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ANALYSIS AND DESIGN OF ADVANCED COMPOSITE BONDED JOINTS

By L. J. Hart-Smith

Douglas Aircraft Company, McDonnell Douglas Corporation )
SUMMARY

Advances in the design of adhesive bonded joints are presented in this
report, with particular reference to advanced composite structures. The solu-
tions are largely closed-form analytical results, employing iterative solutions
on a digital computer for the more complicated joint configurations. The joints
‘analyzed are of double-lap, single-lap, scarf and stepped-lap configurations.
Tensile, compressive, and in-plane shear load conditions are covered. In addi-
tion to the usual geometric variables, the following joint parameters are
accounted for: adhesive plasticity (using an e1a$tic—p1astic shear stress
model), adherend stiffness imbalance and adherend thermal mismatch. Of these,
the adhesive plasticity increases the joint failure strength dramatically above
the predictions of purely elastic analyses because the maximum lap-joint
strengths are shown to be defined by the adhesive strain energy in shear. Any
dissimilarity between adherends effects a joint strength reduction.

In assessing the joint efficiency, three potential failure modes are
considered. First, for a well-designed joint, the laminate (adherend) will fail
outside the joint. This failure mode is particularly prevalent for single-lap
joints but they should not be considered well-designed because of the eccen-
tricity in the load path. Second, the ultimate shear strain of the adhesive
may be exceeded, resulting in bond failure. This is the usual test case.
Third, the peel stresses induced at the end(s) of the joint may exceed the
interlaminar tension strength of the laminate, causing a splitting failure of
the adherend. (In the case of metal adherends, the corresponding failure is
by peeling the adherends‘apart.) This third mode applies particularly to thick
section lap joints and occurs for both single-lap and double-lap joints, at
loads far below the potential bond shear strength. A simple modification is
suggested which virtually eliminates the peel-stress problem.
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The analyses on which this report is based are documented in four sepa-
rate technical reports, so mathematical derivations are excluded from this
report. The digital computer programs used in preparing the solutions are to
be found in the same references which are in the text. Practical considera-
tions of design, analysis, and fabrication are also discussed.

INTRODUCTION

In realizing the full potential of the advanced composites (boron and
graphite) in Tightweight aircraft structures, it is particularly important to
ensure that the joints, either bonded or bolted, do not impose a reduced effi-
ciency on the structure. This problem is far more severe than with convent1ona1
metals, such as aluminum, titanium, and steel, because the h1gh spec1f1c-
strengfh filaments are relatively brittle. They have very little capacity to
redistribute Toads and practically none of the forgiveness of a yie]ding metal
to mask a multitude of design approximations. This is the reason why qreét'
efforts are devoted to understand1ng Jo1nts in compos1te materials and to pro-
v1d1ng reliable des1gn techniques. While much has been accomplished, much
remains to be done, part1cu1ar1y for the th1cker sect1ons and for multiple
fastener patterns

The purpose of this report is to provide analytical techniques for bonded
joints, which are both simple enough fbr'design purposes and yet include suffi-
cient parameters to provide good correlation between test and theory' The
concept employed is that of e]ast1c plastic adhesive analyses deve]oped at the
Douglas Aircraft Company and greatly expanded in application through th1s NASA
Langley Research Center contract. Special emphasis is placed upon non-
dimensionalized solutions in terms of the governing parameters to illustrate the
overall joint behavioral phenomena in terms of three characteristic failure
modes. The failure modes are isolated into laminate-induced failures, adhesive
shear failures and adhesive peel induced failures because it is good design'
practice for reliability to aim for a potential adhesive strength significantly
in excess of that of the adherends being joined.
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Stresses and strains induced in a bond under load arise from the differ-
ential movement of the adherends bonded together. Were the adhesive shear
stress an inherent constant property, 1ike the surface tension of a soap-bubble
membrane, design would be straightforward. It is not, so the three basic -
sources of non-uniform adhesive shear strain must be accounted for. These are
discussed below with reference to double-lap joints, but exactly the same phe-
nomena occur in single-lap, stepped-lap, and scarf joints (albeit governed by
differential equations of different type).

First, there is the strain concentration due to adherend extensibility,
depicted in Figure 1 for identical adherends. It is apparent that stiffer
adherends promote more efficient bonds. However, stiffer adherends are usually
associated with greater adherend strengths (and hence bond loads) and while the
load essentially increases proportionally with the adherend thickness, the bond
capacity increases less rapidly, being proportional to the square root of the
adherend thickness. It is inevitable that, all other variables remaining con-
stant, efficient double-lap joints are restricted with respect to adherend
thickness. This is the reason why scarf joints or stepped-lap joints are em-
ployed for thicker sections.

Second, and this cannot be avoided for scarf joints either, there is the
influence of adherend stiffness imbalance, shown in Figure 2. The adhesive
shear strains are intensified at the end from which the softer (less stiff)
adherend extends. This same end is critical whether the shear load be tensile
or compressive. In comparison with a stiffness-balanced joint, this imbalance
reduces the joint strength by unloading the less critical end. In a balanced
joint there is an equally effective area of adhesive at each end of the joint.

Third, there is the case of adherend thermal mismatch, which is acute for
the aluminum-to-graphite epoxy combination and still significant for titanium-
to-boron epoxy. The problem arises because high-strength adhesives are custom-
arily cured at temperatures‘far above their operating temperature. The
mechanics of this imbalance are portrayed in Figure 3, with the metal (higher
coefficient of thermal expansion) sandwiched in the middle. The metal tends to
shrink as temperature is decreased from the cure value and is partially resisted
by the composite (lower thermal coefficient of expansion) outer adherends,
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thereby setting up residual bond stresses. The important characteristic of the
so-called thermal stress imbalance is that the critical end of the joint changes
with the direction of application of the load. With all other variables con-
stant, this problem becomes progressively more severe with increasingly, thick
adherends, to the extent that some joints are observed to break apart while
cooling down in the autoclave after curing of the adhesive, without the appli-
cation of any external load.

It is appropriate to explain here also how for uniform lap joints the
load is actually transferred through two end zones (or only one in the case of
severely unbalanced joints) with a lightly-loaded elastic trough in-between, as
shown in Figure 4. The extent of these end zones is defined largely by the
adhesive plasticity. Increasing the total overlap of uniform thickness adher-
ends, for all but very short overlaps, merely moves the effective end zones
further apart without changing the load transferred or the maximum adhesive
stresées and strains developed. Scarf and stepped-lap joints differ somewhat
from uniform lap joints inasmuch as that, while they also contain limited
plastic zones of adhesive, the load transferred by thevelasfic zone increases
indefinitely with longer overlaps. The dominant characteristic of scarf joints
is that, regardless of all other factors, the ratio of the average bond shear
stress to the peak bond shear stress equals the lower ratio of the adherend
extensional stiffnesses. This is why such joints retain their effectiveness
for thicker sections than can be joined efficiently by uniform 1ap joints.

The remaining dominant characteristic of adhesive-bonded joints is the
peel stresses developed in association with the shear stresses. Like the shear
stresses, these peak at the ends of the joint. While this phenomenon has long
been known for single-lap joints, it is onTy recently that its impact on in-
ducing Taminate failures in thick double-lap joints was recognized. The Tow
interlaminar tension strength of composite laminates limits the thickness of
the adherends which can be bonded together efficiently by lap joints. The
inner laminate splits apart locally due to peel stresses, thereby destroying
the shear transfer capacity between the inner and outer plies. This overloads
the outer filaments, which break in tension, and the failure progresses as por-
trayed in Figure 5. The effect of this failure mode is to restrict the thick-
ness of composites which can be bonded efficiently using standard double-lap

4
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and single-lap joints. Techniques to alleviate this problem are discussed in
the text and revolve around tapering the end of the outer adherend to minimize
the peel stresses developed. A significant improvement in the shear strength
can be associated with this simple modification.

4

The understanding of these basic phenomena permits the development of a
rational basis for the design of bonded joints.

The basis of the present analyses of adhesive-bonded joints is the ideal -
jzed elastic-plastic stress-strain characteristic of the adhesive film in shear,
as shown in Figure 6. There are several reasons behind the choice, some of
which are discussed in greater detail in Reference 1. This reference also dis-
cusses some history of nonlinear adhesive-representations and explains the need
for accounting for such nonlinearities to reconcile theory and experiment. The
available ductile structural adhesives are effectively limited to below 250° F
operating environments and the loss in strength at low temperature is the price
that has been paid for retaining high-temperature strength, as shown in Figure
7.

