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(ABSTRACT)

Studies on two adhesives (Metibond 1113 and 1113-2) identified
as having applications in the‘bonding of composite mgteria1s are pre-
sented. Constitutive equationg capable of describing changes in
material behavior with strain rate are derived from various theoretical
approaches. It is shown that certain unique relationships exist be-
tween thése approaches. It is also shown that the -constitutive equa-
tion derived from mechanical models can be used for creep and relaxation
loading.

Modifications to the constitutive equations for constant strain
rate loading are proposed. Nonlinear constitutive equations are
derived-using a nonlinear perturbafion technique in conjunction with a
modified Bingham model. Using the modified Bingham model, constitutive
equations describing loading-unloading behavior . are-also proposed.

The stress-strain behavior of the adhesives is shown to be
significantly rate dependent.” Further it is shown that a rate dependent
stress~-whitening {crazing) phenémenon occurs prior to the maximum
stress. A region of elastic behavior, a rate and time dependent region,
and a region of perfectly plastic flow are identified in the stress-
strain behaviér. Information regarding variations of Poisson's ratio
with rate and time is also presented.

The elastic Timit stress and strain, and maximum stress are shown

to be rate dependent and agree well with an empirical equation »ro-



posed by Ludwik. Analytical predictions based on modified Ramberg-
Osgood equations are shown to agree well with experimental stress-
stréin—strain rate resuits. It is shown that the coefficients of
these equations are different before and after stress-whitening due
changes in the properties of the adhesivés. Analytical predictions
based on the modified Bingham model are shown to agree well with the
constant strain rate results. 'If is also shown that the nonlinear
model indicates that the coefficients of the modified Bingham model
may vary due to the change in material properties before and after
stress-whitening.

A creep to failure phenomenon is shown to exist and is correlated
with a delayed yield equation proposed by Crochet. Loading-unloading
results are presented and are shown to correlate well with the proposed
form of the loading-unloading egquations for the modified Bingham model.

Experimental results obtained for relaxation tests above and

below the glass transition temperature are presented. It is shown that

the adhesives obey the time-temperature superposition principle.

i1
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Chapter 1
INTRODUCTION

Adhesives are current1& being used in a wide varjety of structur-.
al applications. This is especially true for structures made using
advanced composites. Adhesive bonding has proven to be a viable method
of assembling composite joints, however the overall performance of an
adhesively bonded structural composite cannot be predicted accurately
uniess the role of the adhesive joint is fully understood.

It has been pointed out that the process of -adhesion can be
divided into two types; mechanical adhesion and specific adhesion [17.%*
The former describes the process of the adhesive solidifying in the
pores of the two adherent surfaces and the latter describes the
process of attractive intermolecular forces between molecules of even
the smoothest solids. For mechanical adhesion, Bowers and Zisman [fj
state that if ideal conditions (i.e., complete wetting and freedom from
* the formation of gas pockets and inclusions} prevail, the joint must
fail in cohesion rather than adhesion. That is, failure is in the bulk
phase rather than atlthe adherend/adhesive interface. Since bulk of
cohesive failure is a 1ikely failure mode, the present study is aﬁ
effort to identify bulk or cohesive stress-strain, strain-rate, creep,

relaxation, yield and/or failure properties of typical structural

*Numbers in brackets [ ] refer to the references listed in the
BibTliography.



adhesives. This is in contrast to the work of others regarding the
viscoelastic behavior of adhesives [2] where the adhesives were tested
in the bonded state.

A complete analysis of the stress distribution in adhesively
bonded structural composite joints must include rate and time dependent
material properties when these are significantl Adhesive materials,
which are frequently molecular high po]ymers; genera11y-exhibit signifi-
cant rate and time dependence that must be considered in a reliable
failure analysis. The phenomenological behavior of the adhesives in
bulk form is considered to be of prime importance in this study. The
extent to which bulk properties can be related to properties in the
bonded state is as yet undetermined. However, it is reasonable to
assume that if adhesive materials exhibit rate and time dependent
properties in bulk form, time effects will also be important in the
bonded state. In addition, this study may give insight into rate and
time dependent behavior of some matrix materials used in advagced
composites as they are frequently similar in composition to the adhe-
sjves jnvestigated herein.

With the advent of computer oriented analytical techniques to
study the behavior of complex structural problems, it is now possible
to observe the effects of the plastic and viscoelastic properties of
the constituent materials. The performance of a structural system is
predicted from the mechanical properties of the materidls employed.

If the environment causes strain rates above the static rate, the re-

sulting effects on modulus, strength, and ductility must be understood.



An ana1yti&a1 description of mechanical beha&ior by a suitable
constitutive equation accounting for property changes with strain.
rate becomes necessary for accﬁrate‘response calculations.

The materials under investigation in this study are Narmco
wﬁittaker;s Metlbond 1113-and 1113-2 adhesives. These adhesivés‘a%e
lcurrent]y being. used in compos1te bonding app11cat1ons Initial
investigations 1nd1cated that the adhesives exhibited strain rate
effects with respect to elastic 1imit stress and maximum stress. For
a given strain rate, a region of Tinear elasticity and a region of
inelastic behavior'fo]lowéd(by perfectly p}aﬁtic flow at the maxXimum
stréss to failure was observed for'both'adhesives (these results can
be'found in Reference 3). It was also observed that a mstress—whiteningﬁ
phenomenon occurred prior to failure. The constitutive equations
describing thése'mate;ia1s should include as many of these rate and
time dependént properties as possible. -

‘ The second chapter of this dissehtét{on is devoted to select%ng
the final constitutive forms to be further analyzed. A review of
constitutive equations derived from various theoretical approaches is
presented. These are deformation theories, incremental theories, and.
mechanical models. -It is shown that certain unique reﬂationshibs
exist befween these approaches. fhe final section of this chapter
concerns the use of the constitutive equation derived from mechanical
models for creep and relaxation Toading. -

Chapter three outlines proposed modff&cations to the constitutive

equations. A nonlinear perturbation technique developed by Davis [4]



used in conjunction with the constitutive equation derived from
mechanical models is reviewed. The use of fhis same mechanical model
for loading-unloading considerations is also reviewed.

Chapter four describes the experimental considerations. The
materials selected for study and specimen features are reviewed. A
descriﬁtion is also given of the experimental apparatus used fér the
various types of tests conducted.

The fifth chapter is concerned with the constant strain rate
results and the ability of the constitutive equations selected to
model this behavior. It will be shown that during the constant strain
rate testing a "stress-whitening” or "crazing" phenomenon occurs prior
to the maximum stress. The effect of this phenomenon on the
constitutive equations is reviewed. It is also shown that the
perturbation technique developed by Davis yie]ds'significantninfdrmation
relative to the.behavior of the adhesives above and below the
"stress-whitening" point. .

Chapter six concerns the ability of the constitutive equation
derived from mechanical models to predict the behavior of Metlbond
1113 and 1113-2 for creep and relaxation as well as other more complex
loading histories. This chapter includes compgrisons be tween
theoretical predictions and experimental results for_two different
loéding histories. .

Since bonded .composite structures are often subjected to high
temperature environments, the behavior of the adhesive at higﬁ
temperatures is also important. Chapter seven presents the experimental

results obtained for relaxation tests above and below the glass



transition temperature. Theoretical considerations relative to the
fimé;temperature superposition principle are presented.’
The final chapter presents the conclusions and indicates areas

for future research.



Chapter 2
CONSTITUTIVE EQUATIONS

This chapter reviews the development of constitutive equations
which have been used previously to model rate and time dependent
material behavior. These equations were derived from several ap-
proaches; deformation theories, incremental theories, and mechanical
models.

It is shown that certain unique relationships gxist between the
final form of the constitutive equations derived from incremental
theories and that derived from mechanical models. If is also shown
that constitutive equations proposed on the basis of experimental ob-
servations by early investigators can be derived f}om recent theories
and mechanical models. The final section of this chapter concerns the
constitutive equation derived from mechanical models for creep and

relaxation loading.

2.1 Terminotogy

During the development of the constitutive equations certain
terms such as viscoelastic, viscoplastic, yield stress, and work-
hardening are used. Therefore, before proceeding into the various
approaches these terms are discussed.

The stress-strain diagram shown in Fig. 1{a) is representative

of the materials studied herein. It is assumed that this response



would be pbtained if the material were loaded-or unloaded at a constant
rate. Several different types of.ana1ytisa] approaches to the.chqrac—
terization of such stress strain response are given. ' In each, the
parameters ¢ and Y have different meaning and the general approach tp
the representation of the region beyond & is different in each case.

) The-modified Binghah model or Tinear viséoe1qstic-p]astib mechan-
ical model of Fig. 1(b) is used in which & is an elastic 1imit stress
and Y is a yield stress. The material is linear elastic below 6,
linearly viscoelastic between 6 and Y and perfectly p]aStic ébove Y.

A non-linear viscoelastic modified Bingham model is also dis-
cussed. For this model the maferia1 is elastic below 8, nonlinearly
viscoelastic between 6 and Y and perfectly plastic above Y.

In all other instances (i.e., the Ramberg-Osgood aﬁproach and
much of the discussion of ]iteraturé), the material is assumed to be
elastic below o, strain hardening p]asfic (including time effects)
between ¢ and Y and perfectly plastic beyond Y.

Without exception all .comparisons between theory and experiment
are made using either the linear viscoe1astic—p1astjc modified Bingham
model or-the non-Tinear modified Ramberg-Osgood model.

The term viscoplastic will refer to rate effects occuring in the.
plastic region. Perzyna [5] defined an "elastic-viscoplastic" material
as having rate effects in both the elastic and ﬁ]a;tic'regions. In
contrast an “elastic/viscoplastic" material was défined as having rate
effects in ﬁhe plastic.region only. This terminology has been adopted

" for this study.
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2.2 Deformation Theories

In 1924, Hencky [6] proposed stress-stress relations whereby the
ptastic strains are functions of the'curfent state of stress and are
independent of the loading history. Such theories are called total or
deformation theories. Hencky's relations, das given by Kachanov [7]

are,

Q

LEJILE;
eij = gg Sii T ¥ Sij (2.2.1)

where K = E/3(1 - 2v) is the bulk modulus and E and v are the elastic
modulus and Poisson's ratio, respectively. The term ¥ is a scalar
function of the invariants of the stress tensor as indicated by Hill
[8]. The parameters ojj, €45, and S;5 represent the stress, strain,
and deviatoric stress tensors, respectively.

For ¥ = constant = 1/2G, where G_= E/2(1 +'v) is the shear
modulus, Eq. (2.2.7) reduces to the elastic stress-strain relations.
However, if v = 1/2G + y, the strain components are then the sum of
elastic components, eig , and plastic components, e-? , and Eq.

1]
(2.2.1) becomes,

ejj = gﬂg-aij + ;éi-+ ¥ Sij (2.2.2)

or -
€ij = 815 + ei§ (2.2.3)

where
Ei? = gﬂﬂ-aij + ;%i- (2.2.4)
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Poysss
&5 = ¥ Sy (2.2.5)

and ¢ is a scalar function of the invariants of the stress tensor.

For the case of uniaxial tension, Eq. (2.2.2) reduces to,
e=F+ ¢o (2.2.6)

where the subscripts have been dropped and ¢ = %—w.
The function ¢ in Eq. (2.2.6) is often determined empirically in

order to fit experimental results.

