para os devidos fins:

a) que a Tese com titulo:

"Desemvolvimento de modelos de dano coesivo modificados para juntas coladas
submefidas a Auéncia em modo I, assim como os 4 (guatro) artigos cientificos que
compdem a mesma (Anexos 1, 1L, Il e IV), de minha autoria, néo violam os direitos
autorais de ferceiros, sejam eles pessoas fizicas ou juridicas;

b) que 8 Tese nao se constitui em reproducio de obra alheia, ainda com direitos
autorais protegidos ou j& em dominio pablico;

el gue em havendo textos, tabelas e figuras transcritos de obras de terceiros com
direitos autorais protegidos ou de dominio plblico tal como idéias e conceitos de
terceiros, mesmo que sejam encontrados na Infernef os mesmos estio com os
devidos créditos aos autores originais e estdo incluidas apenas com o intuito de debar
o trabalho autocontido;

d) que o8 originais das autcrizagGes para inclusdo dos materiais do item ¢) emitidas
pelos proprietarios dos direitos autorais, se for o caso, estio em meu poder;

e) que tenho ciéncia dos Artigos 297 e 293 do Codigo Penal Brasileiro.

Mova Friburgo, 06 / 04 | 2022

[ H
” 5 - 4 ! .
Assinatura.__ | — = i L A eneadne Aleds

Ciente, D&/ 04 J 2022
Crientador: JOAQUIM TEIXEIRA DE ASSIS

/ /!élrmlim]

#




	Microsoft Word - 00 PPGMC-IPRJ-Tese-FluênciaMDC-Rev. D
	Folha de Rosto - Doutorado Ranulfo Martins Carneiro Neto.pdf
	Microsoft Word - 00 PPGMC-IPRJ-Tese-FluênciaMDC-Rev. D