Having recognized the need for representing the adhesive non-linear beha-
vior and accepted the use of the elastic-plastic characterization for the math-
ematical model, there remains the need to define the mathematical model in terms
of the actual characteristic. The process adopted here and the justifications
for each step follow and are illustrated in Figure 6. The ultimate shear
strains are matched because they provide the failure criterion in the analysis.
The plastic shear stress is set at the maximum value developed on either a
torsion-ring or thick-adherend shear specimen. This value governs the behavior
of joints having relatively short overlaps. The elastic strain is then set at
that value for which the strain energy of the idealized characteristic matches
that for the actual curve. The strain energy alone is the necessary and suffi-
cient definition of the influence of the adhesive on the maximum potential bond
shear strength (see References 2 and 3). Any adhesive idealization defined by
two straight Tines having the same strain energy and failure stress and strain
predicts precisely the same maximum joint strength that can be developed be-
tween given uniform adherends.
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The formulation above of the idealized adhesive characteristic correspond-
ing to the actual curve pertains to analysis. Slight modifications are required
for design. The peak allowable shear stress shoulid be multiplied by a factor of
0.8 (based on visual observation of many specimens) to account for the incom-
plete wetting of the adherend by the adhesive. The need for this factor arises
from both the difference between laboratory and production fabrication and the
greater production bond areas on which surface waviness causes proportionally
more voids. There is relatively little experimental scatter of the peak bond
shear stress. More scatter is recorded for the failure strain. An average
value should be adopted, just as for the peak shear stress. In converting the
experimental failure strain to an effective allowable, two approaches are avail-
able. In the first, a certain fraction of the ultimate strain could be used.
The second, which is recommended here, is that for the allowable ultimate adhe-
sive shear strain the potential bond strength should exceed the adherend strengtl
by at least 50 percent. Therefore, when the more critical adherend has attained
ultimate Toad, the adhesive will not have developed its ultimate shear strain.
The need for such a reserve factor arises principally from the environmental
degradation suffered by bonded joints during service. Building in excess
strength initially promotes longer effective lives for bonded structures without
significant weight penalties. A reserve of 25 percent is recommended for fail-
ures governed by interlaminar tension in laminates because they do not deterior-
ate as fast as the adhesive-to-adherend interfaces. It is obviously not always
possible to achieve these margins without redesign of initial joint concept
geometries, particularly for thicker laminates. However, the additional effort
is justified by the increase in overall structural efficiency achieved by having
failures confined to outside the joints.

The closed-form analytical studies reported in References 2 to 5 show that
the adnesive shear strain occurs as a product with the adhesive film thickness.
It is differential adherend displacement, across the bond-line, which determines
the joint strength rather than the adhesive film thickness and maximum shear
strain separately. This makes it unnecessary to measure precisely the bond-line
thicknesses. This does not suggest that the thickness is unimportant; it ob-
viously influences the properties of the adhesive layer. Generally, adhesive
layers have proved optimum at about 0.1 to 0.15 mm (0.004 to 0.006 inches) thick.

6



TECHNIGCAL LIBRARY

ABBOTTAEROSPACE.COM

Starved glue lines (less than 0.05 mm thick) represent obvious weaknesses, while
excessively thick layers are usually found to be inferior because of excessive
voids.

Typical room-temperature properties of adhesives are summarized in Table
1. These values vary somewhat for different operating temperatures, as shown
in Figure 8, but little data has yet been published for other than room temper-
atures. Only recently has the need for complete stress-strain curves as a
basis for design been recognized. However, one observation is warranted with
regard to the use of adhesives on commercial transport aircraft. As the tem-
perature is reduced towards the Tower Timit of 218 K (-67°F), the adhesive
becomes both less ductile and stronger while, at the upper limit of 344-355 K
(160-180°F), the adhesive is weaker but more ductile. The effective changes
in strain energy appear to be small throughout this operating range, so joint
strength variation with temperature is not expected to be a major problem.

The discussion above on adhesive characterization for design and analysis
has been confined to ultimate static strength. The equally important problem
of fatigue performance of bonded joints is associated with partial Toad levels.
Fatigue, rather than static strength, governs much of the design of mechanical-
1y fastened metal aircraft structures. A related factor is the decrease in
residual structural strength with age and environmental exposure. Adhesive
bonds are known to deteriorate in service, just as mechanically fastened metal
structures do. Therefore, the design process accounts for this variation in
structural behavior during service life of the aircraft. Consequently, it
appears likely that the entire static shear strain capacities of ductile ad-
hesives cannot be fully utilized for commercial transport aircraft. This has
led to a supposition that brittle adhesives may be more suitable for aircraft
use than are ductile adhesives. However, the fatigue performance of ductile
and brittle adhesives should not be judged on the basis of the ratio of static
and fatigue run-out strengths; the appropriate measure for each adhesive is
cycles to failure under the same loads applied to joints having identical ad-
herends. On this basis, experimental evidence (Reference 6) demonstrates the
superiority of ductile adhesives over the brittle adhesives in fatigue. Fig-
ure 9 shows a comparison of representative ductile and brittle adhesives in
terms of their real shear properties, obtained from torsion ring tests, rather
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than the ambiguous strength measurements obtained on standard one-half inch
single-lap test coupons. Since maximum bond strength is proportional to the
square root of the area under the curves, it is seen that ductile adhesives
possess several times the load transmission capability of brittle adhesijves.
Thus a fatigue designed ductile bond would possess a much higher static margin
of safety than would a fatique designed brittle bond. This added margin has
proven to be invaluable for the redistribution of load around local stress
concentrations.

Another aspect of adhesive characterization is the stress-strain behavior
in peel, which is influenced greatly by the in-plane restraint of the adjacent
stiff adherends. The need for such information has not been recognized for
Tong enough for a significant bank of pertinent data to be established. Just
as the shear properties of adhesives films vary somewnat with thickness and
differ markedly from the bulk properties, so do the peel properties. The anal-
yses for peel stresses are consequently formulated in terms of an effective
linear elastic transverse modulus of the adhesive layer, and it is recognized
that more experimental work remains to be done in this field.

The reason for restricting the peel stresses to their elastic limits is
that, for composite adherends, the peel-stress induced failure occurs within
the laminate as soon as the peel stress exceeds the interlaminar tension
strength of the laminate. Since this latter strength is far less than the peel
strength of typical structural adhesives, there is no need to complicate the
analysis unnecessarily. This comment does not hold for metal adherends, of
course, with which adhesive peel failures are not uncommon. In any event, if
the elastic peel stress problem with a given design is sufficiently severe to
warrant consideration of an elaborate analysis, it is usually better to incor-
porate peel stress relief in the design because peel stresses are only a prob-
lem if the joint efficiency is low. Techniques for modifying the basic uniform
lap joint to achieve such relief are discussed below. The peel stress analyses
serve also to identify the thicknesses of adherends beyond which more efficient
scarf or stepped-lap joints are needed. The elastic analysis is somewhat con-
servative for metals but accurate for composites. While the peel stress anal-
yses may lack the precision associated with the shear stress analyses they show
that, for uniform lap joints, the peel stresses are more crucial than shear

8
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stresses in determining the adherend thickness at which it is necessary to
employ the more efficient scarf or stepped-lap joints.

CTHERM

=H & O

]

SYMBOLS
extents of plastic stress state in adhesive at ends of bonded joint (m)
half-length of single-lap joint overlap (m)
non-dimensionalized peel stress coefficient

E 't
CPEEL = ( <
En

>3(l—\)2)

non-dimensionalized adherend thermal mismatch coefficient
(Ol.z—al)ATk (Otl—OLz)ATA

, CTHERM(2) =
S A N I S
P|Ejt;  Eoto PiEsty Bty

flexural rigidity of adherends (Nm3)

CTHERM(1)

length of elastic zone in adhesive bond (m)
Young's modulus (longitudinal) for adherend (N/m?)
eccentricity (m)

adhesive peel (transverse tension) modulus (N/m2)

adherend extensional stiffness ratio
ETR(1) = Eq t1/Epst, , ETR(2) = Exta/Eit;

ultimate and yield adherend allowable strengths outside joint (N/m2)

adhesive elastic shear modulus (N/m?)
eccentricity factor for single-lap joints
k = 2MO/Pt

non-dimensiona]ized bending stiffness parameter for filamentary
composite adherends

L D/[Et3/12(1 - v2)]

overlap (length of bond) (m)
bending moment per unit width of adherend (Nm/m)
bending moment in adherend at end of overlap (Nm/m)

applied load on joint per unit width (N/m)



TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

thickness of adherend (m)

T temperature (K)
AT temperature change (TOperating - Tstress—free) (K)

o coefficient of thermal expansion (/K) ’
Y adhesive shear strain

Yo elastic adhesive shear strain

Y maximum total adhesive shear strain

max

Y5 plastic adhesive shear strain

n thickness of adhesive layer (m)

n joint efficiency

n = P/Fut or P/Fyt
A exponent of elastic shear stress distribution in adhesive (m~1)

G{ 1 1
A2 = — +
nlE1ty  Epto |

This serves as a non-dimensionalizing factor for the overlap t.

v Poisson's ratio for adherends

Oy 9y peel stresses in adhesive (N/m?)

., yield stress in adherend (N/m2)

T adhesive shear stress (N/m2)

T average adhesive shear stress (N/m2)
T plastic adhesive shear stress (N/m2)
Subscripts:

a, c adhesive (cement)

i, o inner and outer adherends of double-lap bonded joint

adherends at opposite ends of single-lap joint

n property normal to plane of adherends

10
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DOUBLE-LAP JOINTS

The classical elastic solution for double-lap bonded joints is that of
Volkerson (Reference 7)*. This derivation and the similar one by de Bruyne
(Reference 8)* are purely-elastic analyses and include adherend stiffness im-
balance but not thermal mismatch. The analysis herein used these techniques
as a foundation and also included adhesive plasticity and adherend thermal
mismatch.