2.2.1 Ramberg-0sgood Equation
From uniaxial tension and compression results on'various metal
alloys, Ramberg and Osgood [8] in 1943 proposed an analytical expres-

sion of the form,
£ =-E—+ Ko (2.2.7)

where K and n are material constantgj__lt is evident that Eq. (2.2.7)
may be considered as a special case of Eq. (2.2.6) since ¢ is a

function of o.

2.2.2 Modif%ed Ramberg-0sgood Equation

In 1960-McLellan [10] modified Eq. (2.2.7) for rate dependent
materials by observing that for many materials n is invariant with
strain rate and K and £ are simple functions of the strain rate such

that,

E(e) = ce& (2.2.8)
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and
K(Z) = ac? - (2.2:9)

where a, b, c, and d are material constants. Variations in E, K, and
n (if such exists for n) indicate different types of material sensi-
tivity to strain rate. Changes in E denote viscoelastic behavior.
Both parameters K and n_of the plastic strain term represent work-
hardening characteristics and variations in fhESe‘parameters’with
stréin rate cén be considerea &iscop]astic phenomenon. Changes in K
show that the relative magnjtude of streﬁgth is affected b} strain
rate, whereas changes in the plastic fiﬁw béhavior are indicated by
variations in n. ‘ .

Substituting Eqs. (2.2.8) and (2£2.9)_into Eg. (2.2.7) McLellan

obtained the form,

bn (2.2.10)

[#) .
€‘=_'_d-+ de o
Ce

McLellan and Eichenberger [11] in 1967 used an equa?ion of this form
to predict the behavior of aluminum in uniaxial compression at various
strain rates. McLellan [12], also in 1967, was able to modify Eg.
(2.2.10) in\order to predict the behavior of many metals, varfious
phenolics, and plexig1a§s at various strain rates and fempératures.
In 1971 Zabora, et al. [13] used a form of Eqg. (2.2.70) to describe the
shear behavior of structural adhesives in the bonded state.

Eq. (2.2.7) and its respective rate form, Eq. {2.2.70), were

selected for further consideration in this study.
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2.3 Incremental Theories

In the incremental theory of plasticity the strains are in
general not uniquely determined by the stresses, but depend on the
entire history of Toading. The equations describing plastic flow can-
not in general be finite relations between the components of stress
and strain, but must be incremental relations.

The equations of $ncrementa1 theory establish relations between
stress and infinitesimal increments of strain. Equations of this form
were proposed in 1925 by Prandtl [14] and Tater in 1930 by Reuss [15]
and are known as the Prandt-Reuss equations (textbook presentation can
be found in Mendelson [16]).

Reuss assumed that the plastic strain increments are at any
instant of loading above yield proportional to the instantaneous stress
deviation, -

dﬁig = diSij (2.3.1)

where dix is a non-negative parameter which may vary throughout the
Toading history. To determine the actual magnitudes of the plastic
strain increments a yield criferién is required.

In 5ncrementa1 theory the total increments of deviatoric strain,
dejy, are the sum of elastic components, Aéi? , and plastic components,

Ae X In rate form (i.e., dividing by At and taking the 1imit as At

ij -
approaches zero) this becomes,

p
J

E

e.lJ = e.[J +-é.i (2.3.2)
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For an e1astic/viscop1astih material, the elastic strain rate,

. E L
ejj » 1s given by,

I
1%

. i3
&5 §4L (2.3.3)

. . - P . . .
The plastic strain rate, eij .. represents combined viscous and plastic
effects and thus is often called the "viscoplastic component." Possi-

ble constitutive forms for the viscoplastic component were given by

Hohenemser and Prager £17] in 1932 in the form,

P . 5F .
where ; 1/2
Fre - 1 (2.3.5)

is the yield function, k is the yield stress in simple shear, u is the
viscosity coefficient, J, represents the second invariant of the

stress deviation given by,
1
3y = (017 = 022)% + (opp - 033)% + (033 - o11)?
2
+ 6(0]2 + 0’232 + 0’3']2)] (2.3.6)

and the symbol <F> is defined,

(2.3.7)

<F> =

0 for F<0
F for F>0

The yield function, Eq. {2.3.5), implies von Mises yield
criteria. That is, yield is said to occur when Jz]/2 = k. The total

strain rate below yield is the elastic strain rate. Above yield, the
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total strain rate is composed of.e]astic and viscoplastic components.
Combining Egs. (2.3.2) through (2.3.5) the following relations are

obtained,

L.

& T T ' Jp <k

1 172
V-kpmm 12
2 543 Jp >

A (2.3.8)

44

eii =

N e N

j
G
Equations of this form were studied by Freudenthal [18] in 1958.

In 1963 Perzyna [19] generalized Egs. (2.3.8) by replacing
2k<F> by v°®(F), where ¥° denotes a material.constant, F is the yield

function (not necessarily given by Eq. (2.3.5)}, and the function ¢

satisfies the conditions,

o(F}) =0  for F<0

i {2.3.9)
a(F) # 0 for F > 0
Perzyna's generalized form‘was,
. g..
TR Fz0
, (2.3.10)
S
. Vi oF
eij =7 + YQ(F)'adij F >0

where v = v°/2u is a material constant.

The relations in Eqs. (2.3.10) involve the assumption that the
viscoplastic component be a function of the over-stress above the
yield condition. This assumption is the same as that introduced by

Malvern [20] earlier in 1951 from experimental investigations of one-

(et
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dimensional problems.

2.3.1 Sokolovsky's. Equation

During the same era as Malvern's work, SokoTovsky [21] (1948)

determined from experimental observations that the viscoplastic com-

ponent can-be written as a funétion of the over-stress above the

elastic Timit, g(o ~ 6). Sokolovsky's equations had the form,

E=% g <8
-2y L (o - 8) > 8

(2.3.11)

It is interesting to-note that the form of Sokolovsky's equations

can be determined from that proposed by Perzyna, Eqs. (2.3.10), if the

yield condition is taken as Eq. (2.3.5). The function ¢(F) is then

written as,
0 forF<0  ord,/? <k
Co(F) =

F for F> 0 or Jz]/z > k

and Egs. (2.3.]0) become,

So
- _ 28
&5 = 76 Jo

: {172
S" L]2

o] 3 1/2

ij N 2 ok

1]
1
N
ey ) N
<
+
<

(2.3.12)

(2.3.13)

For one-dimensional loading (and dropping the subscripts), Eqs.'

(2.3.13) become,
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€=-E- 0’_<_1/§k_
. _ (2.3.14)
Lo, 23y .
e—E+3 [/gk](c~\/§k) o > /3k

For von Mises criteria, the yield stress in pure shear is 1/v/3 times
the yield stress. in simple tension. That is, v3k = 8, and hence Egs.

(2.3.74) have the form, -

[y

It
miQ.
Q

| A
(4]

(2.3.15)

. G 'EE
= — 4 -
£ Ety (¢ - 8) g > 8

where vy = %—/?% is a material constant. These are essentially
SokoTlovsky's equations. | -

The form of Egs. (2.3.15) was selected for further consideration
in this study. The final equations investigated are actually derjved
in the following section using a mechanical mode]._ However, Egs.
(2.3,15) yielded information relative to the coefficient of the over-
stress term which was not readily recognizable in the mechanical model.
The elastic Timit or yield stress of the adhesives was found to be
rate dependent (j.e., 6 = 8{(e)). This then indicates that the co-

efficient of the over-stress term in'Eqs. (2.3.15) may be rate

dependent.

2.4 Mechanical Models
An -alternate approach to the devé]opment of suitable constitutive

forms is the use of discrete mechanical models. Recent investigators
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[22, 23, 24] have attempted to use such models to describe the. rate

dependency observed in various polymers.

2.4.1 Modified Bingham Model
In 1972, Brinson [23] proposed a modified Bingham model, Fig.
1{b), to describe the rate behavior of various polymeric materials.

The constitutive equations for this model are,

e=gE- g <8
(2.4.1)
c=Z+lc.0)  e<ocy

Once thé maximum stress, Y, is reached, perfectfy plastic flow to
failure %s assumed. It can be readily observed that Eqs. (2.4.7) are
similar to those ﬁroposed by SokoTovsky, Egs. (2.3.11), and that
derived from the work of Perzyna, Eqs. (2.3.15).-

Using Egs. (2.4.1) to model the behavior of polycarbonate at
different strain rates, Brinson observed that the viscosity coefficient
had to vary with strain rate in order to accurately represent the
experimental results. Brinson and DasGupta [24] in 1973 reporéed the -
same phenomenon using a series of Bingham elements.

It coulq not be ascertained direct]& from Egs. (2:4.1) that n
(the coefficient of the ovér-stress term) was rate dependent. However,
the ana1ogoﬁs form of these equations, Eqs. (2.3.15), indicated that
this coefficient may be rate dependent. Thus, insight inta rate

dependency not readily seen using mechanical models can be observed

from incremental theory as derived for an elastic/viscoplastic material.
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This rate dependency in u is later shown {Chapter 5) to be an inherent

property of rate-sensitive plastic materials.

2.4.1.1 Constant Strain Rate Solution
For constant strain rate (¢ = R = constant), Egs. (2.4.1) are

solved according to the initial condition,
ce(t = t,) = g (2.4.2)

where e, and t, are strain and time, respectively, ét whicﬁ the

elastic Timit is reached. The solution is,

ale) = eE g <8
{(2.4.3)

6 + uR{1 -e,_E.(E ""0)/“R} 6<o<VY |

fl

ole)

2.4.1.2 Creep and ReTaxation'So]utions

The constitutive equations reviewed have been concerned with
modeling the effects of sfrain rate on material behavior. It would be
ideal if these equations modeled material behavior for other loading
conditions. ‘

Equations derived from deformation theory would not be suited to -
this task since in de%brmation theory the plastic strains are a.
function of the current state of stress and are independent of the
Toading history. Equations derived from the incremental and mechanical
mode] approaches are written in incremental form and thus can take into
account the loading history. Therefore, the modified Bingham model

was considered further for other than monotonically increasing. loads.
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For creep loading using-the modified Bingham model,
olt) = EbH(t) > 9 (2.4.4)

where H(t) represents the unit step function and Eb is the Tevel of

constant stress. Eqs. (2.4.1) then become,

- Go i e
£ = o> 8 ) (2.4.5)
U
The initial condition 1s_given as,
E-O
E(t = 0) = —E— (2.4-6)

That is, the initial response is assumed to be instantaneous and

elastic, and the solution to Eq. (2.4.6) is written as,

Go — © o
e(t) = = — 1t + = (2.4.7)

For relaxation loading,
e(t) = TH(E) > e (2.4.8)

where €, is the level of constant strain and ¢, is the elastic Timit

strain. Eqs. (2.4.1) then becomes
2+l(c-6)=0 o>0 (2.4.9)
subject to the initial condition,

Q(t = 0) = g4E (2.4.10)

That is, the initial response is assumed to be instantaneous and
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elastic. The solution to Eq. (2.4-1.9) is written as,

o(t) = 6 + (5,6 - o)e " (2.4.11)



Chapter 3
PROPOSED CONSTITUTIVE EQUATIONS

3.1 Modified Ramberg-Osgood Models
The plastic strain term, Ko", in Eq. (2.2.7) is a function of
the current state of stress. .It is proposed that the plastic strain

be a function of the over-stress (o - 8). The proposed form is,

e=%’ ) _ g <8
. (3.1.1)
s=%—_+ Klo —.e)"- o> 8

where K and -n are material constants.
Following a procedure similar to that-of McLellan [10]; section

2.1.2, Egs. (3.1.71) were modified for rate effects. The final form is,

(9]
£=E€J L g <8
(3.1.2)
e = —oqt acP(s - 9)" g > 8
CE

where a, b, c, and d are material constants. Variations in K and n

with strain rate again denote work-hardening characteristics.