The complete mathematical details of the analysis is published in Ref-
erence 2, so only an outline of the technique is presented here. The solution
is performed in terms of the adhesive shear strain rather than stress because
of the non-uniqueness of the shear strain in the plastic zone. Figure 10 de-
picts the geometry, nomenclature, and factors included in the analysis of a
symmetric double-lap joint. The solution proceeds from force-equilibrium for
the differential elements of adherends, and stress-strain relations for the
adherends and for the adhesive, through compatibility equations ensuring con-
tinuity of the bond, to one governing differential equation for the elastic
adhesive zone and another for the plastic zone(s). These are solved and the
boundary conditions satisfied at the elastic-to-plastic transition(s) and at
the joint extremities. The computer program developed for the solution is
listed in Reference 2. The complete non-dimensionalized solution for balanced
double-lap joints is depicted in Figure 11, in which the ordinate defines the
joint strength and the abscissa the joint overlap. Large increases in joint
strengths are predicted when adhesive plasticity is included in the analysis.
The joint load is proportional to the overlap for short (fully-plastic) over-
laps, while no further strength is to be gained by increasing the overlap be-
yond that indicated as the optimum design Tine. The "plateau" strengths are

* Strictly speaking, the presentations are illustrated with single-lap joints,
but the analyses lack the factors accounting for the eccentric load path.
Consequently, they pertain to one half of a double-lap joint and are valid
for such, subject to the limitations defined above.

11
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defined by the simple relation

T AL Y .
av .___> = 1+ 2(._2) ( 1 )
T 2 Y
P e

a

for balanced double-lap joints. In this non-dimensionalized relation, Tav/Tb
is the ratio of average adhesive shear stress to maximum (plastic) shear
stress, AL is a non-dimensionalized joint overlap (so that Toud is proportion-
al to joint strength) and Yp/Ye is the ratio of plastic to elastic adhesive '
shear strain. Figure 12 shows the influence of lap length on the bond shear
stress distribution. The analysis predicts that for balanced adherends each
plastic zone has a characteristic length (2-d)/2 given in non-dimensionalized
form as

AL -4) Y
—_— = 2(—P-> = constant |, (2)
2 Ye

which is independent of the total overlap. The greater the adhesive plasti-
city, the greater is the extent of the plastic end zones. The maximum adhesive
shear stresses and strains are identical for each of the configurations A, B
and C.

Returning to equation (1), in order to explain the significance of the
adhesive strain energy in shear, re-arrangement leads to the explicit expression
for the maximum shear load transferrable as

_ 1
P = 2t 8 = \Ihntp(éyé + yp)hEoto . (3)

In this expression, the quantity Tp(%Ye*'Yp) represents the area under the
stress strain curve per unit volume of adhesive, so the pruduct with n converts
it to the shear strain energy per unit area of bond. Note that no other adhe-
sive properties influence the maximum potential bond shear strength of the joint
The adherend influence, given by the extensional stiffness E_t _, shows how great:
er stiffness increases the potential bond shear strength, but not as fast as the

greater thickness increases the strength of the adherends.

12
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The equations above have been restricted to balanced joints in order to
illustrate the effects of adhesive plasticity on the predicted joint strengths.
When the effects of dissimilar adherends are included in the analysis, the pre-
dictions have the same form but the "plateau" strengths are reduced. Consider-
ing first the strength reduction due to stiffness imbalance alone, Figure 13
provides a correction factor to be applied to the “plateau" strength predictionst
for a balanced joint. In Figure 13 the outer adherends are the common reference
between the balanced and unbalanced sets of adherends. Figure 14 shows how
adherend thermal mismatch (dissimilar coefficients of thermal expansion o and
ui) reduces the maximum joint strength in the absence of any stiffness imbal-
ance. Figure 15 explains how adherend thermal mismatch imposes proportionally
greater strength reductions on brittle adhesives than on ductile ones. The
reference temperature is strictly the stress-free temperature of the bond.

Tests have shown that, for long hybrid composite strips, the stress-free tem-
perature is the cure-initiation temperature of the adhesive which is usually
slightly below the normal cure temperature. That is, for 394 K (250°F) curing
adhesives, the stress-free temperature is about 380 K (225°F) even if the adhe-
sive is heated to 450 K (350°F) during the cure (see Reference 9). Tests (Ref-
erence 9 and elsewhere) have demonstrated that, if the overlap is so long as to
be beyond the capacity of the adhesive to relieve the thermal stress by creep,'
no significant thermal stress alleviation can be anticipated.

In the general case of unbalanced adherends in a double-Tap joint, the
theory predicts that the more critical end of the joiht may not be identifiable
by inspection and that the maximum possible bond shear strength for a given set
of adherends is specified by the lesser of the following pair of equations.

= = - + t.[1+ (E,t, / 2E t
P ot 1 (o, = @ )T, + N2kt nly_ + v )2E 0,11 + (B, / 2Bt )] (4)
= = - + Et [1+ (2E t E.t.)](5
P = 2t_¢ (a0, - o )AT2E & + \[2k'fpn(ve Y HE 11+ (26 / Byt )
where
= - 6
AT Topera‘ting Tstress—free ( )
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and

k = (%wé typ) /v ) (7)
is determined from the adhesive stress-strain characteristic. The product

n(Ye + Yp) is equal to the maximum bond-line shear displacement. The lower
positive value of joint strength P is adopted and, if either estimate of P is
negative, it means that the joint will break apart (without external load) ‘
because of excessive internal thermal stress. The necessary minimum overlap to
realize the full shear strength of a bond is

P 2
% ractical desi = *
practical design or N 7 5
P | +
E E.t
nYe oto i i

Equations (4) and (5) are formulated for tensile lap-shear loading. Application

(8)

of compressive shear loads instead may change the critical end of the joint, as
explained above. In this case, the theory requires re-evaluation of equations
(4) and (5) after changing the sign of the temperature differential AT.
(Actually all other quantities in the analysis change sign, while this does not.)
Thus, in the presence of adherend thermal mismatch, a double-Tlap adhesive-bonded
joint may exhibit markedly different strengths for tensile and compressive shear
loadings. For in-plane (edgewise) shear loading (see Figure 16), the same for-
mulas apply, with changes to some of the parameters. The adherend extensional
stiffnesses Et are replaced by their shear stiffnesses Gt and the thermal mis-
match effects are just ignored because they develop adhesive shear strains per-
pendicular to those developed by the shear load. For severe thermal mismatch,
however, thermally-induced adhesive shear strains developed at the sides of the
joint are aligned with those caused by the in-plane shear load and the joint
strength is restricted‘by critical local conditions at one or more corners of
the bond area. This complex problem remains to be solved. |

For certain combinations of dissimilar adherends both the stiffness and
~ thermal imbalances will reinforce each other, often to the extent that only one
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plastic zone will be developed in the adhesive. For other combinations the
imbalances will nullify each other, resulting in a stronger joint (for one
~direction of loading) than for each imbalance alone. Unfortunately this is
inevitably associated with a markedly reduced strength for loading in the
opposite direction. Figure 17 illustrates some of these phenomena for unbal-
anced joints. Equations (4) through (8) apply for all of these situations and
even encompass the purely-elastic case with no plastic zones at all.

Figure 18 presents a comparison of the theoretical predictions of this
elastic-plastic theory with published test results (Reference 10) of small
scale double-lap composite joints. The theoretical predictions are shown to
1ie within the experimental scatter.

A well-designed bonded joint, by definition, is one that exhibits failures
outside the joint area. This makes it necessary to compare the potential bond
strengths predicted by equation (4) or (5) with the adherend strength. Figure
19 illustrates the theoretical maximum bond strengths and minimum overlap re-
quirements for aluminum double-lap joints bonded with a ductile adhesive cured
at 394 K (250°F). Peel stress effects are not included. It is seen in Figure
19 that the bond to adherend strength ratio is much greater than unity for thin
adherends and much less than unity for thicker adherends. The kink in Figure 19
is associated with a change in mode of failure from failure of the adherend out-
side the joint to failure of the adhesive in shear. This transition occurs at
an inner adherend thickness of 6mm (0.25 inch) for the materials shown. The
design overlap for thin joints which do not fail within the overlap region is
given by the simple formula

adherend strength 2
g = , + — + tolerance (9)
2 x peak bond shear stress A

Figure 19 includes only the effective plastic zones (the first term).

The Timited shear transfer capability of bonded joints between adherends
in excess of some thickness (dependent upon the materials and geometry) is well
recognized. However, for still thicker adherends, the failure is initiated by
peel forces rather than shear forces in the adhesive. A solution (Referenée 2),
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based on assumed elastic peel characteristics of the adhesive is shown in Figure
20 in non-dimensionalized form. The explicit solution for the peel stress as a .
function of the peak bond stress is

E "\ E '(1 - v2)t \&
O=t<c)h=<3c( V)O>h (10)
O
T En
P

LDn

In equation (10), the ratio GP/TP relates the peak peel stress to the peak shear
stress (both at the end of the overlap), while Ec' is the effective transverse
(peel) modulus of the constrained adhesive layer, to/n is the ratio of the outer
adherend. and adhesive layer thicknesses, and E is the Young's modulus for the
outer adherend.

It is shown in Figure 20 that, beyond a certain thickness of adherend, the
peel stresses developed in the bond exceed the peak shear stresses. Figure 20
shows also that, for sufficiently thin adherends, peel stresses are not a prob-
lem as long as the peel strength (and interlaminar tensile strength) is approx-
imately equal to the shear strength. These predictions are in accord with the
experimental evidence. It is apparent from Figure 20 that failures of double-
lap joints of thick adherends cannot be explained by a shear stress distribution
or by in-plane laminate stresses alone. Techniques to reduce the peak peel
stress at the ends of the joint are illustrated in Figure 21. These are dis-
cussed further in the section on practical joints.

The concept of variable-stiffness (or mixed-modulus) adhesive bonded
joints also has merit for peel-stress relief. A sianificant effort has been de-
voted to this concept (see Figure 22) to increase the shear strength of bonded
joints. The aim has been to increase the total load transferred by using a
stiff (high-modulus) adhesive in the middle of the joint where the adherend
relative displacements are very small and a soft (low modulus) adhesive at the
ends where such displacements are greater. On the basis of a purely-elastic
assessment, such a scheme has considerable merit. The weakness in this assess-
ment has been the neglect of adhesive plasticity, as shown in Figure 22. While
the mixed-modulus adhesive concept has no practical merit in comparison with a
ductile adhesive alone, it does offer advantages ovér a brittle adhesiye alone.
In high-temperature environments which preclude the efficient use of ductile
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adhesives, a brittle adhesive (which retains its strength at high temperatures)
may effectively transfer all the shear load while the weaker ductile adhesive
protects the ends of the overlap, enabling the brittle adhesive to develop a
higher average stress prior to failure.

2

As explained in the sections above, the efficiency of thick double-lap
joints will inevitably be less than unity. That is, the joint will be weaker
than the adherends. The pertinent phenomena are illustrated in Figure 23 for
the high-strength graphite-epoxy and Figure 24 for aluminum. The material prop-
erties on which they are based are given in Table 2. These figures include a
comparison of the relative efficiencies of ductile and brittle adhesives at room
temperature. Diagrams such as these, prepared from the non-dimensionalized
shear-stress and peel-stress analyses, identify the adherend thicknesses above
which peel-stress relief is necessary as well as those for which a change to the
more efficient scarf or step-lap joints is necessitated due to limited shear
capacity. The charts present the "plateau" shear strengths and assume that
adequate overlap is provided. These representative charts are presented for
balanced joints, but the same technique can be applied for joints with dissimi-
lar adherends also.

SINGLE-LAP JOINTS

Unlike the straightforward double-lap joint analyses, the solution of
single-lap joint problems is complicated by the eccentricity in the load path.
The first to account for this factor were Goland and Reissner (Reference 11) in
1944, in a purely-elastic analysis. The elastic-plastic analysis summarized
herein is presented in detail in Reference 3 where differences between solutions
are discussed. The co-ordinate system used in the elastic-plastic solution of
Reference 3 is shown in Figure 25 along with characteristic bond stress distri-
butions and identification of the factors included in the analysis. The solu-
tions derived indicate that the eccentric load path imposes a severe reduction
in joint efficiency.

The maximum stresses within and outside the unsupported single-lap joint
are influenced greatly by the value of the bending moment M0 induced, just out-
side the overlap, by the eccentricity in the load path. The theory (Reference
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3) predicts that this moment Mn is related to the applied load P by the
equation

O\

M_ =Pt / %2[1 + (&) +

(£e)?] < (1)
where £2 = P/D (D being the adherend bending stiffness), and ¢ is half the over-
lap and t the thickness. - The moment, along with its associated stress concen-
trations, is seen to be diminished by increasing the overlap. This feature is
the dominant characteristic of the single-lap joint analysis. Similar implicit
solutions were obtained for stiffness unbalanced joints.

Since the adherend just outside a single-lap joint is loaded both by the
direct load P and the induced moment Mo’ the average adherend stress can be much
less than the maximum developed (adjacent to the band line). The solution for
balanced single-lap joints (Reference 3) is shown in Figure 26. Examinatioh of
Figure 26 shows that it is nearly impossible to design a single-Tap joint strong
enough to fail the weakest of adhesives in shear except by using an artificially
short overlap. The failures actually observed for single-lap joints are shown
in Figure 27. Figure 28 shows how adherend stiffness imbalance further reduces
the Tow efficiencies of unsupported single-lap joints. The line t;/ty = 1
represents the computations of Figure 26. The thinner adherend 1 is more sev-
erely loaded than is the thicker adherend 4.

Because the moment induced at the end of the overlap has such a dominant
influence on joint efficiency, the behavior of single-lap joints differs marked-
1y from that for double-lap joints. These moments are reduced towards zero as
the overlap is increased, so increasing the overlap can significantly increase
the joint strength.

Notwithstanding the dominant influence of the adherend rather than the
adhesive on the strength of single-lap joints, and the inherently Tow joint
efficiency, it is appropriate to analyze also for the shear stresses and peel
stresses in the bond. The analysis for the elastic-plastic shear stress distri-
bution (Reference 3) has been restricted to balanced joints here because of
coupling between peel and shear stresses for unbalanced joints. Figure 29 shows
the influence of adhesive plasticity on joint strengths for a representative
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value of the eccentricity parameter. (The eccentricity in the load path re-
sults in the need to specify one more parameter than is necessary for double-
lap joint solutions.) Figure 29 may be compared with Figure 11 for double-lap
joints. Figure 30 shows the influence of the joint eccentricity on the poten-
tial bond shear strength for a specific degree of adhesive plasticity, showing
how lesser eccentricities (thinner adherends) are associated with higher joint
strengths. Just as with the influence of the adherend properties on single-lap
joint strengths, the “"plateau" strengths are not attained by overlaps of prac-
tical length and increasing the overlap increases the efficiency of the joint.

Figure 31 compares predictions for aluminum and steel adherends, all 1.5mm
(0.060 inch) thick, for a common ductile adhesive. The greater Young's modulus
of the steel increases the potential bond shear strength for a common overlap.
Thus for this reason, as well as the greater adherend load necessary to cause
yielding of the stronger stiffer metals, adhesives have been thought to be
"stronger" when bonding steel or titanium than for aluminum. Experimental re-
sults of Reference 12 are compared with elastic-plastic single-lap joint theory
in Figure 32. While the adhesive was found to be broken cohesively in every
case (due largely to secondary failure after adherend yielding) every single
failure not governed by the short overlap (fully plastic) criteria is bounded
between the appropriate adherend yield and ultimate strength characteristics.
In other words, all "long-overlap" failures were induced by the adherend and
not the adhesive. Any influence of adhesive ductility is necessarily confined
to establishing whether the failure occurs near the yield line (for brittle
adhesives) or near the ultimate strength line (very ductile adhesives). The
experimental results of Reference 12 given in Figure 33 show how a thicker ad-
herend of the same material appears to "strengthen" an adhesive. With but one
exception, data on composites (Reference 10) shown in Figure 34 appears to be
explained by primary failure in the adherends arising from the combination of
uniform and bending Toads.

Due to the above effects analysts are cautioned against trying to inter-
pret single-lap test data in the light of adnesive instead of adherend phenomena.

While the inclusion of adhesive plasticity in shear has increased the pre-
dicted bond strengths above the laminate strengths for thin and moderately thick
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adherends, the low interlaminar tension strength of composite Taminates renders
peel stresses a problem for single-lap joints of thick adherends.

Based on the simplifying assumption that the adhesive shear stress is
uniform, the present theory (Reference 3) predicts that the maximum pee] stress
is related to the average adherend tensile stress outside the joint by the

relation
5 k (3E_'t1\% ﬂ-
P - Ze Ty (12)
g Y2\ En _
avg
where
k = 24 /Pt (13)

is the moment coefficient deduced from the adherend analysis (Reference 3) of
the eccentric loadpath. The same peel stress coefficient (quantity in paren-
theses) appears in both equations (10) for double-lap, and (12) for single-Tlap
joints, but to different powers. The theory predicts a more powerful peel
stress effect for single-lap joints. Figure 35 shows the equation (12) solution
in which the coefficient k 1s determined as a function of the non-dimensionalized
joint overlap by equation (11). High peel stiffnesses and short overlaps result
in critical peel stress conditions. Increasing the overlap alleviates the prob-
lem because of the reduction in bending moment M, . An expression similar in
form to equation (12) has been programmed for unbalanced joints, which requires
an iterative solution. Typical computations, illustrated in Figure 36, show how
stiffness imbalance between the adherends of a single-lap joint aggravates the
peel stress problem.

A representative combination of the separate analyses in Reference 3 for
adherend bending strength, adhesive shear strength and interlaminar tension
(peel) is illustrated in Figure 37. The joint strength is shown as a function
of adherend thickness for a family of 2/t ratios. The laminate strength is in-
cluded for reference. Figure 37 shows how the three failure modes interact for
graphite-epoxy laminates bonded together with a brittle adhesive. Adherend
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failures are confined to the lower left corner, while adhesive shear failures
are predicted for the upper right corner and interlaminer tension failures for
the lower right corner. The computer program used in preparing Figure 37 is
listed in Reference 3.

The foregoing results (and Reference 3) indicate that uniform single-lap
joints have inherently low efficiency because the joint can never be as strong
as the basic adherend (except for purely in-plane shear loading). They should
not be used tor primary structural joints unless attached to a moment-resistant
support to nullify the effects of the eccentricity in the Toad path.

SCARF JOINTS

A simple design procedure for scarf joints which has been previously
employed is to determine the adherend load and compute the minimum overlap
necessary by dividing the load per unit width by the "uniform" shear stress
allowable. This method is seriously inadequate, if the adherends are dissimi-
lar (References 13 and 14), due to the actual gross variation of shear stress
which exists over the joint length. There are also Tocal stress concentrations
in the bond near the ends of the overlap but these are so small that they are
insignificant for any real adhesive.