3.2 Nonlinear Model

The following section‘is a review of a nonlinear perturbation
technique.used in conjunction with the modified Bingham model in an
attempt to describe the rate effect observed in the viscosity coef-

ficient.

21
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The basic-hypothesis in mééhanica] modeTls of linear visco-
elasticity is that the elastic and viscous coefficients--parameters
representing the spring and dashpot, respectively--are independent of
the strain and strain rate. 1In this seétion this]requirement is
relaxed by assuming a small term dependiﬁg on the elastic strain is
added to the e]astic coefficient, and.a smé!] term dependjng on the
strain rate in the viscous element is added to the viscous coefficient.

Using an hypothesis proposed by quis [4] in 1964 for first
order nonlinearity, the nonlinear modulus and viscosity coefficient
can b; written as, | |

E =By + vpEqeg ) )
: (3.2.1)
By . 1/ '
=ty ;E‘su
where Eo‘and Yo represent the Tinear modulus and viscosity coefficient
of the spring and dashpot,'respective]&,‘and-A = Eo/uo represen;s the .
inverse of the_1inear_ré1axatfon time, 7. The parameters o and €y
are the strains in the spring and dashpot, respectively. The coef-
ficients Ve and v, are dimensionless constants which are a measure of
the‘non1inearity. The conditions of first-order nonlinearity are,

[vgeg] << 1
- B (3.2.2)

tly,e,l <<

Y For elastic/viscoplastic materials the term ey could be
represented by the viscoplastic component &,, However, the above termi-
nology is used in this development in order'to distinguish between the
elastic and viscous elements.
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and higher order terms in yésE and Yuéu are neglected,
The nonlinear constitutive equations for the modified Bingham

model using the relationships in Eqs. (3.2.1) are,

g = %E-- Ve Eg?-&c g <8

0 (3.2.3)
oo 1 2. (o - 0)? |
g = EE'+ i (¢ - 8) - e Eoz 00 " Yy Tk, B <o <Y

Egs. (3.2.3) are derived in Appendix A. It can also be seen that when
Yg = Yy = 0 the Tinear form Egqs. (2.4.1) is obtained.

The perturbation technique proposed by Davis can now be used to
sotve Egs. {3.2.3) for the condition of constant strain rate. Expand-
ing ¢ 1n a power series in terms of Ye and v, of the form,

P ®

n M
o=06gt+t I ypo, * I .S (3.2.4)
n=1 E™n n=1 " n

and 1imiting this expression to first-order nonlinearities gives,
o = g9 + Ypo1 + Y);$q (3.2.5)

Eq. (3.2.5) is substituted into Eqs. (3.2.3) and the expressions
for o4, o7, and Sy determined (see Appendix A). Postulating that non-
linear effects are present in the dashpot only (i.e., Yg = 0) the
following nonlinear constitutive equation is realized for the modified

Bingham model,



20

ofe) = Ege o <8

E( V1R (3.2.6)
U(ngu) = 8-+ ugR(1 - e \F T Fo /to )+ Yy (2EgRT (e -"gq)

b EgRZE(1 - @ CHCE T fo/voR) Peocd
Egs. (3.2.6) are also derived in Appendix A.

As stated earlier, the linear coefficient ng was found to be
dependent on the total strain rate é."The nonlinear hypothesis, Egs.
(3.2.1), indicates that this 1inear va]de méy vary with respect to
the strain rate in the viscous element. Thus, the nonlinear model
_does not mathematically -indicate that uo may be depgndent on £, but
réther that it_may'chaﬁge with respect to éu' However, it is shown
(Chapter 5) that the nonlinear éo]ution 1ndicatgs a change in the

behavior of the adhesives above and below the stress-whitening point.

3.3 Leoading-Unloading Considerations

The work-hardening characteriﬁ%?gé‘of the adhesives were found
to be rate dependent. That is, the méximum stress and plastic flow
behavior varied with strain rate. However, the elastic Timit stress,
the'boint of initiation of viscous and plastic effects, remained
constant during loading and unloading cycles at a given strain rate.
The‘adhesives were also observed to‘unload elastically.

For the considerations above, the function &(F) in Eq. {2.3.9)

can be modified as,



3(F) = 4

F

\

Y]

for F < 0

or F <

for F >

and ? >

For one-dimensional loading and von Mises

ditions become,

(
0
o(F) =
Lo - o)
AN
The conditions given by -Eq. (3.
modified Bingham model as,.
. g
e =¥
€=‘-(Ej—+0;

3.2)

for o

or ¢

for o

and o

0
(3.3.1)
0

0

yield criteria, these con-

foro <8
or 5 <0
(3.3.2)‘
foro > 8
and ¢ > 0
can be incorporated into the

< 8

< 0
(3.3.3)

< g <Y

> 0

Egs. (3.3.3) constitute the proposed form of the modified Bingham

mode] for Toading=unloading considerations.
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Chapter 4
EXPERIMENTAL CONSIDERATIONS

4.1 Materials and Specimen Features

The two adhesives investigated in this study were Narmco Whit-
taker's Metlbond 1113 and 1113-2. Metlbond 1113 is a 100% solids,
modified epoxy film with a synthetic carrier cloth. Metibond 1113-2
is the identical film without the carrier cloth. Tests were run on
both materials to ascertain the behavior of the modified epoxy in both
supported and unsupported form, that is, to establish the effect of
the carrier cloth by comparison.

A1l tests were conducted on bulk specimens such as that shown in
Fig. 2. Load was introduced through steel plates bolted to the
specimen and aligned using a special alignment fixture. The specimens
were cut from A 0.140 in. (n 0.355 cm.) thick sheets which were laid
up using fourteen plies of film and cured according toﬁmanufacturer's
specifications [28] in a platen press at NASA-Langley Research Center.
These sheets were ~ 12 in. (~ 30.5 cm.) square. The width of each
specimen was ~ 0.5 in. {~ 1.27 cm.) and the gauge Tength was ~ 3.25 in.
(~ 8.26 cm.). Initially six sheets of each adhesive were fabricated
and either six or seven specimens were cut from each sheet. These
specimens were used to conduct constant strain rate, creep (constant
stress), and relaxation (constant strain) tests. Six more sheets of
each adhesive were then fabricated from a second batch of material.

The majority of specimens from these sheets were used for the Toading-

26
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gure 2. Specimen Mounted for Testing
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unloading tests and for the high temperature testing. Over 90 speci-

mens were tested in all. Controlled environmental conditions of

approximately 72° F and 75% relative humidity were used in all tests.

4.2 Experimental Procedure
4.2.1 Constant Strain Rate Tests

Constant strain rate tests were performed on an Instron testing
machine using constant head rates ranging from 0.002 in./min. (0.00508
cm./min.) to 2 in./min. (5.08 cm./min.). The experimental apparatus
for these experiments is shown in Fig. 3. Each specimen was instru-
mented with an Instron model G-51-13 extensometer (Fig. 2) and both
longitudinal and transverse electrical resistance foil type strain
gauges (M.M. EP-08-125BB-120 LE). The extensometer was used to ascer-
tain if heating or reinforcement of the electrical gauges affected
strain gauge results. There was good agreement between both methods
for nearly the full range of strain. A small difference in strain
values was observed after local yielding (i.e., the formation of craz-
ing or microcracks), with the electrical gauges giving slightly lower
results. This behavior has been attributed to the slight reinforcing
effect of the strain gauge. The signals from the extensometer and the
foil gauges were amplified using Vishay (Model BAM-1) bridge amplifiers
and were recorded on a Hewlett Packard (7100 B) dual channel strip
chart recorder. The bridge amplifiers were operated at a reduced
voltage which allowed recording of strains up to 10% (0.10 m/m).

The reduced voltage also lowered strain gauge heating effects.
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Constant Strain Rate Testing Apparatus

Figure 3.
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To establish the repeatability of results, two specimens from

one sheet and one specimen from a second sheet of each adhesive were
tested at the same strain rate. In all cases, differences of less
than 2% were found in the stress-strain behavior below failure. The
variation in the failure stresses varied similarly, but failure
strains were more random. As a general rule, results were obtained on
the bases of a single test. However, a second specimen was tested
whenever a specimen failed prematurely due to defects in the specimen.
Such defects were occasionally present in the form of internal bubbles
which formed during the curing process.
4.2.2 Creep Tests

Creep tests were performed using a pneumatic testing machine
(manufactured by Al1ied Research Associates) which was capable of
loading at a rate of approximately 20 in./min. (50.8 cm./min.) and
then maintaining a constant load. This apparatus is shown in Fig. 4.
The load level was monitored using a Baldwin SR-4 (Type U-1) load cell
with a Baldwin (Type L) strain indicator. The load was constant
throughout the duration of each test. Since the reduction in cross-
sectional area of the specimens was found to be small during these
tests, stress calculations were based upon the initial area. Both
longitudinal and transverse strains were recorded using the electrical
strain gauges and instrumentation described previously.
4,2.3 Relaxation Tests

Relaxation tests were conducted using a Twing-Albert test

machine with initial strain applied at a head rate of 20 in./min.




Creep Testing Apparatus

Figure 4.
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(50.8 cm./min.). This apparafus is shown in Fig. 5. The strain level
was found to remain constant for the complete duration of each test.
The same load cell and strain gauge instrumentation as described for
the creep tests was used. However, the signal from the load cell was
amplified and recorded continuously on a Hewlett Packard (7100 B) dual
channel strip chart.
4.2.4 Loading-Unloading Tests

The Toading-unloading tests employed essentially the same equip-
ment as the constant strain rate tests. However, a considerable amount
of this data was recorded on cassette tape and transmitted to the
IBM/370 facility at VPI&SU for processing using the cg? data acquisi-
tion system [26] which was under development at the time. The system
utilized the signals from the Instron load cell and Vishay amplifiers.
Thus the essential components of the experimental apparatus were
identical to those used in the constant strain rate tests.
4.2.5 Elevated Temperature Tests

Relaxation tests at various temperatures above and below the
glass transition temperature of the adhesives were conducted on the
Instron Machine in combination with an Instron environmental chamber.
The apparatus used is shown in Fig. 6. Special test fixtures were
fabricated to position the specimen inside the chamber. A copper
cooling coil was affixed to the top fixture to dissipate heat away
from the load cell. The axial strain was recorded using an Instron

high temperature extensometer (Model G51-14A) which was capable of

50% (0.5 m/m) strain. It is shown mounted on a specimen, in the
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environmental chamber, in Fia. 7. The signals from the extensometer

and the load cell were amplified and recorded as in the relaxation

tests described above.




Figure 7. Specimen Mounted in Environmental Chamber
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- Chapter 5
\
-CONSTANT STRAIN RATE BEHAVIOR

This chaptef is concerned with the experimental resultg from the
constant strain rate tests and the ability of the constitutive equa-
tions. reviewed in Chapters 2 and 3 to predict this behavior. The
first two equations considered are the Ramberg-0Osgood models, qu.
(2.2.7) and (3.3.1), and their respective rate forms, Egs. (2.2.10)
and (3.1.2). The effect of the stress-whitening phenomenon on these
equétions is also presented. The mpdifiéd Bingham model, Egs. (2.4.3),
is considered next; and the effect of the stress-whitening phenomenon
on this model is observed throggh the use-of the nonlinear model,

Egs. (3.4.6).