A power series solution for scarf joints was derived in Reference 4, which
employs a recurrence formula for high order terms, with the first two terms in
the series being determined by boundary conditions. This solution is computed
directly by a digital computer program and several hundred joints can be solved
in a minute of computing time. Figure 38 identifies the notation and geometry
used for the scarf joint analyses. Precisely the same non-dimensionalized param-
eters are found to govern the scarf joint as were determined earlier for double-
lap and single-lap joints. Figures 39 and 40 illustrate the effect of adherend
stiffness and thermal imbalances, respectively, for a purely-elastic analysis.
It is seen in Figure 39 that the ratio of average shear stress to peak shear
stress asymptotes towards the ratio of adherend stiffnesses for very long over-
laps. Although not shown in the figure, the same result is obtained regardless
of any thermal mismatch present. Figure 40 shows that thermal mismatch between
adherends has reduced effects on either very long or very short overlaps but
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has significant effects for intermediate values. Figure 41 illustrates the
interaction of adherend stiffness and thermal imbalances, as well as the

effect of load reversal on the joint strength. Curve F of Figure 41 shows

how, for severe thermal mismatches between adherends, the joint strength is
zero beyond a certain overlap just as predicted by a purely-plastic analysis.
What is somewhat more surprising is that, beyond a further overlap, the joint
strength starts increasing again. This latter behavior was not predicted by
the fully-plastic analysis (Reference 13) and derives from the fact that the -
elastic adhesive carries a proportionally greater fraction of the load in a
scarf joint than it does in lap joints. Like double-lap joints, the a priori
identification of the more critical end is not always possible when both thermal
and stiffness imbalances occur, so a check must be made at each end to identify
which is more critical. For stiffness imbalance alone, the end from which the
softer adherend extends is always more critical than the other. Figure 41 shows
how, unlike uniform lap joints, the shear strength of scarf joints can increase
indefinitely with overlap, so an adequate strength in excess of the adherend
strength can always be found even for thick sections.

In addition to the perfectly elastic solutions, Reference 4 contains de-
tails of an elastic-plastic analysis using the model discussed above and the
corresponding computer program which was developed. Figure 42 illustrates the
effect of adhesive plasticity on the strength reductions arising from adherend
stiffness imbalance. Figure 43 shows the influence of adherend thermal mis-
match on the shear strength of scarf joints in the absence of stiffness imbal-
ance. While scarf joints do suffer strength losses due to thermal mismatch,
these losses are far less severe than for a lap joint between the same adherends.
Likewise, peel stresses are critical for thick-adherend lap joints, but are
negligible for practical scarf joints. Indeed, the present analysis ignores
peel stresses for practical joints because of the necessarily small scarf angle.
The analytically predicted interaction of adherend imbalances is still of much
the same form as shown in Figure 41, even when adhesive plasticity is included,
but the effects are less pronounced.

Because the scarf joint analysis is governed by a differential equation
having variable coefficients instead of the linear ones for lap joints, the
influence of overlap on the potential shear strength of the bonds is different.
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Beyond the overlaps of practical interest, the average stress in the scarf
joint bond asymptotes toward a fixed value determined by any adherend stiffness
jmbalance alone and independent of the amount of adhesive plasticity. This
differs from both the double-lap and single-Tap joint behaviors, which is not
surprising in view of the distinct geometries. In view of this there appea;s
to be no clear cut merits in favor of designing in terms of either average
stress or joint strength.

Experimental results providing a comparison with the predictions of this
elastic-plastic theory of scarf joints are to be found in Reference 15. Unfor-
tunately, there are indications of shortcomings with some of the test specimens.

The scarf joint is mathematically the most difficult to solve analytically
of all the standard joints. The governing differential equations do not possess
standard closed-form integrals. However the elastic-plastic analysis of the
scarf joint has led to an explicit lower-bound solution which proved to be with-
in a few percent of the precise series solution for nearly all practical mater-
ial and geometric combinations of interest for design. This approximate solu-
tion is unduly conservative only for negligible adhesive plasticity (yp/ye <
0.5), severe adherend stiffness imbalance (ETR< 0.2) or severe adherend thermal
mismatch (|cTHERM| < 2). This approximate solution follows from solving

(1+ETR)(v_/v ) (1 + ETR) CTHERM
P2+ ~ (1 - ETR){¢
(A2)? (22)
vo= 1= - (14)
(1 +ETR) CTHERM
%l-—EﬂU - Jznu.-w)
: (22)

for y by iteration and substituting the result into the expression

(L +ETR) (v /v ) (1 + ETR) CTHERM
LS 4 - (1 - ETR){vy
L. o4 (A2) (x2) (15)
Tp n(l-y)

Just as with the double-lap and single-lap joints, the critical end of the joint
may not be identifiable by inspection, so certain simple additional checks must
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be employed and the lesser value of (15) adopted. The subscripts 1 and 2 are
interchanged when checking the respective ends of the joints.

The present formulation deals with the existence of zero, one or two
plastic adhesives zones, as required by the particular combination of joint
parameters. It is subject only to the one restriction that the scarf angle be :
small as a pre-requisite to ignoring the peel forces. The dominant parameter
for scarf joints is adherend stiffness imbalance which, for sufficiently long
overlaps, is predicted by the present analysis to overpower even the adhesive
plasticity effect. This characteristic cannot be changed by a different repre-
sentation of the adhesive nonlinearity, so the influence of the precise repre-
sentation of adhesive nonlinearity may well be small.

The analyses above for scarf joints pertain to adhesive shear stresses
and it is demonstrated that a small enough scarf angle can always be found to
transfer the full adherend strength through the bond with an adequate margin.
There is, of course, a potential problem with the adherend strength if the
scarf angle is too small. Specifically, one adherend will fail if the scarf
angle 6 is so small that

6 <1 /F_ (18)
P u

(where Fu is the ultimate adherend stress in tension, compression, or shear, as
appropriate) at the more critical end of the joint (identified by the adhesive
shear stress analysis).

STEPPED-LAP JOINTS

Stepped-lap joints share features in common with both double-lap joints
and scarf joints. The scarf joint represents the mathematical limiting case of
a stepped-lap joint with an infinite number of steps. Within each step, the
stepped-lap joint exhibits the high stress concentrations of uniform lap joints.
Taken as a whole, however, it is free from the absolute strength 1imit beyond
some thickness which limits the utility of the double-lap joint. Stepped-lap
joints are superior to scarf joints for boron-epoxy because of the finite thick-
ness of the boron filament while the reverse holds true for the very thin
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graphite fibers. Also, stepped-lap joints have an inherently greater tolerance
on assembly without significant loss of strength than do scarf joints, partic-
ularly in the case of four joints surrounding a panel.

The mathematical model used in the stepped-lap joint analysis is shown in
Figure 44. This also shows the factors which have been included in the analy-
sis. Other analyses are to be found in References 14 and 16. Peel stresses
have been ignored because normal practice is to have the end steps sufficiently
thin to eliminate such problems. The double-lap joint analysis serves to check
on this aspect.

Figures 45 to 47 contain representative solutions obtained with the
stepped-lap joint computer program developed in Reference 4. The respective
adherends are (0°/+45°/90°) HTS graphite-epoxy and 6A1-4V titanium. Both
elastic and elastic-plastic solutions are presented for representative high
strength brittle and ductile adhesives. The greater strength of the ductile
adhesive is evident even at the elastic level and particularly so at ultimate
load. Whereas, with a brittle adhesive, failure occurs in the adhesive at 65
percent of the load capacity of the adherends the ductile adhesive has a theo-
retical shear strength 56 percent strdnger than the adherends. It is shown in
Figure 47 that a critical design detail is the possible yielding of the end
step of the titanium, which is a characteristic problem with stepped-lap joints.
This is why the two end steps were deliverately made much shorter than the
others.

The predictions of the theory with regard to the ductile adhesive have
been confirmed experimentally for the joint design shown at the top of Figure
45. The failure observed experimentally was tension through the composite just
beyond the end of the titanium. The failure load was 4 percent above expecta-
tions, presumably because the laminate was of better than average quality.
Comparable tests were not run for the brittle adhesive.

The digital computer analysis program developed in Reference 4 can accom-
modate arbitrary properties and dimensions for each step. The reason for this
is the provision of a capability to incorporate design changes to alleviate the
most critical internal stress details. An example of the use of this program
to optimize a stepped-lap joint is shown in Figure 48. The steps of reduced
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length in the lower diagram relieve completely the yielding problem in the ti-
tanium and effect a 7 percent increase in the compressive strength, bringing it
up to the strength of the laminate outside the joint. This was accomplishea
without significant loss in tensile strength. The program can be efficigpt]y
and effectively used as a design tool for bonded stepped-lap joints.

One characteristic of stepped-lap joints inherited from the governing
equations of double-lap joints is that the Toad transferred is independent of .
step lengths for sufficiently great overlaps. Indeed, the internal adherend
and adhesive stresses at the.ends of each and every step are found by analysis
to be independent of changes in step length to one, some, or all of the steps
provided that the steps are sufficiently long to allow the development of an
elastic trough in the shear stress distribution. The impact of this phenomenon
on the design of such joints is that, if analysis shows the joint to have in-
sufficient strength, it is necessary to increase the number of steps and to
decrease the incremental step thicknesses to improve the shear strength. A
mere increase in step lengths will usually not suffice.

PRACTICAL JOINTS

Not all practical adhesive-bonded joints fit precisely into one of the
classical configurations discussed above. Reference 5 is devoted to some of
these non-classical types and includes such structures as multi-cell torsion
boxes with other than one-to-one load transfer in the joint. Emphasis is also
placed upon the joint details of composite-reinforced metal structures and
bonded metal reinforcement around bolt holes in filamentary composites. One of
the non-classical joint configurations in widespread use is the adhesive-bonded
doubler. A brief summary of the various practical joints detailed in Reference
5 is presented here.

Adhesive-Bonded Doublers

The characteristic critical detail of the usual one-sided bonded doubler
construction is the combined direct and bending stress in the skin at the tip
of the doubler. In order to minimize this, the doubler is usually made
only approximately 60 percent as thick as the skin. The problem is analogous
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to that of the Timited efficiency of the adherends of single-lap joints and is
governed by a similar analysis with a different set of boundary conditions.
Figures 49 and 50 are non-dimensionalized solutions for the effective adherend
efficiency of isotropic materials. The allowable stress level of the skin/
doubler combination is obtained by multiplying the strength of the skin material
by the efficiency factor from Figures 49 and 50 for the appropriate'geometry and
dividing by the combined thickness of the skin and doubler. It is shown that,
by extending the doubler, the effective eccentricity of the structure can be
reduced and the efficiency of the entire skin raised at the cost of a relatively
small weight increase for the doubler. The effect of this has Tong been known.
A generous doubler permits a lighter structure to be used for a given load

than does an inadequate doubler.

Since generous faying surfaces are necessarily required for efficient
doubler design, the bond stresses are usually not critical. Reference 5 con-
tains details of the appropriate adhesive analyses which should be employed
for thick sections.

Selective Reinforcement by Unidirectional Composites

Two design concepts for the selective reinforcement of metal structures
by unidirectional composite material are shown in Figure 51. Each has its own
critical joint detail in ensuring that the composite can be Toaded up efficient-
ly without failure of the bond. The appropriate governing analyses presented in
Reference 5 cover both the infiltrated extrusions, which are usually of uniform
cross section, and the bonded-on straps, which usually have tapered ends to
alleviate the stress concentrations associated with the Tocal load transfer.
The analyses predict a size limit of about one quarter inch diameter for 450 K
(350 °F) cured boron-epoxy infiltrated into aluminum extrusions. For the
bonded scarf joint at the end of the reinforcement, the analysis establishes
the importance of maintaining continuity of net extensional stiffness along
the length of the joint. This usually requires significant build-up of the
metal part in close proximity to the tapering of the ends of the composite
reinforcement. The theory of Reference 5 also computes any residual stresses
in the adherends due to the thermal mismatch. These can be important for
fatigue 1ife predictions.
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Bonded Metal Reinforcement Around Bolt Holes in Composites

Where space limitations do not permit an entire bolt load to be reacted
by bearing directly on a filamentary composite structure it is common practice
to bond on a local metal doubler. Most of the bolt load is reached by bearing

against such doublers from which the 1oad is transferred to the composite part

by shear in the adhesive layer. Figure 52 illustrates the kinds of analyses on
this subject to be found in Reference 5. For a uniform thickness doubler, the
optimum location of the bolt is shown to be precisely in the middle of the ”
doubler. The adhesive strain concentrations are minimized by making doublers
of the same net stiffness as that of the composite. Figure 52 compares the
relative bond strengths for representative ductile and brittle adhesives and
also includes the strength of the HTS graphite-epoxy adherends. This strength
cut-off Tine corresponds to 20 layers, each 0.127mm (0.005 in.) thick, of 0°
plies within the laminate. Beyond that number, the joint will be weaker than
the adherend. The brittle adhesive is seen to be unsuitable for this applica-
tion for temperatures representative of the environment of subsonic transport
aircraft. Precisely the same shear load will be transferred if the inner edge
of the doubler is tapered (and nothing else is altered) because the critical
Tocation in the adhesive is rendered less critical but the effective bond area
remains the same. The main advantage of tapering the doublers is that it
affords significant peel stress relief to be provided at the inner end, thereby
enabling much thicker sections to have doublers bonded on effectively than
would be possib]e with uniform doublers. In addition, slightly greater shear
transfer capacity can be developed by careful design of the tapered doubler
proportions. Tapered doublers on the outside of a laminate have proved to be
more effective than those incorporated within the Tayup because the higher
quality of the uniform Taminate without joggles in the fibers more than makes
up for the extra bond area of the internal doubler (see Figure 53).

In-Plane Shear Transfer Through Bonded Joints

Reference 5 presents an analysis technique for the in-plane shear trans-
fer of a multi-cell torsion box as shown in Figure 54. In such a case, with

multiple and parallel load paths, the analysis problem is compounded by the need
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to distribute the bond shear loads in accordance with the respective stiffnesses
of the Various load paths. Coupled with this is the need to check each extrem-
ity of each bond area to identify the critical location. Then the associated
loads developed in the non-critical bonds are less than their individual ulti-
mate capacities. The design of such joints simply by summing the strengths of
each part alone is shown to be unconservative.

The analysis of these joints serves to illustrate a powerful simple
approximate analysis method developed for adhesive-bonded joints. This is the
fully plastic analysis method. In this, the bond area is separated into narrow
fully-effective strips around the periphery of a completely unloaded central
zone. The widths of such strips are evaluated in terms of the elastic and
plastic adhesive shear strains and the adherend properties. The load capaci-
ties of the joints then follow as the product of the effective bond area and
the peak bond shear stress. This analytical method enables useful solutions
to be obtained for quite complex joint geometries.

Peel Stress Relief for Double-Lap Joints

Reference 5 includes an approximate (fully-plastic) analysis of tapered
double-lap joints which effectively relieve the peel stresses developed with
uniform Tap-joints by removing the hard point in the outer adherend under which
the peak peel stresses were Tocated. It is shown that by making the outer
adherends 32.5* percent stiffer together than the inner adherend, the potential
bond shear strength could be increased by 24 percent. The solution is illus-
trated in Figure 55 which shows the potential of this simple technique in bonded
joint construction. The minimum overlaps shown, for one side of the double-
strap joint, include an allowance for the elastic adhesive zone, but do not pro-
vide for manufacturing tolerances. Scarf and stepped-lap joints are far more
expensive to fabricate than are uniform lap joints and the tapering of only the
outer adherends permits the economies and ease of fit of uniform Tap joints to
be extended to a much greater thickness range than would otherwise be possible.

* It is interesting to note that this factor corresponds very closely with
design practice for double-lap bolted joints with uniform inner adherends
and scarfed outer adherends.
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EFFECT OF SIZE ON SELECTION OF JOINT CONFIGURATION

The preceding analyses have established that, for all configurations ex-
cept for the scarf and stepped-lap joints, there are inherent Timitations on
the strength developable by a given joint geometry. Beyond some thickness, the
simpler joints are inadequate to load the structural members efficiently. Con-
versely, there is no point in using a more complex joint than is needed for
joining thin adherends. This is shown graphically in Figure 56, based on the
findings of the present investigation. This figure shows how, as the thickness
of the structural members increases, it is necessary to change the basic config-
uration of the joint in order to maintain a joint strength at least as great as
that of the adherends outside the joint.

CONCLUDING REMARKS

This report has summarized the development and application of elastic-
plastic bonded joint analysis. This method has provided insight into the basic
phenomena governing bonded joint behavior. It has led to design techniques ac-
counting for the major parameters affecting joint behavior, in some cases for
the first time. Al1 of the standard joint classes, the double-lap, single-lap,
stepped-lap, and scarf joints, have been analyzed and solutions presented. Ad-
hesive plasticity, adherend stiffness imbalance and adherend thermal mismatch
are considered. The theoretical predictions have been shown to be in agreement
with the experimental evidence.

The analyses indicate that, for thin adherends, the bond shear strength
is usually so far in excess of the adherend strength that joint design is eas-
ily accomplished. For somewhat thicker sections, the adherend strength in-
creases more rapidly than the bond shear strength, indicating that lap-joint
efficiency may be limited. For still thicker sections, particularly with
filamentary composites, peel stress failures dominate and stress concentration
relief techniques are needed to make lap joints effective. For still thicker
sections yet, scarf or stepped-lap joints are needed. ’

In addition, most of the present analyses have shown an insensitivity to
the precise form of adhesive characterization, the adhesive influence being de-
termined specifically and uniquely by the strain energy in shear.
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APPENDIX A
PRACTICAL DESIGN CONSIDERATIONS

The analyses above have identified a variety of stress concentration
details within bonded joints. With a thorough understanding of such prob]eh
areas, in conjunction with accumulated practical experience, it becomes possible
to alleviate potential weaknesses. Some such improvements, such as the peel-
stress relief of double-lap joints by tapering the outer adherends, have been
discussed in the body of the report. Others are described briefly here.

The inefficiency of unsupported single-lap joints arises from the eccen-
tricity in the load path. When supported on moment-resistant restraints, as per
standard aircraft construction practice, the eccentricity is nullified and the
efficiency increased. Figure 57 illustrates such an application, with a heavy
flange providing the support. The joint Toad capacity then approaches one-half
of the equivalent double-lap (back-to-back) joint. This same illustration ex-
plains also how suitably-designed bonded-bolted joints are quite efficient.
While the static load transferred may not greatly exceed that of the bond alone,
the mechanical fasteners serve as tooling aids, fail-safe load paths, and crack
arrestors to stop the spread of any local delamination of the bond.