5.1 Constant'Strain Rate Results

The stress-strain behavior of M&tlbend 1113 is shown in Fig. 8
for four different strain (head) rates. Linear elastic behavior with
Tittle rate effect was found for low stress levels. However, the
e]astfc limit was found to be rate dependent. Above the elastic 1imit,
significant rate effects were observed which can be attributed to
viscoplastic behavior. The maximum stress was also found to be sig-
nificantly rate dependent. The failure strains, while rate dependent,
did not follow a consistent pattern. Similar results were observed
for Metibond 1113-2 (Fig. 9). It can be ohserved, by comparison, that

the modulus, elastic Timit stress, and maximum stress are lower for
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Metlbond 1113-2. This is attributed to the reinforcing effect of the
synthetic carrier cloth present in Metlbond 1713. Thg strain rates
recorded in Figs. 8 and 9 were calculated from the s}ope'of the
stra%n—time data and were found to be constant up to local yield
(i.e., the initiation of crazing or microcracks), after which the
strain rate decreased slightly due to a. small rginforcing effect of
the strain gauge. -

Figs. 10(a) and (b) are photographs of specimen surfaces befére
and after testing, respectively. The failed specimen is typical of
all failures observed during this investigation. The fai1urg surface
is perpendicular to the-lgading axis and has the gener§1 appearance of
a brittle tensiTeﬂfaiiure. Essentially no permanent necking was

observed.

5.1.1 Stress-Whitening Phenomenon

In the rate tests, a s%re;s-whitening-phendmenon was observed to
occur at stresses and strains well below the maximum stress ]eveis.
This phenomenon. was similar to that observed by Shou?déerg and Lang
[30] during theif investigation of polymeric materials. It is believed
that the stress-whitening observed was a crazing phenomenon which is
frequently observed in polymers [31]. Crazing in a‘materia1 may be
defined as the occurance of localized highly é]ongated regions (crazes)
whose density may vary from zero {true crack) to that of the virgin
material depending upon conditions during their formation [32]. Hull
[31] states that crazes formed in a uniaxial tensile stress f%eld have

a shape similar to a crack, and the plane of the craze is at right
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angles to the stress axié.- Hull also states that in a comptex stress
field, the plane of the craze is normal to the maximum principal
tensile stress. Since complex stress fields Sften ex%st in areas of
local yield, it would then be prSibTe for a specimen {n which areas
of localized yié]d occur during a uniaxial tension test to have crazes
both‘nbrma1 %nd at various angles to the Toading d%rectién.

The streéé-whitening may be seen in the photogréph shown 1in
Fig. 10(b) fof a spec%men'of Metlbond 1113-2. An untested specimen
was shown in Fig. 10(a) for cowparison, Thé stress—whiténing pattern
observed in Fig. 10(b} is very similar to a photograph presented by
Hull [31] Qhowing the crazes which formed prior to the maximum stress
during a tensile test on polystyrene. Fig. 11 is a photograph o% a
failed specimen surface at approximately 30X. It can be observed that
the crazes appear both normal and at various angles (vertical markings
are from saﬁding) to thé loading direction. These angles range from
approximately + 45° to + 90° with respect‘tq the loading axis. It is
interesting‘to note that a considerable amount of these angles are
similar to the angie (£ 54.1° to the loading éxis) at which s1ip
bands occur in many metals in uniaxial tension [8]. .

The time, stress and strain levels where the whitening occured
in the rate tests can Se found in Table 1. The streés 1éve] at the
occurence of stress-whitening was rate dependent, but the strain level
was nearly constant. It is befie&ed that the observed stress-
whitening effects can be attributed to crazing and that this process

is evidence that a Tocal damage or failure mechanism occurs well in
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Table 1. CONSTANT STRAIN RATE PROPERTIES.
° Symbols Elastic Elastic
= for Strain Elastic Limit Limit
o Specimen | Figure Rate - Modutus Stress Strain
= 13 & E 8 €9
<t (m/m/sec) (MPa) (MPa } {m/m)
Ba-3  [13(a) 0] 6.81x1076 | 2161 22.48 0.0104
‘5 | B-3-2 [13(a).®| 6.83x107° 2241 26.89 0.0120
[&Nep]
ST B-3-4 [13(a) D] 6.55x107" | 2265 31.72 0.0140
<8} v
£ | B-4-4 13(a) 0| 6.68x1073 | 2284 37.92 0.0166
A-3-5  [13(b)0 | 7.00x107% | 1970 16.55 0.0084
Sew | A-4-3  [13(b) @ 6.75x10™° 2010 18.89 0.0094
L
S| A34 130D 7.06x10™% | 1982 23.79 0.0120
= |a-81 [3(b)Q}7.70x107% | 2042 29.00 0.0142
Stress- Stress- Stress-
Elastic Maximum Whitening | Whitening |Whitening Failure
Poisson's Stress Strain Stress Time Time
Ratio Y Egy Isw SwW t*

v (MPa) (m/m) (MPa) (min) {min)
0.351 46.19 0.0330 45.57 75.0 96
Q.382 49,71 0.0332 49.64 4.0 10.44
0.360 54,68 0.0348 53.37 0.769 1.105
0.370 57.77 _— -— —— 0.085
0.380 40.33 0.0378 39.23 84.0 159.5
0.392 42.75 0.0377 42 .47 8.8 18.5
0.343 45.92 0.0368 45,37 0.883 1.633
0.370 48.60 - - --- 0.130
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advance of gross fracture. As such, it is an important characteristic
of this material.

For a materia]iﬁn'which the density is Tower in the crazed area,
the material in this location has uﬁdérgone a type of phase change.’

To' determine whether the crazed areas observed in the adhesives were
true cracks (zero density) or‘materid1 of less density, the microscopic
picture shown in Fig. 11 was taken with the 1ight source at an angle
to the specimen surface. The photograph indicates that no shaded
valleys (true cracks) are visible. This would indicate that the
crazed areas of the adhesives are not true cracks, but areas of 1owe£
density. - ATthough subsurface studies were not conducted, it is be-
Tieved that this condition exists throughout thé specimen since the
primary stress field (uniaxial stress)'responsib1e for this phenomenon
is constant across the thickness. This change of density (or phase)
is shown to influence the -adhesivés' constitutive equations.

Table 1 also gives further information regarding the properties
found for the adhesives in the rate tests. The elastic moduli,
Poisson's ratios for the initial elastic region, elastic limit stresses
and strains, and maximum stresses may be found therein.

Variation; in Poisson's ratioc with strain rate and with time are
shown {n Fig..12. The results are shown in terﬁs of a nondimensional ‘
time which 1is .based upon. the time requ%red-for failure in each test.
The values for the failure times are“given in Table 1. The region at
which stréss—whitening occured during the rate testé‘is also shown.

It is believed that the occurence of stress-whitening is the reason
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for the general decrease iﬁ Poisson's ratios with time. This decrease
is Poisson'’s ratio is muchf]ess pronounced in MetTbond 1113 as
compared to MetTbond 1113-2. This is attributed to the stabilizing

effect of the carrier cloth present in the former adhesive.

5.2 Ludwik's Equation

Before inveﬁtigating the ability of the constitutive equations
to model the constant strain rate behavior, certain essential
empirical relationships describing the rate behavior of the elastic
Timit stress and étrain and maximum stress -observed in the adhesives
need to be discussed.

The elastic Timit stress, 9, and elastic limit strain, €9 have
been defined as thé value of stress and- strain separating the elastic
region from the viscoplastic region. These values were taken from
data such as that shown in Figs. 8 and 9 to be the upper Timit of.
linearity for a given rate. Values for @ and €q are recorded in
Table 1. The maximum stress, Y, has been defined to be value of stress
at the initiation of perfectly plastic flow. WhiTe these definitions
are to some extent arbitrary, they do provide for consistent compari-
son of experimental results with an empirical relationship proposed
strictly for yield behavior by Ludwik [27].

As proposed by Ludwik, the variation in yield stress, oy» with

strain rate may be written as,

— 1 1l é.
oy = 9, oy Tog iy (5.2.1)

where oy', o,", and ¢' are material constants.
Y Y
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The elastic Timit stress and yield-stress are identical. It is
proposed, - therefore, that the variation of elastic Timit stress and
strain, and maximum stress with strain rate follow similar expressions.

These can be written as,

6 =6' + 0"log I+ (5.2.2)
e .

g = €' *+ £0"10g §T- (5.2.3)

Y=Y +Y'og & (5.2.4)

€

where additional material constants are defined accordingly.

Fig. 13 shows a comparison of experimental results for 8 and gq
as a function of ¢ compared with Egs. (5.2.2) and' (5.2.3), respectiﬁe-
ly. It may be observed that the equations fit the experimental data
quite well and could be used to interpolate the data to other strain
rates within the range of data. The variation of the maximum stress
with strdin rate is shown in Fig. 14. These results compare very well

with Eq. (5.2.4).
5.3 Modified Ramberg-Osgood Models

5.3.1 RAMOD-T
The first Ramberg-0Osgood model studied is Eq. (2.2.7) which is

repeated below as,

e = ety %‘+ K" (5.3.1)

and is called RAMOD-1 (Ramberg-Osgood.Model - 1). The modulus, E, is
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taken difect]y from the stregs—strain curve. Values.for K and n are
determined from a log-log plot of ¢ versus'EP for each strain rate.

Using values of E, K, and n from each rate test, RAMOD-T was
used to describe the behavior of Metlbond 1113 and 1113-2. This
model is cailed RAMOD-T-A. From the data ﬁresented in Figs. 8'an¢ 9
1qg-]og p}ﬁts of o versus ¢p were detérmined and fitted with a least
squares approximation. These curves are presenteq jn Figs. 15. It
can be notea that these curves deviate from the Tihéar'épproximation
aﬁ hiéher values of stress and plastic strain.

Values for E, K, and n for each strain rate were determined as
described earlier and are recorded in.Table 2. Figs. 16 and 17 are
comparisons of RAMOD-T1-A to experimental data for Metlbond 1113 and
1113-2, respectively. Ludwik's equation- (Eq. 5.2.4) was used to
determine the maximum stress. It can be-observed that the data for
both adhesives is appréximated reasbnab]y well up to the maximum
stress with this model.

In the rate form of RAMOD-1, Eq. (2.2.10), the coefficient n
was considered to be invariant with strain rafe. Using an averagé

value of n, n, from the rate'data, Eq. {2.1.14) can be written as,

13

c = -+ aclo" (5.3.2)
Ce

and is called RAMOD-1-B. The doefficiénts a and b were determined
from a log-Tog plot of K versus e; coefficients ¢ and d were deter-
mined from a log-Tog piot of E.versus ¢. Values for these coefficients

and n are recorded in Table 2.
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2. COEFFICIENTS FOR RAMBERG~0SGOOD MODEL - 1 (RAMOD-1) COEFFICIENT.
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RAMOD-1-B did not model the rate behavior of the adhesives very
well and the theoretical curves are not shown for this reason. The
main difficulty is that n is not invariant with strain rate. Thus the
average value of n pfedicts very large plastic strains for the Towest
strain rate and small plastic strains for the highest strain rate.
This, of course, does not agree with the experimental data for the
range of strain rates investigated.

It is proposed to modify the form of RAMOD-1-B to allow for the

rate dependency in n. The proposed form is,

g
g = Ega'+ acPsTE (5.3.3)

and is called RAMOD-1-C. The coefficients a, b, c, and d are identical
to the previous model; the coefficients f and g (also recorded in
Table 2) were determined from a Tog-Tog plot of n versus ~ using a
least squares approximation. Although this model was a definite im-
provement over RAMOD-1-B, it did not adeguately model the behavior of
the adhesives for the‘comp1ete range of strain rates. The main

deterent here is that the proposed form for the rate dependency in n,
n(s) = fe9 (5.3.4)
does not adequately model the experimental data.

5.3.2 Bilinear Form of RAMOD-T
Re-examination of Figs. 15(a) and (b) indicates that the results
presented in these figures may be better represented by two straight

lines for each strain rate. Figs. 18(a) and (b) are the bilinear
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approxihations. The stfess vé]ue at which these Tines intersect has
been defined as o*. Thus, RAMOD-T has the form,

M

s=%+KTc 0 <o < g*

‘ {5.3.5)
g ng }
E+ KZG g <o < ¥

and appropriately called RAMOD-1-BL. Values for the bilinear co-.
efficients for K and n (K], Ky, nys and np) are recorded in Table 2.
Resu]ts using RAMOD-1-BL are compared to the éxpgrimenta] data 1in

Figs. 19 and 20 for Metlbond 1113 and 1113-2, respectively. This
mode] is an improvement over RAMOD-1-A in which values of K and n

were used. -Thése'improveménts are a better representatién of the slope
throughout and the prediction of }arger strains corresponding to the

values of stress prior to the maximum-stress.

5.3.3 RAMOD-2
A Ramberg-0Osgood type mode] was prdpoéed, Eg. (3.1.7), in which
the plastic strain, ep, is a function of the over-stress above the

elastic Timit stréss. This equation has the form,

E=SEL 0<o<®
) (5.3.6)
€_=;‘:.I‘+K(c-9)n g <g <Y

and is called RAMOD-2. Values for K and n are determined from a Tog-
Tog plot of (¢ -~ ) versus éP for each strain rate. As in the previous

model, variations in E with strain rate denote viscoelastic effects,
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while the parametefs K and nlrepresent va%iéﬁiohs in work-hardening
characteristics with'stra%n rate. |

Proceeding %n'the same manner as RAMOD-1, the first model in-
vestigated was RAMOD-2-A which is aétually written in the form of
Eq. (5.3.6I and employs the values of E, K, and n for a given strain
rate. Log-log plots of (o - 8) versus ep are shown in Figl 21. A
Teast'squares approximation for these results yielded the values for
K and n for each strain rate which-are recorded in Table 3. It can
also be observed in Fig. 21‘that these results may be rebresented by
a bilinear approximation. -

Results using RAMOD-2-A are compared ;o the experimental ‘data
in Figs. 22 and 23. -ludwik's equations, Eqs. (5.2.2) and (5.2.4),
were used to determine the theoretical values for the elastic limit
and maximum stresses, respectively. The results presented in Figs.
22 and 23 indicate that this mode1 predicts the behavior of both ad-
hesives reasonably well up to the mé;;;hm gtress. However, it would
‘be desirable to have a better representafion of the slope throughout
and the prediction of more plastic flow at the higher stresses.

In the derivation of the rate form of RAMOD-2, Egs. (3.1.2),
the coefficient n was also considered to bé invariant with strain

rate. Using an average value of n, n, Egs. (3.1.2) can be written as,

S:L 0 'e
ced o
(5.3.7)
G. . n _
e =—g+ac (¢ -6) 8 <g <Y
ce
RODUCIBILITY OF THE

ERTGINAL PAGE 1S POOR
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Table 3. COEFFICIENTS FOR RAMBERG-0SGOOD MODEL - 2 (RAMOD-2) COEFFICIENT.

a(secPMpa) | 2.778x1079
Strain Rate| K n K1 ™ K2_, ny | b 0.102
(m/m/sec) | (MPa™™) (MPa™"1) .| (MPa 2 3
c(sec™MPa) | 2388.1
6.81x1076 [7.318x1076| 2.316 {1.370x107 | 2.045 1.715x10197.958 d 0.0077
6.83x10-5 [9.428x10-5| 2.247 [1.437x10° | 2.053 [p.457x10 147,210 || - f [ 1:885
6.55x10% b.370x107°] 1.960 [3.818x107° | 1.733 3.114x10% 4,012 - g - -0.0162
6.68x10-3 [1.175x1075 | 2.141{1.689x1070 | 1.972 8.647x109 |4.574 || 7~ 2.166
a. Metlbond 1113
a(secPMPa—")|1.430x10~%
Strain Rate K n K1 " Kz_ ‘ n2 b '0_233
(m/m/sec) | (MPa™") (Mpa~"1) (MPa™"2) 5
. c(sec MPa) 2069.6
7.00x10-6 |2.961x10°0 | 2.568 |7.365x10°0 | 2. 400 1.073x107 14 8,969 d 0.004
5.75x10™° |2.968x70°2 | 1.973 4.544x107>| 1.772 .505x10716110.419 f 1.500
7.05x10-4 [4.115x10-5| 1.824 [5.260x10-5 | 1.689 §.062x1071812.478 g -0.0379
7.70x10°3 [2.779x1072 | 1.957 [3.397x107% | 1.848 p.971x10~13 8.227 n 2.081

b, Metlbond 1113-2

€9
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and termed RAMOD-2-B. The coefficients-a and b were determined from
a log-log plot of K versus e as shown in Fig. 24. The coefficients ¢
and d were determined from a Tog-log plot of E versus e (Fig. 24).
Values for these coefficients and n are reeorded_in‘TabTe 3.
: The theoretice1 results using RAMOD-1-B did not adequately
represent the rate behavior for either adhesive. This is attributed
to the fact that although n {is nearly a constant, RAMOD-2 is .very
sens1t1ve to the small var1at10ns in n with strain rate.

It is proposed to modify RAMOD-2-B to account for the rate

dependency 1n n. The proposed form is,

€= - 0<o,<6

g (5.3.8)
—gé'+ aéb(o - é)fe -é’<\c <Y
Ce

M
[

and titled RAMOD-2-C. The coefficients f‘end'eﬂwere calculated %rom
Tog-log plots of n versus e in Fig. 25 and are recorded in TaE]e 31
Figs. 26 and 27 are comparisons of RAMOD-2-C with the experimental
data for Metlbond 1113 and 1113-2, respectively. This model was a
definite improvement over the previous rate form, RAMOD-2-B, and
actually predicts the rate behavior better over all than RAMOD-2:=A.
From a programming aspect RAMOD-2-C s ideal in that only one
parameter; e, needs to vary inAthe input data in order to study rate
effects. o
Models RAMOD-2-A and RAMOD-2-C are adequate in predicting the.

strain rate response of the adhesives. However, there is still a need
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for an improvement both the rebresentation of slope and the prediction
of larger plastic strains correspond to stresses near the maximum

stress. This suggests-the bilinear approach used in RAMOD-1.

5.3.4 Bilinear Form of RAMOD-2

Fig. 28 is the bilinear apﬁroximﬁtions of log (o - 8) versus
Tog €p- The stress magnitudé at the intersectioﬁ of the two straight
Tines for each strain rate has again been defined as o*. The bilinear
values of K and n generated for each strain rate are given in Table 3.

Thus RAMOD-2-BL has the form,

g = %— 0<o<68
_.0 . | i
£ = E-+ K](U - 61‘ ® < g.< o* (5’3.9)
- !'12 .
e='E—+K2(cr-8) g% <g < ¥

Results using RAMOD-2-BL are comﬁared to the experimental data
in Figs. é9 and 30 for MetThond 1113 and 1113-2, respectively. Obser-
vation of these results indicate that a better representation of siope
throughout and the predictjon of Targer plastic strains corresponding

to stresses just prior to the maximum stress are realized.

5.3.5 Stress-Whitening-Sfress and o¥*

In the bilinear médels of both RAMOD-1 and RAMOD-2, o* has been
defined as the stress- at the intersection af the bilinear curves. It'
is interesting to compare these values to each other, and also to the

value of the stress-whitening stress observed experimentally. These
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results are presénted in Tab]e‘4. It can be observed that the o*
values for both stress and strain are very close for the two models.
These values are also slightly Tower than the stress-whitening values.
It should be noted that the point at which stress-whitening occured -
during the rate tests was recorded by visual observation. Thus, the
true point of initiation of the whitening may have occured earlier and
was not readily visible. The strain values corresponding to o* were
relatively constant for all rates. It jis apparent that in the region
of stress-whitening, a change of bhase occurs both physically in the

material and analytically in the bilinear modeis.

5.4 Modified Bingham Model
' The constitutive equations for the modified Bingham model (Egs.

2.4.7), which is shown in Fig. 1(a), are

. O .
e == g
E

M|A
D

(5.4.1)
g -0
u

. o}
€=F + 8 <o <Y

A stress such that o > Y is not allowed. For a constant strain-rate
test, the solution of Egs. (5.4.1) is Fags. (2.4.3). This solution can

be written as,

JA
@

o{e) = Ee o
(5.4.2) -

~-(e - eg)/RT

o{e} =0 + ERT(1 - e . ) 8 <o <Y’

where t = u/E is the relaxation time.
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Table 4. o* AND STRESS-WHITENING STRESS.

: Stress Whitening RAMOD-T-BL RAMOD-2-BL
Strain Rate Stress  Strain o* Strain g¥* Strain
(m/m/sec) (MPa) {m/m) (MPa) {(m/m) (MPa) (m/m)
6.81 x 10-6| 45.57 |0.0330 | 44.58 |0.0293 | 44.11 "}0.0278
6.83 x 10721 49.64 |0.0332 | 47.91 0.0295 | 47.83 |0.0284
6.55 x 1073 53.37 |0.0348 | 51.84 0.0305 | 51.44 |0.0292
6.68 x 1073 -~ | --- --- “-- 55.44  10.0295

a. Metlbond 1113

i Stress Whitening RAMOD-1-BL RAMOD-2-BL
Straln‘Rate Stress Strain g* Strain g¥* Strain
(m/m/sec) (MPa) (m/m) (MPa) {m/m) (MPa) (m/m)
7.00 x 1076 39.23 |0.0378 | 38.77 |0.0345 |38.03 [0.0318
6.75 x 10°°| 42.47 l0.0377 |41.30 |0.0318 |41.31 |0.0308
7.05 x 107%| 45.37 |0.0368 | 44.29 |0.0321 44.68 |0.0310
7.70 x 1073] - —— 46.97 -10.0314 | 47.08 |0.0304

b. Metlbond 1113-2
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Egs. (5.4.2) were fitted to the rate depeﬁdent stress-strain
behavior presented in Figs. 8 and 9. Thése results are shown in Figs:
31 and 32 for Metlbond 1113 and 1113-2, respectively. Ludwik's
equations for the o and g4 {Egs. (5.2.2).and (5.2.3)) and Y (eq
(5.2.4)) were ﬁsed to determine the theoretical values for the elastic
timit and maximum stress, respectively. With this procedure it was
possible to accqrate]y represent the rate dependent behavior with the
modifieq Bingham model. An accurate representa;ion of slope is
observed throughout. This model also allows perfectly plastic behavior
afﬁer the maximum stress is reached which is in agreement with the

experimental results.