One technique for improving the overall structural efficiency of single-
lap joints that is particularly suited to filamentary composite Taminates is
shown in Figure 58. The integral build-up shown is easily accomplished during
composite fabrication. A scheme for selecting the matching thicknesses is dis-
cussed in Reference 3.

The analysis presented for scarf joints between dissimilar materials dem-
onstrated how adherend thermal mismatch weakens scarf joints throughout the
range of lengths which are usually of practical intérest. A known design modi-
fication, the multiple saw-toothed scarf of Figure 59, alleviates this problem
by combining the less severe thermal mismatch effects from shorter over]apé
with a great increase in bond area otherwise not obtainable except by going to
an impractically Tong single overlap. This same overlapping technique is favor-
able for reducing stiffness imbalance effects also. The alternative of longer
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overlaps to alleviate thermal problems generally worsens, and never improves,
the stiffness imbalance effects.

Figure 60 illustrates two practical techniques for overcoming the adherend
tip fracture problem for scarf joints. The analysis indicates that the tip of

the stiffer adherend is a probable high stress location. The schemes suggested
have been found to work in practice. It has been found impractical to fabricate

a scarf with a tip much less than 0.25 to 0.37 mm (0.010 to 0.015 inch) thick
due to machining difficulties. The extension of the adhesive beyond the end of
the scarf in the lower illustration is intended to unload the cut fibers more
gradually than would be the case if the composite resin were used for that pur-
pose. It will be observed that a key feature of the schemes is that no net
section reduction of the composite is suffered at the right hand ends of the
joints shown in Figure 60. As explained by the analysis, the total extensional
stiffness of the two adherends should be maintained constant at all stations
along the joint in order to maximize the joint efficiency.

Care should be exercised in the design of stepped-lap joints not to weaken
the adherend unduly at the edge of the joint by a reduction in net section at
the first step, as is explained in Figure 61.
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APPENDIX B
SCALING EFFECTS IN BONDED JOINTS

There is an inherent deficiency in the testing of subscale bonded joints
for design concept verification. Were one ablie to scale precisely, up or down,
absolutely all of joint dimensions, the non-dimensionalized joint parameters
would remain constant as also would the average shear stress. In practice,
however, the adhesive thickness is held constant at about 0.13 to 0.25 mm
(0.005 to 0.01 inch) regardless of the overall joint size because the quality
of the bond deteriorates with the voids usually formed in thick bond lines and
because of the unavailability of extra thin adhesive films for test purposes.
The present analyses indicate that the adhesive layer thickness always occurs
as a product with the adhesive shear strain on thick bond lines. Thus, in
scaling up all joint dimensions except the adhesive Tlayer thickness, the non-
dimensionalized joint parameters are altered in the direction of aggravating
the stress and strain concentrations in the bond or the adjacent adherend.

The effect of neg]ecting these scaling considerations is shown in Figure 62.
Each of the joint configurations shown is drawn to the same scale. One starts
with the double-lap joint at A which performs satisfactorily for the size
shown. By doubling the size of the joint one might have expected to attain
the load at C. Based both on test experience (Reference 18) and the predic-
tions of the present analysis of the internal stress distribution within the
joint, one would actually realize the lower load at B. To efficiently load
that greater thickness of adherend would require the tapered-lap shown for C.
In scaling up this tapered-lap configuration without accounting for the non-
uniform bond stress distribution one would have expected to develop the
strength at E. The actual strength developed would be only as high as D.

To develop the load at E, One would need the scarf (or stepped-lap) joint
shown. The present analysis method provides the capability of accounting for
the actual internal stress distribution within a bonded joint. In an older
method of relying on a fictitious allowable bond shear stress, the allowable
was not a material property at all and varied with the joint configuration as
well as with the dimensions. Neither could the design allowable concept account
for the failures induced by peel stresses which are now recognized as the
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primary cause of failure for most uniform lap joints. These previously unex-
plained scaling phenomena (see Reference 18) are now seen to be quite simply
the consequence of maintaining a constant bond-line thickness with joints of
different size.
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APPENDIX C
SURFACE PREPARATIONS FOR ADHESIVE BONDING

The durability of adhesive bonded joints depends primarily on the surface
preparation for both metal and composite adherends. It is the interface .be-
tween the adhesive and adherend that is more prone to environmental degradation
than either the adhesive or adherends alone. For this reason, the problem of
surface preparation for bonding continues to warrant attention. Bond failures,
within a joint can occur in two basic modes. The stronger failure mode is «
cohesive failure of the adhesive. Surface preparation and processing leading
to this behavior are considered desirable. The inherently weaker failure mode
is due to poor adhesion at the adhesive-to-adherend interface and is not neces-
sarily associated with contamination prior to bonding. Attack of the adhesive-
to-metal interface by moisture has been a real problem in bonded joints, even
with the standard chromic-acid etch for aluminum. The bonding of titanium re-
mains a particularly difficult task. Such adhesion failures also occur with
bonding of composites and are undesirable for three important reasons. Firstly,
the surface phenomena are not governed by characteristic material properties
and the strength Tevel attained is dependent on the skill of the operator and
decreases under environmental attack. Secondly, as a result of this, more re-
Tiance must be placed on empirical test data for the actual geometry under in-
vestigation because the scaling factors cannot be determined analytically since
all of the solutions developed for bonded joints pertain to cohesive failures.
This extra testing is both expensive and time-consuming. Thirdly, such joints
are so weak that it is usually not possible to develop adequate joint efficien-
cy. Since it is the interface which is more prone to environmental degradation
than either the adhesive or adherend, it is imperative to establish surface
preparations which consistently develop cohesive bond failures. Cured epoxy
composite matrices are relatively inert and special treatments are necessary to
enhance the bond to the adhesive. Tests were performed because the theory des-
cribed here had predicted that a substantial strength increase was available,
for graphite/epoxy-to-graphite/epoxy bonded joints, beyond the then current
strengths as shown in Figure 63. In this case, theory preceeded and guided
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experiment to a major improvement in joint strength and reliability. The
strength increase achieved by grit-blasting the surface prior to bonding is
11lustrated in Figure 64. More important than the absolute strength values
is the change in failure mode. Additional improved surface preparations have
been developed since but more work remains to be done in the field of optimum
surface preparation for production.
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TABLE 1. - TYPICAL ROOM-TEMPERATURE ADHESIVE CHARACTERISTICS

ADHESIVE TYPE

MAXIMUM BOND
SHEAR STRESS

MAXIMUM BOND-LINE
DISPLACEMENT
[NOMINAL ADHESIVE
THICKNESS 0.127 mm
(0.005 in.)]

Unplasticized adhesives
[450 K (350°F) cure]

Plasticized adhesives
[450 K (350°F) cure]

Plasticized adhesives
[394 K (250°F) cure]

55-69 (MN/mz)
8-10,000 (psi)

41-55 (MN/m2)
6-8,000 (psi)
28-41 (MN/m?2)
4-6,000 (psi)

0.013-0.051 (mm)
0.0005-0.002 (in.)

0.25-0.76 (mm)
0.010-0.030 (in.)

0.25-0.51 (mm)
0.010-0.020 (in.)
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TABLE 2. - MATERIAL PROPERTIES FOR FIGURES 23, 24 AND 55

7075-T6 ALUMINUM ALLOY:
E =71 GN/m2 (10.3x106 psi),
Foy = 483 M/m? (70 ksi), F = 552 MN/m2 (80 ksi).
HIGH-STRENGTH GRAPHITE-EPOXY :
(0°/+45°/90°/-45°) _ pattern:
EY = 55 GN/m? (8.0x10° psi), EC = 12 GN/m? (1.7x10° psi),
F7% = 476 MN/m? (69 ksi), Fo% = 55 MN/m? (8 ki),
(0°/+45°/0°/-45°)S pattern:
Ev = 82 GN/m® (11.9x105 psi), E§ = 12 GN/m2 (1.7x108 psi),
tu

FE“ = 710 MN/m2 (103 ksi), F* = 55 MN/m? (8 ksi),

(0°) unidirectional Taminate:
EY = 145 GN/m? (21.0x10° psi), Ev = 12 GN/m? (1.7x106 psi),
Fo™ = 124 MN/m? (180 ksi), Fo = 55 MN/m? (8 ksi),
(in which the subscript N refers to properties in the thickness direction).
DUCTILE ADHESIVE:
. = 41.4 MN/m2 (6 ksi), n = 0.13 mm (0.005 in.), yp/ye = 20,
“(%Ye +y) = 0.259 mn (0.0102 in.), E_ =~ 3.45 GN/m? (500 ksi),

g, = 69 MN/m? (10 ksi).

max

BRITTLE ADHESIVE:
t, = 62.1 MN/m? (9 ksi), n = 0.13 mm (0.005 in.), v /v, = 1.5,
n(Fr, +v,) = 0.011 mm (0.00042 in.), E_ = 10.35 GN/m* (1500 ksi),
o, = 117 MN/m? (17 ksi).

max
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FIGURE 47. ADHEREND STRENGTHS AND
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FIGURE 46. ELASTIC-PLASTIC SHEAR STRESS
. ‘DISTRIBUTIONS FOR BRITTLE AND
DUCTILE ‘ADHESIVES IN BONDED
STEPPED-LAP JOINTS
TENSION

FAILURE IN COMPOSITE AT 3.19 MN/m (18216 Ib/in.)}
[_ ~ YIELD IN TITANIUM AT 2,08 MN/m (1866 Ib/in.)
N/

’ FAILURE 1l COMPOSITE AT 2.97 MN/m (16997 lb/in.)—/p
COMPRESSION

NOTE THAT TITANIUM END STEPS WERE ALREADY SHORTENED DURING
PRELIMINARY DESIGN, WITH UNIFORM STEPS 19 mm (0.75 in,} LONG
THROUGHOUT, PREMATURE FATIGUE FAILURE WOULD OCCUR AT A,
FOLLOWED BY FAILURE OF COMPOSITE AT SAME SECTION,

(@) PRELIMINARY DESIGN

0
N S—

SAE e T

(0°/ +45°/90°) HTS GRAPHITE-EPOXY 0 I 2
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— TITANIUM 6At-4V

x

COMPRESSION

FAILURE IN COMPOSITE AT 3,18 MN/m (I8182 Ib/in.}

NO YIELDING OF TITANIUM
(b) OPTIMIZED DESIGN

DUCTILE ADHESIVE CURED AT 450° K (350° F).
STRENGTHS CALCULATED FOR ROOM TEMPERATURE.