5.4.1 Rate Dependent Viscosity Coefficient

It was found that a sing]é relaxation time for each adhesive
was inadequate to fit full range of the strain rate results. There--
fore, a relaxation timel(or viscosity coefficient, since n = 7E) was
determined to give the best fit at a given rate. The relaxation times
necessary to achieve the close approximations obtained in Figs. 31 and
Figs. 32 are ﬁ]otted in F%g. 33. It is interesting to note that a
single linear curve can approximate the data for both adhesives when
plotted on log-log scales. The values for the relaxation times as
well as the viscosity coefficien?s for each strain rate are presented
in Tab]e‘S., It can be observed that as the strain rate increases an
order of magnitude the viscosity'coefficiéﬁt decreases by .an order of

magnitude.
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Table 5. RATE DEPENDENT RELAXATION TIMES

AND VISCOSITY COEFFICIENTS.

e T ‘ B
(m/m/sec) (sec) (MPa - sec)-
6.81 x 1078 1800.00 4.03 x 10°
6.83 x 107° | 173.85 3.89 x 105
6.55 x 1074 18.15 4.07 x 104
6.68 x 10-3 1.85 4.14 x 103
a. Metlbond 1113
£ T u
{m/m/sec) (sec) (MPa - sec)
7.00 x 1076 | 1816.80 - 3.67 x 106
6.75 x 1075 180.20 3.64 x 105
7.05 x 1074 16.49 3.33 x 104
7.70-x 1073 1.45 2.93 x 103

b.

Metlbond 1113-2




81

The constitutive form of the modified Bingham model, Eqs. -
(2.4.3), does not ébgcifica}1y indicate that p may be rate dependent.
However, the analogous form of these equation;, Egs. (2.3.15), .
derived from incremental theory indicated this possibility. Other
investigators, such as Chase and Goldsmith [22], using méchaﬂicaj
models to predict the behavior’of rate-sensitive plastic materials
observed. this same phenomenon. The rate depeﬁéency in u is therefore

considered to be an inherent property of rate-sen;ﬁtive materials.

5.4.2 Nonlinear ModeT

In an attempt to mathematically describe the rate effect ob-
served in the viscosity éoeffi@ient for the modi fied Bingham model,
the nonlinear pérfﬁrbation technigue proposed by Davis [4] (Section
3.2) was investigated. This technique did not show the viscosity co-
efficient to be_dependen; on the total strain rate é, since the non-
1inear hypothesis, Eqs: (3.2.1), states that variations in u are
dependent on the strain rate in the dashpot, ep. However, the non-
Tinear model did yield some interesting information relative to the
viscosity coeffic%ent of the adhesive§ above and below the stress-
whitening point.

PdstuTaiing that the nonlinear effects were present }n the
dashpot only, the noniinear constitutive eqﬁations for the modified

Bingham model (Egs. (3.4.6)) can be written a§,


http:constituti.ve
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o(e) = Eqe G <6

olesyy) = 8 + ERe(1 - e (e - e0)/RT) + YH(QESRT(E - )  (5.4.3)

-2(e = eo)/RT)

+ EgReZ2(T - e 8<o<Y

where 1 = uy/Ey is the Tinear relaxation time as before. For 8 <o < Y

thé second of Eqs. (5.4.3) can be written as’

c(e,yu) = g5 7Sy 8 <o <Y (5.4.4)
where '

66 = 8 + EgRe(1 - e™\® ~ S0)/RTy (5.4.5)

is the Tinear solution as before and

-2(e - eo)/RT)

Sq = 2ERe(e - eg) + EgRE2(1 - e (5.4.6)

The term o(a,yu) is considered to be the experimental data, and
the coefficient vy 7s allowed to vary to fit the experimental data

exactly. Then Eq. (5.4.4) can be written as,

(0axp = Stheo)
exp S] theo = _Y“ (5.4.7)

where ogpa, = 0o represents the theoretical curve from the 11neaf
soTufion. As an example of the implications of Eq.- (5.4.7), the
parameters in this equation were calculated using the data for Metlbond
1113-2 at a constant stréin rate of ¢ = 7.05 x 107% m/m/sec (Fig. 9).

These results are presented in Fig. 34.
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5.4.3 Significance of Strgss-wﬂitening Stress _

It is interesting to ﬁote the point (in Fig.:33) at which the
Tinear solution and the experimental résults agree exactly (i.e.,

Yy = 0). The stress and strain vaTﬁés, 43.0 MPa and 0.305 m/m,
respectively, are ﬁfighf]y lower but very cToﬁe to the stress-
whitening values for this rate (i.e., 45.37 MPa and 0.0368 m/m,
respectively). Similar -results can be obtained for tﬁe other strain
rates. fIt‘caﬁ aTso be observed that the value of Ty changes sign in
this transition (stress-whitening) region. Therefore, the perturba- .
tion analysis shows that.the value of the viscosity coefficient prior
to the stress-whiteniﬁg‘region is Tower than that prgdicted‘by the
Tinear so}utioﬁ and highér above this region. This 1ndicéte§ that co-
efficients present in the modified Bingham could vary above and below
the stress-ﬁhitening region in order to obtain a more accurate -
representatioé of the experimenta1.resu]t§. fhis same phenomenon was
observed in the modified Ramberé—Osgoodmode]s:

Although this nonlinear analysis yielded interesting information
relative to the'}inear solution above and below the stress-whitening
region, it has not been considered further in this study since the
nonlinear effects present are very small. That is, the linear solution

of the modified Bingham model adequately predicts the rate behavior.

5.5 Models in Advanced Laminaté Analysis
A goal of this study has been to deye1op analytical models
capabie of predicting the strain rate behavior of Metlbond 1113 and

“1113-2. These models should also be easily adaptable for use in
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advanced analysis of material éystems. Recent inve;tigators (28,
29, 30] have used various modified Ramberg—Osgogd equations in
advanced analysis of composite laminates. Hashin, et al. [28] use a‘
modified form of RAMOD-T, written as,:

e =‘£§- [1 ¥ [g_]n’l} (5.5.1)

. 9y

Qﬁeré E& is a curve fitting parameter, to describe the behavior of the
matrix materia]‘jn‘bﬁron/epoxy Taminates. Kibler [297 also used the
form of Eq. (5.5.1) to model thé nonlinear behavior of the transverse
extensional and inplane shear stress-strain relationships for uni-
directional, fiber reinforced Taminae. In an effort to describe these
same latter two relationships, G. Renieri [30] is currently using a
model in the %orm of RAMOD-1. The model is beiﬁ§ used in an incre-
mental Toading scheme in conjunction with the finite element method

in order to predict the stress distributions in composite Taminates.
RAMOD-1 was considered since it gave an accufate representation of the
siope which is essential in the {ncremen£a1 analysis. For examp1é,

using RAMOD-1, the slope would be,

= ___E_n__T (5.5.2)
1 + EnKo ‘

Q..IQ.
m|Q

and similar equations would prevail for the various forms of RAMOD-1
and RAMOD-2. For stresses below the elastic Timit, the slope, do/de,
given by Eq. (5.5.2) is essentially the modulus E. Above the elastic

1imit the slope begins to decay exponentially from a value of‘E.
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Although the ]iteratqre has not produced such evideﬁce, the
modified Bingham model could also be used in advanced laminate analysis.
This model would be ideally suited for the analysis of material systems
using Metlbond 1113 or 1113-2. For incremental formulations the

slope using the modified Bingham medel would be,

-(e - e4)/RT
do . Ee °

< (5.5.3)

which shows that the slope is E at the elastic T{hit (e = g4) and
the n decays exponentially, as expected, for higher‘strains.

The modified Bingham model could also be used to model a single
nonlinear stress-strain curve (j.e., rate data not available). For
example, Eqs. (5.4.2) can be written as, -

o = Ee - g <0

(5.5.4)

8 <o<Y

ar
H

o + EKo(1 - L “0)/Ko,

where K5 is a material constant determined empirically to give the
best fit to the experimental data. Equations of this form may be
useful in modeling the nonlinear behavior of composite laminate in

future investigations.



Chapter 6
CREEP, RELAXATION, AND UNLOADING BEHAVIOR

This chapter is concerned with the ability of the modified
'Bingham model to predict the behavior of Metlbond 1113 and 1113-2

for loading conditions other than constant strain rate. Creep results-
are presented initially. The relaxation results are then reviewed.

The final section of this chapter presents the experimental and

theoretical results for two, more complex strain histories.

6.7 Creep Results

Creep results are shown in Figs. 35 and 36 for Metlbond 1113 and
1113-2, respectively. For these tests the levels of stress were
purposely Targer than the elastic limit values found in the rate tests
as little time effects were expected below these levels. )

It may be seen from Figs. 35 and 36 that the adhesivés exhibit
a delayed failure phenomenon. That is, in the creep tests, failure was
observed to occur after a period of time at a part%cu1ar stress level.
The time to failure decreased with increasing stress level; these ‘times
are recorded in Table 6. These results are similar to the delayed
failure phenomenoﬁ found for polycarbonate by Brinson [23]. Delayed
stress-ﬁhitening was also found to occur and is evidence that both
Tocal and gross failure are time dependent.

Variations in Poisson's ratio with stress level and time during

the tests for both materials are shown in Fig. 37. These results are

87
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Table 6. CREEP PROPERTIES.
] Symbols Stress Creep to
Adhesive | Specimen for 5o Tfa1lu€e
: Figure 37 (MPa) mes F
(min)
CB-6-2  [37(a), @ 40.64. 410
B-6-5 37(a), O 42.79 260
£1b , ;
Mellbond [ Tps.3  [s7(a), @ 7| 47.22 26.75
B-5-4 37(a), © 51.02 3.35
B-5-5 _ 56.43 0.046
A-6-3 37(b), O 39.09 54
Metibond
1113-2 A-6-1 37(b}, ® 41.02 14
A-6-2 37(b), © 42.54 5.9
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shown in terms of nondimensional time which is based upon the time
required for failure in each test. As in the rate tests, Poisson's
ratios generally decreased with time with Metlbond 1113 being more
stable due to the presence of the carrier cloth. After stress-
whitening occurred in the rate tests, Poisson's ratio was observed to
decrease more rapidly. In the creeﬁ tests stress-whitening occurred
ejther during 1oaqing {that is, nearly instantaneousiy) or very early
in time with respect to the failure time. Therefore, it is felt that
this phenomenon is responsible for the lower initial values of Poisson's
ratio in the creep tests as compared to the rate tests.

The creep response of the modified Bingham model is given by

Eq. (2.4.7),

6
e(t) = " t+§— c > 8 (6.1.7)

Equation (6.1.1) did not adequately model- the creep behavior of the
adhesives. The discrepancy here is that the méd{fied Bingham model
predicts a linear response for creep which obviously does not correspond
to the experimenta} data. However, the modified Bingham model was

found to accurately predict the delayed failure phenomenon when used

in conjunction with an equation for maximum stress proposed by

Crochet [31].

6.1.1 Creep to Failure Behavior
A possible rational mathematical characterization of delayed
failure phenomenon has been proposed by Crochet. He assumed that the

maximum stress would increase for increasing strain rate and proposed
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the equation,
Y(t) = A + B exp(-Cx) (6.1.2)

where A, B, and C are material constants and X is a time dependent
material property given by,

1/2

x = [leq5Y - o455 eg3” - 455)] (6.1.3)

In Eq. (6.1.3) sijv and aijE refer to viscoelastic and elastic strains,
respéctive]y.

In the work of Crochet, the material -behavior was considered as
viscoelastic/plastic. That is, below the maximum stress, material
behavior was considered to be viscoelastic. Stresses above the maxi-
mum stress were not allowed and perfectly plastic flow was postulated
once the maximum stress was reached.

For creep in uniaxial tension, Eq. (6.1.3) can be written as,

2

. : 2
x = [lenY = enB) + (epp" - e0")

+ (533v - e33E)2]1/2 (6.1.4)

The second term in Eq. (6.1.1) represents the elastic behavior. Thus

the term (e11v,- €T1E)2 in Eq. (6.1.4) becomes,
2

0n ~ B
(Q'HV _ ST]E)Z = Ijou t] (6.1.5)

If a constant Poisson's ratio is assumed, the second and third terms

of Eq. (6.7.4) can be written as,
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E 0o ~ 8 -
(e22" - €22 )2 = (e33” - 5335)2 = vz[ ” t} . (6.1.6)

Thus Eq. (6.1.4) becomes,

g. - B

X=

— (1 + 202172 (6.1.7)

and by u§ing this result, Eq. (6.1.2) becomes,

Y(t) = A+ B exp[-C' (oq - 0)t]. (6.1.8)

2 -
where C' = 9Ll~%;23—l-is a constant containing various material

parameters. In a creep test with o > 0, Y(t) and o, are identical.

Hence,’
Y(t) = A + B -exp{C[Y(t) - o]t} (6.1.9)

and 't represents the time for creep to failure to occur under constant
stress. ‘

The material constants A, B, and C' were determined for Met]bonq
1113 ané creep to failure times for differént stress levels were calcu-
lated according to Eq. (6.1.9). These results are shown in Fig.. 38,

together with the experimental data. As may be observed, close

correlation between measured and predicted values was found.

6.2 Relaxation Results ‘ _
Relaxation results are shown in Figs. 39 and 40 for MetTbond

1113 and 11&3—2, respectively.‘ For these tests, the Tevels of sirain

were purposely larger thén the elastic 1imit values found in the rate

tests since Tittle time effects were expected below these levels.
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The relaxation response of the modified Bingham model is given'
by £q. (2.4.11),
Colt) =6+ (5, E ~a)e B e (6.2.1)
Eq. (6.2.1) states that, regardless of the strain level &y, as t
approaches infinity, o(t) asymtotically approaches 6. However, it can
be observed that the‘eiperimental data for each strain level does not
épproach the same value of & for Targe time. Tt can also be observed

that the initial condition,
o(t =0) = ¢, E (6.2.2)

does not adequately represent the data.

In gh attempt to use Eg. (6.2.1) to model the relaxation behavior,

the initial condition was modified as,
- o(t.= 0+) =g’ - (6.2.3)

where o' is the ipitial experimental value of stress for a given
strain Tevel. :Various scheﬁes were then tried in order to fit the
data. The modified Bingham model was unable to predict the relaxation
behavior for the entjke time span present in the experimental data.
However, reésonab]e results were realized for short timé (t < 2 min.)

by using the value of the viscosity coefficient during 'Ioadj'ng1 and

1The Toading rate was 20 in/min (60.8 cm/min) which is an order
of magnitude. above the highest head rate used'in the rate tests. Thus,
the data in Fig. 33 was extrapolated to the a strain rate of ¢ ~
7.00x10~2 m/m/sec and a value for p determined.
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adjusting the asymtotic value of 6.

6.3 Loading-Unloading Results .

The 1oading-un10ading'tesfs‘weré conducted on the most recent
set of adhesive panels. To compare the properties of these panels to
the‘previous panels, constant strain rate tests were conducted at
0.2 in/min (0.508 cm/min). These results are shown in Figs. 41 and
42 for Metlbond 1113A and 1113-2& where the {A) represents the second
set of‘pane]s.. - '

" The properties of Met]bond.]113;2A are identical to those for
MetTbond 1113-2 when tested at the same rate. Although-higher values
in modulus, éiéstic Timit and maximum stregses aré bﬁserved in Metlbond
1113A, these values are not as high as tho;e for Metibond 1113.. This
has begn_éttributed to the possibility that tﬂe properties of the
carrier cloth varied between thesé two sets of panels.

Constant strain rate properties of Met]bond_]llBA and 1113-2A
tested at é‘head rate of 0.2 in/min (0.508 cm/sec) are presented in
Table 7. The values of the viscosity coefficient used to approximate_
the experimental results in Figs. 41 and 42‘can also be faund therein.
The stress-whitening phenoménon was observed to occur in the same

manner as in the previous panels.

6.3.1 Strain History‘-v1
The first strain history considered is constant strain rate
". loading and unloading cycles followed by constant strain rate to

failure. Fig. 43 is a schematic representation of one cycle. The
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assumed stress response is also shown.
For loading-unloading considérations, the constitutive equations

for the modified $ingham model, Egs. (3.3;3); are,

. for ¢ < 8-
P-4 .
or o <0. "
(6.3.1)
. o o-8 ~-foro>8
e =F +

and ¢ > 0

That is, unloading occurs elastically and the elastic limit stress is
non-work-hardening as shown in Fig. 42. The various times shown in
Fig. 43 jndicate the points iﬁ time where changes from elastic to
viscoplastic behaviﬁr or from 1oadin§ to unloading ‘behavior occur.
Eqs.‘(6.3l1) are solved between these times for the stress .response.
Values of stress and strain generated at the end of a.given time seg-
ment are used as initial conditions for the next segment.

For the range 0-< t < tg» ﬁhe stréin is given by,
e(t) = Rt (6.3.2)
and the stress response‘is,
o(t) = ERt - (6.3.3)"-

The time t, is determined from Eq. (6.3.3) as,

0
to = -E—ﬁ- ] (6.3.4)

.and gy is determined from £q. (6.3.2) as,
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e = Rt, (6.3.5)
In the interval tg. < t < ty,

e(t) = eg + R(t ~ tg) (6.3.6)
- and —

SE(t - to)/u

o(t) =8 + uR{1 - e ) ‘ (6.3.7)

The time t; is known-from the given load h&story. The stress and
strain at‘ty are given by qu. (6.3.7) and (6.3.6) as,

o1 = 6 + wR(1 - e o(F1 7 Tod/ny (6.3.8)

‘aﬁd ‘ ' .

€] = g + R(ty - 1) (6.3.9)

respectively,. ' ‘

For the rénge 1 <t< ty; the strain fs,
e(t) = ey - R(t - ty) (6.3.10)
and the stress respongé giﬁén by,
o(t) ='op - ER(t - t;) - (6.3.11)

The time to is also known from the given load history. The stress and

strain at t, are given by Egs. (6.3:11) and (6.3.10)

oz = a1 - ER(tZ - t]) (6.3.]2)
and ' '
€ = £ - R(t2 - t]) (6.3.13)

respectively.
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During the interval ty < t ¢ tzf, the strain is given by,
e(t) = €o + R(t - tz)' (6.3.14)

and stress response is, -

o(t) = op + ER(t - ts) (6.3.15)

The time, t,', at which the elastic 1imit stress is reached during the
second Toading can bé determined from Eq. (6.3.15) as,

8-"0’2

t2’ = tz + ER (6-3.‘[6-)
and the strain at t,' is determined from Eq. (6.3.14) as,
ep' = g + R(ty' - ty) (6.3.17)

For the interval t2' <t < ty, the'strain can be written as,
- eft) = 32’ + R{t = t2') (6.3.18)
and the stress response is,

é-E(t - tz')[u) ' (5.3.i9)

o(t) = 8 + uR(1

The strain at-the maximum stress can be determined from Eq. (6.3.18)

%n the form,
ey = €2’ + R(ty - tp') (6.3.20)

where t, is given by Eq. (6.3.19) as,

Y
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Above ty'the material is assumed to‘f1ow perfectly plastically to
fai]ure.. For a number of cycles, the ana]ysié proceeds in a similar
manner to that abpve.

MetTbond 1113-2A and 1113A were tested for one and two cycles of
constant straiﬁ rate‘loading and unloading, respectively, followed by -
constant strain rate to failure. The material properties observed
during these tests are presented in Table Z.‘ The modulus during load-
ing was found to be that of the initial elastic modulus. However, the
modulus during unloading was found to be lower than the initial- -
e1aétic modulus. This phenomenon was observed for all un]oad%ng.tésts.
As sucﬁ, it is an interesting proﬁe?ty of these materials. The reason
for this Sehavior is not clearly understood at this time. It should,
howeﬁer, be a topic of future research. Values for the ioading-and
unloading moduli are preseﬁted in Table 7.

Using the material properties presented in Table 7 and equations
in the form of Eqs. (6.3.2) to (6.3.21), a value for the viscosity
coefficient (given in Table 7) for each adhesive was determined which
gave the best fit fo the experimental results. Thé experimental and
theoretical results are compared in Figs. 44 through 49. It can be
observed that an accurate representation of the experimental results‘
was achieved. It can also be observed that during subsequent loadings
a finite value of strain is predicted theoretically for the zero state

of stress. This is in agreement with the experimental results, and



Table 7. CONSTANT STRAIN RATE LOADING-UNLOADING PROPERTIES.
Elastic |Elastic
Etastic {Modulus |Modulus
Strain [Viscosity Elastic | Elastic | Modulus | During During |.
. ) Rate Co- ‘Limit Limit During |ist Un- ’|2nd Un- | Maximum
Adhesive [Specimen| . ) efficieny Stress |- Strain |Loading |loading |loading | Stress
avg u 0 €0 E Eq Eo Y
{(m/m/sec)| (MPa-sec)| (MPa) (m/m) [ (MPa)- | (MPa) (MPa) (MPa)
Metlbond |B-7-2 |7.20x10~%{3.22x10%4 | 27.5 | 0.0131 2100 -- -- 47.0
NTA Hg7.5 |7.00x1074]3.50x104 | 27.5 [.0.0131 |- 2100 | 2100 1975 47,5
metlbond |A-8-2 16.95x107%|3.41x10% | 24.3 0:0122 | -2000 |- -- -- 45.3
NB-2R Ta e 4 J6.03x10°%[3.80x70% | 24.3 | 0.0123 | 1975 | 1680 - 45.5

[DL
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physically this can be attributed to the residual plastic strain pro-

duced during the previous loading cycle..

6.3.2 Strain History - 2

Thé éécdnd‘étrain historyzconsidered is constant strain rate -
constant strain cycles followed by constant strain rate tb failure.
Fig. 50 is a schematic representation of one cycle. The assumed strgss
respoﬁse is also shown. The various times shown in Fig. 50 indicate -
the points 16 time where changes from elastic to»viscop?astic behavior
or from constant strain rate 1oading-to'constant strain Toading occur.
During constant strain rate segemenﬁs, Egs. (5.4.1) are solved acéord1
ing to the initial conditions generated at the end of the previoﬁs seg-
ment, Dur1ng re1axat10n (constant stra1n) segements, Eq (2.4.5) i
solved according to the appropr1ate initial condition.