STRENGTH OF COMPOSITE ADHEREND "OUTSIDE JOINT-= 3.19 MN/m (18216 ib/in.).

POTENTIAL BOND STRENGTH WOULD EXCEED 4,07 MN/m (23,257 Ib/in,)
IN EVERY CASE SHOWN IF ADHERENDS WERE SUFFICIENTLY STRONG,

FIGURE 48. OPTIMIZATION OF DETAILS IN
STEPPED-LAP BONDED JOINTS
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FIGURE 49. SKIN EFFICIENCY FOR BONDED
DOUBLERS »(S_lMPLY-SUPPORTED
EDGE CONDITIONS)

FLOOR STRUT

PRESSURE BULKHEAD

(a) INFILTRATED EXTRUSIONS
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TEST RESULT: COMPOSITE STRESS DEVELOPED = -1,72 GN/m2 (=250 ksi)

(b) ADHESIVE-BONDED DOUBLER STRAPS

FIGURE 51. SELECTIVE REINFORCEMENT OF
METAL STRUCTURE BY BONDED
ADVANCED COMPOSITES
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FIGURE 50. SKIN EFFICIENCY FOR BONDED
DOUBLERS (BUILT-IN EDGE
CONDITIONS)
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FIGURE 52. BONDED METAL DOUBLERS
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VOIDS IN LAMINATE
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\__ BLUNT LIPS ON ENDS OF DOUBLERS
(JOGGLED PLIES IN COMPOSITE)

_ INTERNALLY-BONDED DOUBLERS
(REPRODUCED FROM ACTUAL PHOTOGRAPHS)

=

EXTERNALLY~BONDED  DOUBLERS (ACTUAL)

FIGURE 54. BONDED JOINT CONFIGURATION
FOR MULTI!-CELL TORSION BOX

FIGURE 53. INTERNAL AND EXTERNAL
BONDED METAL DOUBLERS
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FIGURE 55. PEEL STRESS ALLEVIATION

OF DOUBLE-LAP BONDED JOINTS :
FIGURE 56.  INFLUENCE OF JOINT SIZE ON

SELECTION OF JOINT CONFIGURATION
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REPRESENTATIVE BONDED/RIVETED JOINT
ON SUPPORTING SUBSTRUCTURE

ADHESIVE SHEAR STRESS DISTRIBUTION

SKIN AROUND FASTENER LESS PRONE 1O FATIGUE
BECAUSE OF REDUCED STRESS LEVEL

FASTENER IN REDUCED-STRESS AREA DOES NOT INTERFERE
‘WITH LOAD TRANSFER THROUGH ADHESIVE BOND

iy

ADHEREND STRESS DISTRIBUTIONS (DIRECT OR SHEAR)

FIGURE 57. MOMENT RESTRAINT IN SINGLE-
LAP JOINT AND LOAD TRANSFER
IN BONDED/BOLTED JOINT

LARGE EFFECTIVE LENGTH FOR THERMAL MISMATCH EFFECTS,
HIGH VALUE OF L/Vt

Bzi—%
| ]

-
SMALL EFFECTIVE LENGTH FOR THERMAL MISMATCH EFFECTS,
LOW VALUE OF /vt

EACH DESIGN HAS THE SAME BOND AREA AND SCARF ANGLE,

DESIGN B IS STRONGER THAN DESIGN A, FOR BOTH THERMAL
AND STIFFNESS IMBALANCE BETWEEN ADHERENDS,

WHILE MAINTAINING ' TO MINIMIZE ADVERSE THERMAL EFFECTS,
THE SCARF ANGLE f IN DESIGN B CAN BE REDUCED TO INCREASE
TOTAL BOND AREA AND POTENTIAL SHEAR STRENGTH OF: JOINT,

FIGURE 59. THERMAL STRESS ALLEVIATION
TECHNIQUE FOR BONDED SCARF

JOINTS

FIGURE 58.
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>

STANDARD SINGLE - LAP JOINT PRONE TO EARLY FAILURE HERE,
PREDOMINANTLY FROM BENDING UNDER ECCENTRIC LOAD PATH
OR FROM SEVERE PEEL STRESSES .

SMOOTH TRANSITION INTO BUILD -UP TO MINIMIZE EFFECTS

OF ECCENTRICITY IN LOAD PATH

REDUCED THICKNESS AT END OF ADHERENDS
TO DECREASE PEEL-STRESS PROBLEM

INCREASED THICKNESS (WITH RESPECT TO BASIC LAMINATE)
TO RESIST BENDING STRESSES DUE TO ECCENTRICITY
IN LOAD PATH

IMPROVED EFFICIENCY OF
UNSUPPORTED SINGLE-LAP JOINTS

COMPOSITE LAMINAE

METAL

T CENTER LINE

ADHESIVE

FIGURE 60. STRESS CONCENTRATION RELIEF
AT TIP OF STEPPED-LAP JOINTS
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A, NO REDUCTION IN NETT SECTION,
MINIMIZED PEEL STRESSES AT ENDS OF JOINT,
STRESS CONCENTRATION RELIEF BY RADII (FOR METALS),

P
A
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MINIMIZED ECCENTRICITIES IN FLUSH JOINT THROUGH USE OF
NON-STRUCTURAL HIGH-ELONGATION {NCLUSIONS D AND

LARGE RADIUS E,

ADVANCED COMPOSITE *~,
~ L

S - GLASS INSERT
REDUCTION IN THERMAL STRESSES IN COMPARISON WITH SINGLE SCARF,

i b B

F. SEVERELY REDUCED NETT SECTION INDUCES HIGHER ADHEREND STRESSES
. AS WELL AS STRESS CONCENTRATION AT RE-ENTRANT CORNER,

G. RELATIVELY HIGH PEEL STRESSES,
H. HIGH INTERLAMINAR SHEAR STRESSES (FOR COMPOSITES),

I.  POOR FATIGUE DETAILING (FOR METALS),

GOOD AND POOR DESIGN

FIGURE 61.
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BONDED JOINTS
22'(') N COHESIVE BOND STRENGTH (@0 PLIES)
1ok e ——— ——— ]
LAMINATE STRENGTH CUT-OFF (40 PLIES)
1.8 |-
1.7+
E e 3 COHES{VE BOND STRENGTH (24 PLIES)
Zis5}) 2
< e &
£ 4 5 (0°/ +45°/90°) LAMINATE PATTERN
s!2F 2
st £]  LAMINATE STRENGTH CUT-OFF (24 PLIES)
Sk € - =
&5 L
; 1.0 5 “ ?"‘\\'\)“: Pt
5 [ Ff oo
Z 8t S BRITTLE ADHESIVE
w ~t
g 73
: ® COMPOSITE-TO-COMPOSITE
zZ 4 DOUBLE-LAP JOINTS
o 5t
Q
S @ EXPERIMENT
3 '
./ GRAPHITE-EPOXY (24 PLIES) O
2 4 GRAPHITE-EPOXY (40 PLIES) A
J BORON-EPOXY o
0 ) ] ! |
0 I 2 3 4 5 6
OVERLAP (cm)
FIGURE 63. COMPARISON OF THEORY AND

STRENGTH ATTRIBUTABLE
ADHESION FAILURES
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EXPERIMENT SHOWING LOSS OF

TO

LOAD P

CONFIGURATIONS A, C, AND E HAVE ADEQUATE STRENGTH
FOR THEIR SIZE AND BREAK OUTSIDE JOINT

CONFIGURATIONS B AND D ILLUSTRATE EFFECTS
OF EXCESSIVE SCALE-UP IN SIZE

PREMATURE FAILURES ARE ASSOCIATED WITH CHANGE IN FAILURE MODE

D

0 SIZE OF STRUCTURE (ADHEREND THICKNESS t)

FIGURE 62. PROBLEMS WITH SCALE-UP OF
BONDED JOINT STRENGTHS

ADHESION FAILURE
GRIT BLAST
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INTERLAMINAR FAILURE
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SURFACE PREPARATION

FIGURE 64. EFFECT OF SURFACE PREPARATION
ON STRENGTH OF BONDED JOINTS
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