For the range 0 < t < ty, Egs. (6.3.2) to (6.3.9) apply. In the

interval t; <t < tp, the strain is given by

e(t) = €1 (6.3.22)
and the stress response as,
-E(t - ty)/u (6.3.23)

a{t) = 8 + (o7 - e

The tfme ty is known from the loading history. The values of stress

and strain at ty are given by Egs.-(6.3.23) and (6.3.22) as,
L oo =8 + (c]. - B)emE(lt2 -t/ (6.3.24)

and


http:Eqs.,(6.3.23
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€y = € (6.3.25)
respectively. '
During the interval t, < t < t,, the strain is,
e(t) = ex + R(t - tp) (6.3.26)

and the stress response is given. by,

-E(t - tp)/u

o(t) =8 + wR + (op - (8 + uR))e (6.3.27)

The strain, €y corresponding to the maximum stress is given by

Eq. (6.3.26) as,

&y = € + R(ty - tz) ‘ - {6.3.28)

where ty is determined from Eq. (6.3.27) as,

ty =ty - EBZ--('?G?E%‘)] (6:3.29)

Above ty the material is assuﬁed to Flow perfectly plasticly:to failure.
For a number of cycles, the ana1ysi§ proéeéds in a similar manner to
that above.

Met]bond 1113-2A and 1113A were tested.for one.gycle and two
cycles of constant Stréin rate - consﬁénf strain, respectively,
folTowed by constant strain rate to failure. The matqfié] properties
observed during these tests are presented in Table 8.

Using the material properties presented in Table 8 and equations
in the form of Egs. (6.3.2) to (6.3.9) and (6.3.22) to (6.3.29), a

value for the viscosity coefficient (given in Table 8) for each



Table 8. PROPERTIES FOR STRAIN HISTORY-2.

Strajn {Viscosity! Elastic | Elastic ] )
. , Rate | _Co- | Limit Limit Elastic {Maximum | During During
Adhesive |Specimen : |efficient| Stress |- Strain | Modulus | Stress | 1st Re- | 2nd Re-
. avg u 6 ‘o - E Y Taxation |laxation
(m/m/sec) |(MPa-sec)| (MPa) (m/m} . |. (MPa) (MPa) {MPa) . (MPa)
Metibord | B-7:6. lg.80x10"H3.70x10% | 27.5 | o0.0126 | 2180 | 47.0 | 22.0 | 36.0
M?f}gfgﬁ A-8-5 16.85x10744.50x1074 24,3 | 0.0122 | 2000 | 46.3 34.0 .

Sl
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adhesive was determined which Qave the best fit to the experimehta]
results. It was found that the value of u determined during the
constant strain rate loading can be used in the goverﬁiné equations
for the relaxation phases.‘ The values of 6 during the relaxation
phase are then deﬁermiﬁéd 1ﬁ orderito give the besi fit. As in the
relaxation results, Section 6.2, this procedure yields the best ap-
proximation to the experimental results for short durations 6f time.
| The experimental and theoretfcal.résu1ts are compared in Figs.
51 through 56. The Qalues of ¢ used in the governing equations during
_the relaxation phases are aetehmined from the experimental results
presented in Figs. 52 and 55. These values are taken to be the
asymtotic vaiue of stress approached-if the relaxation curves are
extrapolated beyond thefr time segment. The asymtotic values of @
are also recorded in Table 8. Since the relaxation times are short
(t < 2 min) an accurate representatioﬁ of the relaxation phases are

represented using the above procedure. It can also be observed that

overall agreement between theory and experiment is achieved.
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Chapter 7
ELEVATED TEMPERATURE BEHAVIOR

The mechanical properties of polymeric materials have a very
strong dependence upon temperature. At least thfee distinct regions
of behavior can be observed for a cross-linked polymer when the
temperature is varied [31]. These are the glassy region, the transi-
tion region, and the rubBery plateau. The region’which is of most
interest in viscoelasticity is the transition zone, as time effects
are especially pronounced’in this region. Time effects are only ob-
served over a long period of time (many decades of time) in the glassy
range, whereas eﬁents occur so rapidly in the rubbery range that they
are difficult to observe in an actual test.

The ﬁegions above can be established by conducting relaxation
tests at various temperatures and then plotting the relaxation modulus
versus temperature for a given time. For such tests, high-modulus
glassy-type behavior will be characteristic of the glassy region, while
low-modulus rubbery-type behavior will be characteristic of the rubbery
regién. Results for Metlbond T113A and 1113-2A are presented in Figs.
57 and 58, respectively. It was found that both adhesives exhibited
definite glassy and rubbery regioﬁs. It can be observed that these
regions encompass the same temperature ranges for both adhesives.

This indicates that the carrier cloth had 1ittle effect as to the

temperature dependence of these regions.

125
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The region where the modulus has the greatest dependence’ upon
temperature (maximum magnitudg of slope), is the transition region.
witﬁin this region a corvesponding temperature, or narrow temperéture
range, is designated as the glass transition tempéfatﬁre Tg. The
é?ass transition temperature js Tocated near the beginning of the
transition zone [32]. The value of Tg s approximately 90° C for both

adhesives.

7.1 Time-Temperature -Superposition
A statement of the time-temperature superposition principle is

given by the equation [31],

Po To -,
E(t",To) = 5% 7~ E(t = agt',T) (7.1.7)

T
where p rébresents the density of the material at temperature T and ag
is the "shift factor." This equatioﬁ indjcates‘that the relaxation
modulus at the_referencé temperature T, and time t' can be obtained
from the relaxation modulus measufed at temperature T and time.t. On
a plot of modu1us_versus logarithmic time, this amounts to a vertical
shift of the magnitude P,To/PT and a horizontﬁ] shift of the magnitude
log ar. Although time-temperature supérposition is applicable to
other viscoelastic response (creepa dynam%c, etc.), it is usua]]j
illustrated with stress relaxation, since most of the early development
was done with stress relaxation [33]:

The relaxation results were reduced by the factor T,/T (the factor

po/p wWas neg]eéfed as is frequently done in the literature [34]) and
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are shown plotted in Figs. 59 and 60- for MetTbond 1113A and 1113-24,
respectively. The reduced curves were shifted laterally fo obtain a
master- curve for a reference temperature of To = Tg g_90°‘C. It can
be observed that this procedure yields a smooth éontinuous curve
which represents the stress re]axaéion at 90° C over thirteen decades
of time. Multiplication by the appropriate value of af fhen estab-
lishes the master curve at any other temperature and can thus be used

to predict requnsé at that temperature over the entire time scale.

7.1.1 WLF Equation

For ﬁany polymeric materials if has' been found that if the
polymer's glass transition temperature is chosen as the reference’
temperature, the shift_factors are given, to a good approximation, by

the Williams-Landel-Ferry (WLF) equation [317,-

(T - T,)

Log ag = C, ¥ (T - Tg) (7.1.2)

where C; = 17.44 and €, = 51.6. Eq. (7.1.2) is only valid from Tq up
to approximately Tgq + 100° C since Eq. (7.1.1) cannot be proven to be
valid for temperatures Tower than Tg [31]. However, most researchers
beTieve the time-temperature superposition priﬁcip1e is valid below
the Tg--exactly how far below no one has ascertained [32]. For this
reason, results for T < 70° C are not shifted in Figs. 59 and 60.

- The values of ay used to superpose the various curves in Figs.
59 and 60 are compared with the WLF'eduation in Figs. 61 and 62,
respectively. Although the NLF.equatibn does not adequately fit the

; ST P IR R " 1.
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experimental results, the shapes bf these curves are similar, indicating
that Cy in the WLF equation should not be taken as ¢y = 17.44. If the
constant €7 is adjusted for each adhesive {as given in Figs. 61 and

62), the curve for the WLF equation is brought into réasonab1y close
agreement to the experimental results. For t < 70° C and t > 120° C

the experimental shift factors begin to diverge considerably from the
WLF equation, indicating that the WLF equation is invalid outside of
these teﬁperatures._ It should be pointed out, however, that it is
possibie fof a shift factor to exist even though thé WLF eguation is

not satisfied [32].



Chapter 8
CONCLUSIONS

The present investigation has been éongernéd with the stress-
stréin, strain rate, creep, relaxation, yield and failure properties
of two struétura] adhesives used in cdmposite appTiEations. ‘Loading-
unloéding and eTevated temperature behavior have also been studied.

In summary of the achievements of this study, the following con-
clusions can be made. X

(1) Bulk form testing is a viable méansnof obtaining mechanical
properties of structural adhesives.

(2) Metlbond 1113 and i?l3-2‘adhesi§es exhibit both rate and
time depeﬁdent behavior. It was observed that the elastic
1imit stress and strain, and maximum stress are rate depen-”
dént; this behavior is accurately predicted using an
equation proposed by Ludwik for yielding. The viscosity
coefficient, u, is also rate dependent. This phenomenon is
1ndicatéd by the analogous constitutive form of the modified
Bingham model derived from incremental theory, Eqs. -(2.3.5).

(3) A stress-whitening phenomenon which -is observed in the
adhesives at high stress levels i§ attributed to crazing.
The material in the crazed area is Tess dense than the
virgin materia].‘ The properties of the adhesives are dif-
ferent after stress—whiteniné with a resulting increase in

plastic flow and decrease in Poisson's ratio.

135



(4)

(5)

(6)

(7)
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Higher:strength is‘observed in Met]gond 1113 as compared to
Metlbond 1113-2 due to the presence of the carrier cloth.
This carrier cloth a1so tends to stab111ze Met1bond 1113

as failure strains during the rate tests are less random
and Poisson's ratios above the sfress~whitening level are
relatively constant.-

It is shown that constitutive equations postulated by early
investigators based on expefimenta1 results can be derivéd
from existing theories and mechanical models.

The proposed bilinear forms of the Ramberg-Osgood mode]

. (5.3. 5) and (5.3. 9) .accurately predict the rate
behavior of the adhe51ves. These models indicate that the
material coefficients are different béfore and after stress-
whitening due tb changes in'fhg ﬁateria]‘proﬁertiesz The
bi?fnear forms predict an accurate representation of fhe
siope of the stresé-strain'curVes which is essential when
incremental formulations are used in advanced analyses.

The quifiéd Bingham model, Egs. (5.4.1), accurate]& pre-
dicts the rate behavior of the adhesives. This model gives
én accurate representation of the slope without having to
change matefia? coefficients before and after the stress-
whitening point. .This model also has the advantage of pre-
dicting perfectly plastic flow once the maximum stress is
reached; such_beha&ibr is exhibited by the experimental

results. It is felt, therefore, that of‘a1] models
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investigated, the modi fied Bingham model is the preferred
one for répresehting the rate behav{or of the adhesives.

(8) The nonlinear form of the modified Bingham model, Egs.
(5.4.3), indicates that the coefficients of the Tinear model

" may varyﬂdue to the change in material properties before and
affer the stress-whitening point. %he.non1inearities pre;
sent, howevef, are small and thus the variations in the
coefficients would also be small. ‘

(9) A creep to failure phendmendn is observed that can be pre-
dicted using a technigue proposed by Crochet coupled with
the modified Bingham model.

(10) The proposed form of the‘Toading-unloading equations for the

' modified Bingham model, Egs. (3.3.3), pkedfcts the loading-
‘un]oading-behavfor of the adhesives reasonably well.

(11) Initial results éf %e]axation fests at elevated temperatures
indicate that-the édhesives follow the time-temperature |
_superposition principle.
(12) This study should give insight into rate and time dependent
behavior of other adhesives and polymeric matrix materials

- used in advanced composites as they'are frequently similar
in compositioﬁ to the adhesivés investigated herein.

Future work may.be fo compare thé bulk properties of structural

adhesives to those in the bonded state. An initial step would be to
compare properties for single lap shear specimens to those for bulk

shear specimens. Future endeavors in the area of loading-unloading
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behavior should be very-wofthwhi]e. The effect of temperature on the
rate properties should also prove to be an interesting area of future’
research. Results from these tests could be correlated to those from

the relaxation tests conducted at elevated temperatures herein.
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